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Abstract Heat stroke (HS) is a severe medical emergency characterized by coagulation and high mor-

tality due to organ injury. This study identifies a novel mechanism in which platelet ferroptosis, driven by

transferrin receptor 1 (Tfr1) palmitoylation, significantly contributes to liver injury in HS. Our findings

reveal a strong inverse correlation between platelet count and organ damage, especially liver injury, as

well as mortality rates. Using murine models, we demonstrate that inhibiting Tfr1-mediated ferroptosis

in platelets mitigates thrombocytopenia and decreases Interleukin-1ß (IL-1ß) secretion, thereby
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improving liver function and survival outcomes. This research highlights Tfr1 palmitoylation as a critical

factor in iron transport within platelets, with the palmitoylation inhibitor 2-bromopalmitate (2BP) effec-

tively reducing total iron, Fe2+, lipid ROS, 4-hydroxynonenal (4-HNE), and cell cytotoxicity under heat

stress. These results suggest that targeting Tfr1 palmitoylation-dependent ferroptosis in platelets offers a

novel therapeutic strategy for treating HS-induced thrombocytopenia and liver injury.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

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

1. Introduction

Heat stroke (HS) is emerging as a leading global health challenge,

particularly with the ongoing trend of global warming. HS

frequently leads to systemic inflammatory response syndrome and

multi-organ system failure or multi-organ dysfunction syndrome,

driving its high mortality rate1. A critical complication of HS is

liver injury, which often escalates to acute liver failure (ALF)1.

Current treatments, including liver transplantation and systemic

support, lack specificity, highlighting the requirement for targeted

therapeutic strategies and a deeper understanding of the molecular

mechanisms driving HS-induced liver injury.

Abnormal and excessive immune responses, caused by

damage-associated molecular patterns (DAMPs) and intestinal

endotoxin, are hallmarks of HS liver damage1. These endotoxins,

primarily cleared by liver-resident macrophages (Kupffer cells),

trigger a significant immune response2. The contribution of

monocyte-derived macrophages and dendritic cells in liver tissue

is also notable, especially in iron and cholesterol metabolism and

antigen presentation2. Platelets, known to play a critical role in

bacterial clearance and systemic inflammatory response in various

liver injury models, have an unexplored role in HS-induced liver

injury3,4. Particularly, the mechanisms underlying HS-induced

thrombocytopenia and the role of platelets in ALF, where serum

thrombopoietin (TPO) levels are inconsistently altered, are not

well-understood5,6.

HS-induced liver injury is characterized by hepatocyte degen-

eration and diverse cell death pathways, including pyroptosis, ne-

crosis, apoptosis, and mitophagy7. Notably, heat shock

transcription factor 1 is linked to cell death through the receptor-

interacting protein kinase 3-dependent activation of Z-DNA bind-

ing protein 18. Additionally, excessive reactive oxygen species

(ROS) production during heat stress can activate the Nlrp3

inflammasome and pyroptosis, thereby exacerbating hepatocyte

death9. Moreover, impaired mitophagy, due to interaction between

p53 and Parkin, leads to increased ROS and apoptosis10. Further-

more, high ROS levels are linked to susceptibility to ferroptosis, a

regulated cell death intrinsically linked to iron metabolism11. Iron

not only catalyzes lipoxygenases, cytochrome P450 oxidoreduc-

tase, and other metabolic enzymes involved in phospholipid per-

oxidation and the production of cellular ROS, but it is also essential

for the non-enzymatic, iron-dependent Fenton reaction11.

Iron is an essential element for DNA synthesis and energy

metabolism. However, in heat stroke, high temperature causes cell

damage and hemolysis, releases a large amount of free iron, ac-

tivates the Fenton reaction, produces a large amount of ROS, and

aggravates oxidative stress12. Transferrin receptor 1 (Tfr1), a

transmembrane glycoprotein, serves as the primary receptor for

cellular iron metabolism by mediating the transport of transferrin-

bound ferric ions into cells13. The endocytosis and degradation of

Tfr1 directly regulate cellular iron uptake and metabolism, pro-

cesses that are closely linked to ferroptosis14,15. The dynamic

trafficking of Tfr1 has been reported to be regulated by palmi-

toylation, a post-translational lipid modification15-17. Palmitoyla-

tion involves the attachment of palmitic acid to proteins mediated

by a family of S-acyltransferases that contain a conserved aspar-

tate—histidine—histidine—cysteine (DHHC) cysteine-rich domain,

which occurs dynamically and reversibly, acting as a molecular

on/off switch18. Alterations in palmitoylation and deacylation

dynamics are associated with a range of disorders and diseases18.

Emerging evidence indicates that dysregulated metabolic path-

ways and impaired iron homeostasis have been implicated in the

progression of acute and chronic liver diseases via ferroptosis14.

However, the specific role of ferroptosis in HS-induced liver injury

requires additional investigation.

In this study, we demonstrate that platelet ferroptosis mediated

by a Tfr1 palmitoylation-dependent mechanism is a key contrib-

utor to liver injury in a murine HS model, revealing the potential

role of Tfr1 palmitoylation as a novel therapeutic target for HS-

induced thrombocytopenia and liver injury.

2. Materials and methods

2.1. Clinical study design, participants and analysis

This observational study included 189 adult patients with severe

HS, admitted to the ICU of the General Hospital of Southern

Theater Command, Guangzhou, China, from October 2008 to May

2019. A healthy control (HC) group of 183 adults was recruited

from the Seventh Affiliated Hospital of Southern Medical Uni-

versity, Foshan, China, between May 2020 and September 2023.

Ethical approval was granted by the Institutional Review Board of

the Medical Ethics Committee (Permission No. HE-2020-09,

2025-0026), adhering to the Declaration of Helsinki. Written

consent was waived by the Ethics Committee. Severe heat stroke

was defined as an acute heat-induced illness with hyperthermia

(core temperature above 40 ◦C) and neurological dysfunction

following exposure to hot and humid conditions, with or without

strenuous physical exertion19. Pregnant or nursing women and

individuals with life-threatening comorbidities were excluded.

Patients received standard supportive care upon admission. Clin-

ical data and organ function parameters were collected at admis-

sion and 24 h post-admission. Organ dysfunctions were defined as

follows: thrombocytopenia (platelet counts <100 × 109/L), cen-

tral nervous system (Glasgow coma scale (GCS) ≤ 8), heart injury

(cardiac troponin I (CTNI) > 100 pg/mL), liver injury (alanine

aminotransferase (ALT) > 50 U/L), and kidney (serum creatinine

(CR) > 106 μmol/L). Survival time was monitored up to 90 days.

Bioinformatic analyses of the clinical data, including principal

component analysis with examination of loadings on the first
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principal component, and correlation matrix heatmap generation,

were performed using R software. Prior to principal component

analysis and heatmap visualization, missing values were imputed

for each variable. Pairwise Spearman or Pearson correlations were

calculated in GraphPad Prism, excluding missing values.

2.2. Animal models

All animal studies were approved by the Nanfang Hospital of

Southern Medical University review board (Permission No.

IACUC-LAC-20230411-006) and aligned with NIH guidelines.

SPF mice were sourced from the Southern Medical University

Animal Center, Guangzhou, China. PF4-Cre mice were acquired

from Cyagen Biosciences (Stock number C001050), and Tfr1fl/fl

mice from Jackson Laboratory (Strain number 028363) were

provided by Professor Liwei Xie20,21. Mice with Tfr1-specific

deletion in the platelet were generated by crossing mice carrying

PF4-Cre and Tfr1fl/fl alleles (referred to as CKO-Tfr1). All

experimental animals were housed under a controlled specific

pathogen-free environment (12 h light/dark cycle, 25 ◦C ambient

temperature, 55 ± 5% relative humidity) with free access to

standard chow and water. The thrombocythemia mouse model was

induced by TPO injections (i.p., 1100 U/kg, 7 days, 3SBIOINC,

Shenyang, China), while thrombocytopenia was induced using

mouse platelet depletion antibodies (i.v., 2000 μg/kg, R300,

emfret Analytics, Eibelstadt, Germany). AAV9-CMV-DIO-Tfr1

(referred to as AAV9-DIO-Tfr1) virus was produced using a

standard triple transfection system, collected and concentrated22.

For the Tfr1 rescue experiment in CKO-Tfr1 mice, AAV9-DIO-

Tfr1 was injected in vivo (5 × 1011 vg) to induce Tfr1 over-

expression. Drug treatments, including ferrostatin-1 (fer-1, i.p.,

10 mg/kg, S7243, Selleckchem, Houston, TX, USA), deferox-

amine mesylate (DFO, i.p., 20 mg/kg, bid, 7 days, D9533,

Sigma—Aldrich, St. Louis, MO, USA), were administered prior to

model establishment. Male mice (8—10 weeks) were weighed

prior to model establishment, and food and water were withheld.

Sham heat rest (SHR) mice were kept in cages at 25 ◦C ambient

temperature and 55% relative humidity. To establish the HS

model, mice were placed under specific conditions (39.5 ◦C, 65%

relative humidity) in a climate chamber (ARQ-250, GEMTOP

Scientific Instrument, Shanghai, China), with rectal temperature

monitored. Mice were immediately removed from the climate

chamber post-HS, weighed, returned to their normal feeding

environment, and given ad libitum access to food and water.

2.3. Weight alteration

Weight alteration of each mouse was calculated using Eq. (1):

Weight alteration (%) � (Weight prior to heat stress — Weight at

Tc, max)/Weight prior to heat stress × 100 (1)

The SHR groups underwent the same procedure without being

heated.

2.4. Sample collection and analysis

Blood samples from mice were collected post-anesthesia using

sodium pentobarbital (50 mg/kg, i.p.). Complete blood counts

were analyzed by an Automated Hematology Analyzer (BC-

2800vet, Mindray, Shenzhen, China). Biochemical parameters

were measured by an Automatic Chemistry Analyzer (8021A,

URIT, Guilin, China).

2.5. Haematoxylin and eosin (HE) staining

Tissue sections at 4 μm were stained with HE solution. For

staining, the sections were first incubated at 60 ◦C for 2 h to melt

the paraffin, followed by deparaffinization (2 rinses in xylene,

15 min each) and rehydration (2 rinses in 100% alcohol, followed

by 95%, 85%, 75% alcohol and pure water for 5 min each). The

sections were performed following the standard HE protocol and

fixed with neutral balata subsequently. Images were captured by

an EVOS FL auto fluorescent microscope (Thermo Fisher Sci-

entific, Waltham, MA, USA).

2.6. Platelet purification and treatment

The sodium citrate anticoagulated whole blood was diluted with

0.9% normal saline containing prostaglandin E1 (final concen-

tration 1 μmol/L) and subsequently centrifuged (150 × g, 10 min)

to collect platelet-rich plasma. Then, the platelet-rich plasma was

centrifuged (750 × g, 10 min), and platelet pellets were resus-

pended in autoMACS Rinsing Solution containing 0.5% bovine

serum albumin (BSA) and 1 μmol/L prostaglandin E1 (900100P,

AvantiResearch, Alabaster, AL, USA) and passed through an

Acrodisc white blood cell (WBC) Syringe Filter (AP-4951, Pall

Corporation, Port Washington, NY, USA). Each platelet filtrate

was incubated with anti-CD45 beads (130-052-301, Miltenyi

Biotec, Bergisch Gladbach, Germany) and anti-Ter-119 beads

(130-049-901, Miltenyi Biotec) according to the manufacturer’s

instructions and using LD MidiMACS Starting Kit (130-090-329,

Miltenyi Biotec, Bergisch Gladbach, Germany) to remove residual

leukocytes and red blood cells (RBC), respectively. The purified

platelets were obtained and then washed in Rinsing Solution with

prostaglandin E1 prior to processing. For drug treatment, the pu-

rified platelets were pretreated with DFO (100 μmol/L), fer-1

(5 μmol/L), Trolox (100 μmol/L, S3665, Selleckchem, Houston,

TX, USA), 2-bromopalmitate (2BP, 5 μmol/L, 238422, Sigma-

—Aldrich), staurosporine (0.3 μmol/L, HY-15141,

MedChemExpress, Monmouth Junction, NJ, USA), benzyl-α-

GalNAc (1 mmol/L, HY-129389, MedChemExpress), tunicamycin

(2 μg/mL, HY-A0098, MedChemExpress) for 1 h before heat

stress. Platelets were co-cultured with AML12 (ATCC, Manassas,

VA, USA) or mouse Kupffer cells, with or without ferroptosis

inhibitors, to facilitate subsequent relevant experiments.

2.7. RNA-seq and bioinformatic analysis

The purified platelet pellet was dissolved in TRIzol and stored at

− 80 ◦C until RNA isolation. RNA was purified from platelets

according to the manufacturer’s protocol and resuspended in

RNAse-free dH2O. The concentration and integrity of RNA were

assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer

2100 system (Agilent Technologies, CA, USA) in the Novogene

Co., Ltd. Poly(A)-tailed mRNA was prepared from total RNA

and sequenced by the Illumina NovaSeq 6000 (San Diego, CA,

USA) subsequently. The image data, measured by the high-

throughput sequencer, was converted into sequence data (raw

data) by CASAVA base recognition. Clean data, obtained from

raw data by removing low-quality reads and reads containing

adapters and Nbase, were used for downstream analysis, refer-

enced to the mouse genome and gene model annotation from the
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genome website. Bioinformatic analyses were performed as

previously described23,24.

2.8. Transmission electron microscopy (TEM) and

immunoelectron microscopy (IEM)

Ultrastructural changes were examined using TEM and IEM.

Isolated samples were fixed with 2.5% phosphate-glutaraldehyde.

For TEM, images were acquired with JEOL JEM-1400 plus

(Akishima, Tokyo, Japan) and Hitachi H-7500 (Chiyoda-ku,

Tokyo, Japan) transmission electron microscopes. For IEM, the

fixed samples were incubated with anti-Tfr1 monoclonal antibody

at a dilution of 1:250 and 10 nm affinity-isolated colloidal gold

secondary antibody for immunogold staining. Images were ac-

quired with a Hitachi HT-7800 (Chiyoda-ku, Tokyo, Japan)

transmission electron microscope.

2.9. Iron assay

Intracellular total iron levels were measured by total iron content

colorimetric assay kit (E1042, Applygen, Beijing, China) ac-

cording to the instructions. Briefly, clean samples were lysed with

200 μL lysis buffer in a shaker for 2 h. The buffer mixed with

4.5% potassium permanganate solution proportionally, which is

called mixture A. Mix samples with Mixture A in equal pro-

portions and incubate them at 60 ◦C for 1 h, add iron ion detection

reagent, then incubate at room temperature for 30 min. Samples

were read at 550 nm, and the concentration of unknown samples

was calculated with reference to the standard curve. Fe2+ of cells

was assessed using the commercially available FerroOrange

(F374, Dojindo, Kamimashiki-gun, Kumamoto, Japan) following

the manufacturer’s guidelines. In brief, the treated samples were

exposed to 1 μmol/L FerroOrange with HBSS and allowed to

incubate at 37 ◦C for 20 min, and then subjected to analysis using

flow cytometry.

2.10. Enzyme-linked immunosorbent assay

Coagulative factors, interleukin-1ß (IL-1ß) and lipid peroxidation

metabolites were measured by enzyme-linked immunosorbent

assay in accordance with the manufacturer’s instructions, respec-

tively: IL-1ß (CSB-E08054m/E08053h, CUSABIO, Wuhan,

China), IL-6 (CSB-E04639m, CUSABIO), IL-10 (CSB-E04594m-

IS, CUSABIO), TNF-α (CSB-E04741m, CUSABIO) and 4-

hydroxynonenal (4-HNE, CSB-E13412m/E16214h, CUSABIO).

2.11. Flow cytometry

The level of lipid ROS (C11-BODIPY581/591, D3861, Invitrogen,

Carlsbad, CA, USA), ROS (H2DCFDA, Redox-Sensitive Probe,

HY-D0940, MedChemExpress), Tfr1 (113807, Biolegend, San

Diego, CA, USA; 561939, BD Biosciences, Franklin Lakes, NJ,

USA), Caspase-1 (97/9122, ImmunoChemistry, Bloomington,

MN, USA), CD61 (104306, Biolegend), CD42b (303903, Bio-

legend), CD62p (148304, Biolegend) in platelets, and PI staining

for AML12, were measured by a CytoFLEXS flow cytometer

(BECKMAN Coulter, Fullerton, CA, USA) according to manu-

facturer instructions respectively and the data were analyzed by

FlowJo-V10 software.

2.12. Quantitative real-time PCR

Purified total RNA was used for complementary DNA synthesis

using SweScript All-in-One RT SuperMix for qPCR (One-Step

gDNA Remover, G3337, Servicebio, Wuhan, China), followed by

the 2 × Universal Blue SYBR Green qPCR and Master Mix

(G3326, Servicebio) to assess mRNA expression levels, referred to

the instructions.

2.13. Western blot and co-immunoprecipitation (co-IP) analysis

Total proteins extracted from samples were subjected to SDS-

PAGE gel electrophoresis. After being transferred to poly-

vinylidene fluoride membranes, anti-Tfr1 (ab214039, Abcam,

Cambridge, United Kingdom), anti-zinc finger DHHC-type con-

taining protein 2 (ZDHHC2, PA5101994, Invitrogen), and ß-

Tubulin were incubated at 4 ◦C overnight. The membranes were

washed with Tris-buffered saline containing 0.1% Tween-20, and

then incubated with secondary antibodies at room temperature for

2 h. Target bands were visualized with enhanced chemilumines-

cent reagents.

For co-IP, cells were harvested and lysed in lysis buffer. Then,

lysates were subjected to immunoprecipitation with anti-Tfr1

antibody or Rabbit IgG according to the instructions. Add the

protein—antibody complex to protein A/G magnetic beads and

incubate overnight at 4 ◦C. Immune complexes were washed and

subjected to immunoblotting.

2.14. Cell culture and stable cell line establishment

MEG-01 cells (ATCC) were grown at 37 ◦C in 5% CO2 in RPMI-

1640 containing 10% FBS and 1% penicillin—streptomycin. Tfr1-

overexpression lentivirus and shRNA lentiviruses specific to the

target genes were used for stable cell line generation. The plasmid

and the packaging vectors were co-transfected into HEK293T

cells (ATCC), and the virus-containing supernatant was collected

48 h later. The cells to be infected were incubated with the virus-

containing supernatant with 6 μg/mL polybrene for 48 h and then

selected with 2 μg/mL puromycin.

2.15. Preparation of platelet-like particle (PLP)

For maturation and differentiation, MEG-01 cells were treated

with 2.5 mmol/L valproic acid (HY-10585, MedChemExpress) for

9 days. Subsequently, PLP production was stimulated by rhTPO

(100 ng/mL, 96-300-18-10, PeproTech, Cranbury, NJ, USA) for

72 h. To isolate PLP, the culture medium was centrifuged at 100 ×

g for 10 min to remove the nucleated cells. Supernatant was then

centrifuged at 750 × g for 10 min at room temperature to isolate

PLP, and the pellet containing PLP was resuspended in culture

medium. To activate PLP or platelets, arachidonic acid (AA,

0.3 mmol/L, 10931, Sigma—Aldrich) or Adenosine 5′-diphosphate

(ADP, 1 μmol/L, HY-W010918, MedChemExpress) was added to

the suspension for 5 min.

2.16. Wright-giemsa stain

Suspension cells or PLPs were initially washed and spread on

poly-L-lysine hydrobromide (P1399, Sigma—Aldrich) coated

slides. After being fixed in methanol for 15 min, samples were

stained in Wright-Giemsa solution for 5 min, washed with PBS
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Figure 1 Admission platelet counts are associated with poor survival rates and severe liver injury in the heat stroke (HS) cohort. (A) Principal

Component Analysis (PCA) distinguishes between healthy control (HC, n � 183) and HS (n � 189) at the time of admission. (B) Loadings on

principal component 1 (PC1) represent contributions of each factor in panel A. (C) Correlation matrix heatmap between routine blood indicators

and multiple organ damage indicators at the time of admission. (D) Survivor HS (s-HS, n � 166) and deceased patients (d-HS, n � 23) were

separated by PCA at the time of admission. (E) Loadings on PC1 represent contributions of each factor in panel D. (F—H) Scatter plots showing

admission levels of platelet count (F), mean platelet volume (MPV) (G), and platelet distribution width (PDW) (H) in HC, s-HS, and d-HS groups

(platelet count: HC, n � 182; s-HS, n � 164; d-HS, n � 22; MPV and PDW: HC, n � 182; s-HS, n � 155; d-HS, n � 20). Horizontal lines

indicate the medians. Missing values were excluded. (I) Scatter plots showing platelet counts at 0 h (n � 186) and 24 h (n � 187) post-admission.

Horizontal lines indicate the medians. Missing values were excluded. (J) Pie charts showing thrombocytopenia (platelet counts <100 × 109/L) in
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buffer and pure water, and observed by EVOS FL auto fluorescent

microscope.

2.17. Simulated HS model in vitro

The cells, platelets, or PLPs were exposed to heat stress at 43 ◦C

for 2 h in a humidified cell culture incubator, then transferred to a

normal incubator and maintained at 37 ◦C with 5% CO2 for re-

covery over different time points.

2.18. Cytotoxicity assay

Cellular supernatants at SHR and different time points after heat

stress were collected, and the LDH Cytotoxicity Assay Kit

(C0017, Beyotime Biotechnology, Shanghai, China) was used to

test the cell cytotoxicity according to the manufacturer’s in-

structions. Using a microplate reader to detect optical density

values at 490 nm. PI staining, performed according to the in-

structions and detected by flow cytometry, was also used to

evaluate cell cytotoxicity.

2.19. Immunofluorescence and immunohistochemistry

Tissue sections were deparaffinized and rehydrated as above.

Using EDTA Antigen Retrieval Solution (pH � 9.0) for antigen

retrieval, 3% H2O2 to eliminate endogenous peroxidase, and 5%

BSA to block non-specific antigens. After blocking, Clec4f

(AF2784, R&D Systems, Minneapolis, MN, USA), Glutamine

Synthetase (ab73593, Abcam), CD42b (ab183345, Abcam) were

incubated at 4 ◦C overnight. For cellular immunofluorescence,

sections were first fixed with 4% paraformaldehyde at room

temperature for 30 min, followed by permeabilization with 0.25%

Triton X-100 for 15 min, and then blocked to prevent non-specific

binding. Platelets were stained with CellTracker Green CMFDA

(C7025, Invitrogen) at 37 ◦C for 30 min. Primary antibodies

were incubated at 4 ◦C overnight. Subsequently, the slides were

incubated with peroxidase-labeled goat anti-rabbit IgG polymer or

goat anti-mouse IgG polymer for 30 min at room temperature. A

tyramide signal amplification indirect kit (DFT4C100, HISTOVA,

Beijing, China) was used according to the manufacturer’s in-

structions to boost and detect the signal.

For immunohistochemistry, Ki-67 (GB111141, Servicebio)

was incubated overnight at 4 ◦C. The sections were then washed

and treated with goat anti-rabbit IgG polymer for 30 min at room

temperature. Following this, the slides were incubated with DAB

substrate solution (8059, Cell Signaling Technology, Danvers,

MA, USA) until the color developed. Images were captured and

visualized by EVOS FL Auto fluorescence microscope or laser

scanning confocal microscope (Zeiss LSM880, Leica, Wetzlar,

Germany), and analyzed with ZEN microscopy software.

2.20. Acyl-biotin exchange (ABE) palmitoylation assay

The samples were lysed using lysis buffer supplemented with

protease inhibitor. Subsequently, 50 mmol/L N-ethylmaleimide

(23030, Thermo Fisher Scientific) was added to the lysis to

alkylate free cysteine residues. The palmitoyl thioester bond was

then hydrolysed using 1 mol/L hydroxylamine (26103, Thermo

Fisher Scientific) and replaced with HPDP-Biotin. The cell lysates

were then coupled with streptavidin beads (LSKMAGT02, Mil-

lipore, Burlington, MA, USA) at room temperature for 1 h. Ulti-

mately, palmitoylated Tfr1 was identified by immunoblotting

alongside the control group without hydroxylamine treatment.

2.21. TF-Tfr1 internalization and recycling

PLPs were starved in FBS-free 1640 media for 1 h prior to heat

stress and collected after heat stress. Subsequently, samples were

placed on ice for 10 min, washed with cold live cell imaging

solution containing 20 mmol/L glucose and 1% BSA, and incu-

bated with Alexa Fluor 488-conjugated transferrin (holo-TF,

T13342, Invitrogen) for 5 min at 37 ◦C, followed by three washes.

Mean fluorescence intensity of holo-TF on the Alexa 488 channel

was used to reflect Tfr1 internalization and recycling.

2.22. Statistical analysis

The results were presented as mean ± standard error of mean

(SEM) unless otherwise stated. Statistical analyses were per-

formed using GraphPad Prism using Student’s t-test or one/two-

way ANOVA. Pairwise correlations were assessed using Spear-

man’s or Pearson’s correlation. Kaplan—Meier survival curves

analysis was calculated by the log-rank (Mantel-Cox) test. Values

of P < 0.05 were considered significant.

3. Results

3.1. Association of platelet counts with survival and liver injury

in heat stroke patients

Our previous work showed that admission platelet count is asso-

ciated with 90-day mortality in HS patients19. However, the dif-

ferences between HC and HS, as well as the dynamic changes in

platelet count and the strength of the correlation between damage

to various organs and the most platelet-affected organ in HS, have

not been fully recognized. Significant differences were found

between HC (n � 183) and HS patients (n � 189), as well as

deceased patients (d-HS) and survivors (s-HS) (Fig. 1A, B, D and

E, Supporting Information Fig. S2A, S2B, S2D and S2E). Platelet

counts were identified as a critical factor correlated with organ

injury in HS (Fig. 1C, Fig. S2C). HS patients, particularly d-HS,

the HC (n � 182) and admission HS groups (n � 186). Missing values were excluded. (K) Pie charts implying admission mortality and

complications in the HS groups (HS with thrombocytopenia, n � 59; HS without thrombocytopenia, n � 127). Missing values were excluded.

(L—Q) Admission correlation between platelet counts and survival time (L) (in dHS, n � 23), Glasgow coma scale (GCS) scores (M) (n � 114),

sequential organ failure assessment (SOFA) (N) (n � 114), CTNI (O) (n � 160), ALT (P) (n � 185), and CR (Q) (n � 185). Missing values

were excluded. **P < 0.01, ***P < 0.001, ****P < 0.0001. PLT: platelet counts; LYMPH: lymphocytes; MONO: monocytes; ALT: alanine

aminotransferase; AST: aspartate aminotransferase; BUN: blood urea nitrogen; PDW: platelet distribution widths; MPV: mean platelet volumes;

CR: serum creatinine; WBC: white blood cell; NEUT: neutrophils; PCT: procalcitonin; CRP: C-reactive protein; ISTH: International Society on

Thrombosis and Haemostasis DIC score; FIB: fibrinogen; TT: Thrombin time; APTT: activated partial thromboplastin time; INR: international

normalized ratio; PT: prothrombin time; CTNI: cardiac troponin I; Mb: myoglobin; CKMB: creatine kinase MB isoenzyme; CK: creatine kinase;

TBIL: total bilirubin; ST: survival times; APACHE II: acute physiology and chronic health evaluation II score.
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had significantly lower platelet counts than HC (Fig. 1F). Notably,

d-HS patients and those 24 h post-admission displayed larger

mean platelet volumes (MPV) and wider platelet distribution

widths (PDW), indicating the prevalence of young and active

platelets (Fig. 1G and H, Supporting Information Fig. S1A and

S1B). Post-admission analysis showed a marked decline in

platelet counts, indicating escalating thrombocytopenia (platelet

counts <100 × 109/L) in HS patients (Fig. 1I). Thrombocytopenia

was found in 32% of HS patients, associated with severe com-

plications and higher mortality upon admission (Fig. 1J and K).

Compared to HC, levels of aspartate aminotransferase (AST)

(Fig. S1C), ALT (Fig. S1D), and serum CR (Fig. S1E) were

elevated in d-HS patients. Correlation analysis revealed a mod-

erate positive association between platelet counts and GCS

(Fig. 1M), and a moderate to strong negative correlation with

sequential organ failure assessment (SOFA), CTNI, ALT, AST,

total bilirubin (TBIL), and acute physiology and chronic health

evaluation II (APACHE II) scores both on admission and 24 h

post-admission (Fig. 1L—Q, Figs. S1F—S1H and S2). Addition-

ally, the liver was the most affected organ by platelet count

(Fig. 1K—Q, Fig. S1F—S1H). MPV and PDW were slightly

positively associated with liver damage (Figs. S1 and S2). Shifts in

WBC counts and subtypes (neutrophils (NEUT), monocytes

(MONO), and lymphocytes (LYMPH)) exhibited a trend towards

baseline levels 24 h post-admission (Supporting Information

Fig. S3). Correlation analysis also identified WBC counts and

subtypes as potentially relevant to organ injury and mortality,

although the correlation was limited and may have been influ-

enced by therapeutic care upon admission (Fig. 1C, Fig. S2C,

Supporting Information Figs. S4 and S5). These findings under-

score the critical association of platelet count with organ damage,

especially liver injury, in HS patients, suggesting it may as an

effective factor for therapeutic intervention.

3.2. Platelets participate in liver injury of the HS murine model

To explore the role of platelets in HS and HS-induced liver injury,

mice were subjected to heat stress, which resulted in a triphasic

core temperature (Tc) pattern with significant weight loss and

dehydration (Fig. 2A, Supporting Information Fig. S6A and S6B).

Platelet counts decreased notably at 0, 6, and 24 h post-HS

(Fig. 2B). LDH cytotoxicity assays revealed increased platelet

mortality under heat stress in vitro (Fig. 2C), indicating a direct

thermal impact on platelet viability. RBC (Fig. S6C) and WBC

(Fig. S6D) counts exhibited distinct patterns post-HS. While LDH

cytotoxicity assays on these cells and megakaryocyte cell lines

(MEG-01) under heat stress in vitro showed only marginal changes

(Fig. S6E—S6I), indicating specific platelet vulnerability. Liver

histopathology (Fig. S6J) and plasma ALT, AST (Fig. 2D and E)

revealed extensive liver damage, which is consistent with the

increased systemic inflammation marker IL-1ß levels post-HS onset

(Fig. 2F). Correlation analysis revealed significant negative asso-

ciations between platelet counts and the core temperature at HS

onset (HS0) (Fig. 2G), ALT (Fig. 2H), and IL-1ß (Fig. 2I), impli-

cating the role of platelet counts in HS and HS-related liver injury.

Modulating platelet counts using TPO and mouse platelet depletion

antibodies (αCD42b) affected ALT levels and liver histology,

further highlighting the pivotal role of platelets in liver injury

(Fig. 2J—L). In vitro, co-culture experiments with AML12 hepa-

tocytes and platelets corroborated the detrimental role of platelets in

HS-induced liver injury (Supporting Information Figs. S6K and

S7K). This study elucidates the critical role of platelets in

mediating liver injury during heat stroke, providing valuable in-

sights for potential therapeutic interventions in HS management.

3.3. Ferroptosis-induced platelet decline in the HS murine

model

To investigate the mechanisms driving platelet count reduction in

HS, we analyzed RNA sequencing data from platelets collected at

various time points post-HS (0, 6, 24 h) in mice. A heatmap

showing differentially expressed genes at 0, 6, 24 h post-HS

relative to the SHR group (Fig. 3A). GO analysis highlighted

several upregulated pathways associated with iron metabolism and

lipid peroxidation in the HS group (Fig. 3B, Fig. S7A—S7D),

which was further validated by Gene Set Enrichment Analysis, as

ferroptosis (Fig. 3C). TEM analysis revealed mitochondrial

morphological changes indicative of ferroptosis in platelets,

including volume shrinkage and increased membrane density

(Fig. 3D). Iron assays revealed that total iron and Fe2+ levels were

markedly increased post-HS (Fig. 3E, Fig. S7E and S7F). Addi-

tionally, the levels of 4-HNE, a marker of lipid peroxidation, were

also significantly elevated post-HS (Fig. 3F). The accumulation of

total ROS and lipid ROS was assessed both in vivo (Fig. 3G—J)

and in vitro (Fig. S7G—S7J), confirming ferroptosis as a key

mediator of platelet death in HS. Pretreatment with ferroptosis

inhibitors effectively reduced lipid ROS (both in vivo and in vitro)

and LDH cytotoxicity (in vitro), highlighting the pivotal role of

ferroptosis in HS-induced platelet decline (Fig. 3K—M).

Furthermore, the ferroptosis inhibitor significantly reduced hepa-

tocyte mortality when platelets were co-cultured with AML12

hepatocytes in vitro (Fig. S7K). These findings underscore fer-

roptosis as a crucial mechanism in platelet reduction during HS,

drawing attention to this iron-mediated cell death pathway char-

acterized by iron-dependency and lipid peroxidation in HS.

3.4. Tfr1 palmitoylation drives ferroptosis in platelets during

HS

To identify potential candidate genes involved in platelet ferrop-

tosis, mRNA expression profiles related to ferroptosis were

analyzed. Interestingly, several iron homeostasis-related genes

showed altered expression post-HS, along with changes in other

ferroptosis-associated genes (Fig. 4A). Notably, the expression

levels of Tfr1, Hmox1, Steap3, Ptgs2, Hspb1, and Slc40a1 were

markedly elevated post-HS (Fig. 4B, Fig. S7L). To investigate the

role of these genes in platelet ferroptosis, PLPs derived from

MEG-01 cells were used in vitro. The structure and function of

these PLPs resembled platelets (Supporting Information Fig. S8).

Lentivirus was used to interfere with the expression of target genes

in MEG-01 cells and PLPs (Supporting Information Fig. S9A). It

was found that sh-Tfr1 most significantly reduced total iron

(Fig. S9B), Fe2+ (Fig. S9C), lipid ROS (Fig. S9D), 4-HNE

(Fig. S9E), and mortality (Fig. S9F) in PLPs under heat stress

in vitro. Tfr1 is the rate-limiting factor that controls iron uptake

and drives the process of ferroptosis11, suggesting that Tfr1 may

also play an important role in heat stress-induced ferroptosis in

platelets. The results showed that the expression of Tfr1 protein in

platelets increased post-HS (Fig. 4C and D). CKO-Tfr1 mice were

used to decrease the expression of Tfr1 in platelets (Fig. 4E and

F). Tfr1 ablation in platelets increased resistance to the decline in

platelet count (Fig. 4G) and also reduced total iron (Fig. 4H), Fe2+

(Fig. S9G), lipid ROS (Fig. 4I) and 4-HNE (Fig. 4J) induced by

HS in vivo, as well as platelet mortality in vitro (Fig. 4K),
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Figure 2 Platelets participate in liver injury in the HS murine model. (A) Thermoregulatory graphical description of heat stress profile aspects

within 28 h in mice (shown as mean only, total n � 25). (B) Platelet counts along the time axis at sham heat rest (SHR) and 0, 6, 24 h post-HS

(n � 6 mice per group). (C) Cell cytotoxicity of mouse platelets was measured by LDH activity under heat stress in vitro (n � 6 mice per group).

(D—F) Plasma ALT (D) and AST (E) and IL-1ß (F) levels in SHR mice and mice at 0, 6, 24 h post-HS (n � 6 mice per group). (G—I) Correlation

between platelet counts and Tc max at HS onset (n � 16), ALT (n � 24), and IL-1ß (n � 24) levels. (J—L) Blood platelet counts (J), plasma ALT

levels (K), and representative HE staining images of liver tissue (L) were assessed in SHR mice and mice at 0, 6, 24 h post-HS, with or without

pretreatment with the platelet-depleting antibody αCD42b or the platelet stimulator thrombopoietin (TPO) (n � 6 mice per group, scale bars:

100 μm). Mean ± SEM are shown, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3 Ferroptosis contributes to a decrease in platelet counts in murine HS. (A) Heatmap of differentially expressed genes of platelets in

SHR mice and mice at 0, 6, 24 h post-HS (n � 3 per group). (B) Gene ontology (GO: biological process, BP) analysis of ferroptosis-related

pathway of platelets in SHR mice and mice at 0, 6, 24 h post-HS. (C) Gene Set Enrichment Analysis of platelets against SHR mice and mice

at 0, 6, 24 h post-HS. (D) Representative transmission electron microscopy fields showing mouse platelet ultra-structures (n � 3 independent

experiments per group, scale bars: 0.2 and 0.05 μm). (E, F) The level of total iron (E) in platelets and plasma 4-HNE (F) from SHR mice and mice

at 0, 6, 24 h post-HS (n � 6 mice per group). (G—J) Flow cytometric analysis of the percentage of ROS (detected by H2DCFDA, G and H) and

lipid ROS (detected by C11 BODIPY 581/591 staining, I and J) in mouse platelets between SHR and 0, 6, 24 h post-HS (n � 6 mice per group).
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highlighting a Tfr1-dependent ferroptosis mechanism in HS. Tfr1

overexpression in platelets of CKO-Tfr1 mice (Fig. S9H) resulted

in increased total iron (Fig. S9I), lipid ROS (Fig. S9J), and 4-HNE

levels (Fig. S9K) post-HS in vivo, along with platelet mortality

under heat stress in vitro (Fig. S9L), all of which could be reversed

by ferroptosis inhibitors, fer1 and DFO (Fig. S9I and S9L). Taken

together, these analyses suggest a fundamental role for Tfr1 in

driving platelet ferroptosis under heat stress.

Tfr1 regulates intracellular iron homeostasis by mediating

membrane iron transport, while post-translational modifications are

involved in protein trafficking and function. The Uniprot website

predicts that Tfr1 can undergo phosphorylation, palmitoylation,

and glycosylation, and these modifications may be involved in the

function of Tfr1. To reveal the protein modification of Tfr1,

platelets were treated with phosphorylation inhibitor (staur-

osporine), palmitoylation inhibitor (2BP), and glycosylation in-

hibitor (tunicamycin or benzyl-α-GalNAc). The palmitoylation

inhibitor 2BP effectively reduced total iron (Supporting Informa-

tion Fig. S10A), Fe2+ (Fig. S10B), lipid ROS (Fig. S10C), 4-HNE

(Fig. S10D), and cell mortality (Fig. S10E) levels under heat stress

in vitro, highlighting the critical role of palmitoylation in iron

uptake. Given that cellular iron uptake by Tfr1 has been linked to

palmitoylation16,17, we further employed the ABE palmitoylation

assay and IEM (Fig. 4L and M) to assess the extent of palmitoy-

lation, confirming Tfr1 palmitoylation in heat-stressed platelets,

suggesting a regulatory role in transferrin-bound iron transfer.

Palmitoylation is a critical, reversible post-translational protein

modification mediated by zinc-finger DHHC-type containing pro-

teins (ZDHHCs), which regulates membrane localization, stability,

and protein—protein interactions18. RNA-seq and qPCR analysis

revealed upregulation of Zdhhc2, a zinc finger protein involved in

palmitoylation, among other Zdhhcs and acyl-protein thioesterases

(APTs, encoded by Lyplas genes) post-HS (Fig. 4N, Supporting

Information Fig. S11A—S11H). Co-IP analysis revealed an inter-

action between ZDHHC2 and Tfr1 in platelets from both SHR and

HS (Fig. 4O). ABE analysis of PLPs demonstrated that knockdown

or overexpression of Zdhhc2 led to a reduction or increase in Tfr1

palmitoylation, respectively, in vitro (Fig. 4P). Flow cytometry

analysis of holo-TF on the PLP surface further revealed that

Zdhhc2 knockdown resulted in the retention of the holo-TF

membrane signal, suggesting impaired Tfr1 internalization and

recycling, while Zdhhc2 overexpression promoted Tfr1 internali-

zation and recycling, leading to a rapid reduction or recovery of the

holo-TF membrane signal post-heat stress in vitro (Fig. 4Q). These

results indicate that palmitoylation is involved in the membrane

translocation of platelet Tfr1 under heat stress conditions. Mean-

while, knockdown of Zdhhc2 in PLPs derived from both MEG-

01 cells and Tfr1-overexpressing MEG-01 cell lines (Fig. S11I)

reduced total iron (Fig. S11J), Fe2+ (Fig. S11K), lipid ROS

(Fig. S11L), 4-HNE (Fig. S11M), and cell cytotoxicity (Fig. S11N)

in vitro. Conversely, Zdhhc2 and Tfr1 overexpression increased

these levels, which were reversed by the ferroptosis inhibitor fer-1

(Fig. S11J—S11N), confirming a Zdhhc2-dependent mechanism in

Tfr1 under heat stress. In summary, our findings implicate Tfr1

palmitoylation mediated by ZDHHC2 as a key driver in platelet

ferroptosis during heat stress, offering new insights into the path-

ogenesis of HS and potential therapeutic targets.

3.5. Platelet-derived IL-1ß amplifies liver injury in the HS

murine model

GO pathway enrichment analysis highlighted the significant role

of platelets in regulating the inflammatory response in HS,

underscoring their function in immune modulation (Fig. 5A).

Platelets store and release biologically active molecules, such as

cytokines, chemokines, and eicosanoids, during activation, adhe-

sion and aggregation25,26. Immunofluorescence showed platelet

adhesion and aggregation in liver tissue, Kupffer cells, and he-

patocytes in vivo and in vitro (Fig. 5B, Supporting Information

Fig. S12A). In the HS group, the expression of P-selectin

(Fig. 5C), Cd62p (Fig. S12B), Cd41 (Fig. S12C), Cd42b

(Fig. S12D) was correspondingly changed, indicating platelet

activation, adhesion, and aggregation in HS. GO analysis further

highlighted pathways associated with IL-4, IL-6, and IL-1 in HS

platelets (Fig. 5D). To eliminate potential confounding effects

from classical immune cells, mouse platelets were first purified

and then exposed to heat stress in vitro. Inflammatory markers,

including Il1b (Fig. 5E), Casp1 (Fig. 5F), Ccl5 (Fig. S12E),

Hmgb1 (Fig. S12F), Nlrp3 (Fig. S12G), Il1a (Fig. S12H), Il4

(Fig. S12I), Il6 (Fig. S12J), and Il18 (Fig. S12K), were signifi-

cantly elevated under heat stress in vitro. Notably, Il1b and Nlrp3

were the most striking and closely aligned with the trends

observed in HS liver injury (Fig. 5E and F, Fig. S12E—S12K). IL-

1ß is a key pro-inflammatory cytokine activated by Caspase-1

through NLRP3 inflammasome activation, further highlighting

the significant role of platelet-derived IL-1ß in HS-induced liver

injury. The upregulation of Caspase-1 in platelets (Fig. 5G),

plasma IL-1ß levels (Fig. 5I) in HS mice, and IL-1ß secretion in

platelet supernatants (Fig. 5H) under heat stress in vitro, further

implicate their role in liver injury. Tfr1 knockout or over-

expression in CKO-Tfr1 platelets, with or without ferroptosis in-

hibitors (fer-1 and DFO), altered the expression of Caspase-1 and

IL-1ß, respectively (Fig. 5G—I). Zdhhc2 knockdown in PLPs

derived from both MEG-01 cells and Tfr1-overexpressing MEG-

01 cells decreased IL-1ß levels in supernatants, whereas Zdhhc2

overexpression increased IL-1ß expression, which was reversed

by the ferroptosis inhibitor fer-1 (Fig. 5J), suggesting an associ-

ation between Tfr1 palmitoylation and IL-1ß secretion. In addi-

tion, elevated levels of IL-6, IL-10, and TNF-α in plasma indicate

the involvement of additional inflammatory factors post-HS

(Fig. S12L—S12N). To summarize, our study uncovers a novel

pathway in which platelet-derived inflammatory responses,

particularly those induced by IL-1ß, exacerbate liver injury in HS,

offering new insights into the inflammatory role of platelets.

3.6. Amelioration of liver injury in the HS murine model via

ferroptosis inhibition and Tfr1 ablation in platelets

To evaluate the therapeutic potential of targeting platelet ferrop-

tosis and Tfr1 in liver injury and survival in the HS murine model,

(K) Representative flow analysis images of lipid ROS (detected by C11 BODIPY 581/591 staining) in platelets from SHR mice and mice at 0, 6,

24 h post-HS, with or without ferroptosis inhibitor DFO (n � 3 independent experiments). (L) Representative flow analysis images of lipid ROS

(detected by C11 BODIPY 581/591 staining) with ferroptosis inhibitor Trolox, fer1, DFO in mouse platelets under heat stress in vitro (n � 3

independent experiments). (M) Cell cytotoxicity of mouse platelets was measured by LDH activity under heat stress in vitro (n � 6 independent

experiments). Mean ± SEM are shown, *P < 0.05, ***P < 0.001, ****P < 0.0001.

Palmitoylation of Tfr1 enhances platelet ferroptosis and liver injury in heat stroke 279



Figure 4 Identification of Tfr1 as a key mediator of platelet ferroptosis in murine HS. (A) The heatmap illustrates the expression of ferroptosis-

related genes in platelets from SHR mice and mice at 0, 6, 24 h post-HS (n � 3 per group). (B) Expression of Tfr1 mRNA in platelets from SHR

mice and mice at 0, 6, 24 h post-HS (n � 6 mice per group). (C, D) Representative flow cytometric analysis (C) and Western blot (D) of platelet

Tfr1 in SHR mice and mice at 0, 6, 24 h post-HS (n � 3 independent experiments). (E) Western blot detection of Tfr1 expression in platelets from

Tfr1flox/flox and CKO-Tfr1 mice (n � 3 independent experiments). (F) Flow cytometry detection of Tfr1 expression in platelets from Tfr1flox/flox and

CKO-Tfr1 mice (n � 6 mice per group). (G) Platelet counts over time at SHR and 0, 6, 24 h post-HS in Tfr1flox/flox and CKO-Tfr1 mice (n � 6

mice per group). (H—J) The levels of total iron (H), lipid ROS (I, detected by C11 BODIPY 581/591 staining) in platelets and plasma 4-HNE

(J) from Tfr1flox/flox and CKO-Tfr1 mice before and post-HS (n � 6 mice per group). (K) Cell cytotoxicity (measured by LDH) of mouse platelets
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platelet-specific Tfr1 conditional knockout mice (CKO-Tfr1),

administered AAV9-DIO-Tfr1 or Vector, were used. Vector-

administered CKO-Tfr1 significantly inhibited HS-induced

thrombocytopenia (Fig. 6A), liver injury (Fig. 6B and C), and

significantly improved the survival rate of mice post-HS (Fig. 6D),

which could be reversed by AAV9-DIO-Tfr1 (Fig. 6A—D). The

application of ferroptosis inhibitors significantly improved the

outcomes induced by AAV9-DIO-Tfr1 (Fig. 6A—D). In addition,

elevated expression levels of hepatocyte growth factor (Hgf ), Met,

and Ctnnb1 were detected in HS liver tissue, indicating the acti-

vation of tissue repair and regeneration processes (Supporting

Information Fig. S13A—S13C). Meanwhile, the regeneration

marker Ki-67 was also found to be upregulated post-HS

(Fig. S13D), indicating the activation of self-repair mechanisms

to mitigate damage and facilitate liver recovery, thereby contrib-

uting to the improved condition 24 h post-HS. In summary,

inhibiting ferroptosis and targeting Tfr1 in platelets are effective

strategies for reducing liver injury and improving survival in HS.

This approach offers a promising therapeutic avenue for inter-

vention in HS-induced liver injury.

4. Discussion

Our investigation highlights the critical role of platelets in HS-

induced liver injury, establishing a close connection between

thrombocytopenia and liver injury. We discovered a Tfr1

palmitoylation-dependent ferroptosis pathway in platelets that

mediates this connection. Inhibiting this pathway or ablating Tfr1

in platelets alleviates liver injury and improves prognosis, as

demonstrated by our results (Fig. 7). Reduced platelet counts

consistently correlated with severe liver injury in both HS patients

and a murine model, suggesting platelets as potential biomarkers

for HS prognosis. The liver’s central role in immune responses and

metabolic processes makes its vulnerability to HS-induced dam-

age particularly evident. This study deepens our understanding of

the pathophysiology of HS and paves the way for novel thera-

peutic interventions, emphasizing the importance of platelet count

and ferroptosis mechanisms in liver injury during HS.

Clinical data from HS patients at Southern Theater General

Hospital in China revealed varying severity of liver injuries,

suggesting pathogenic factors beyond heat. Ultrastructural

changes in liver tissues, including vascular congestion, hemor-

rhagic thrombosis, hepatocellular degeneration, and extensive

cholestasis, indicate that amplified by ischemia—reperfusion and

systemic inflammatory responses may amplify liver injury in HS7.

Notably, liver injury in HS differs from other hepatic conditions,

such as viral hepatitis, drug-induced hepatic injury, and sepsis-

related liver injury. In HS, liver injury is strictly minimal in

zonal necrosis and lack of fibrosis in the central area, but with

pronounced swelling, hydropic change, and coagulation

abnormalities27. Despite interventions like cooling and symp-

tomatic support, effective treatments for HS-induced liver injury

remain limited, underscoring the urgent need for research into its

pathogenesis and the development of sensitive biomarkers and

tailored therapeutic strategies.

Platelets, abundant in blood, are derived from bone marrow

megakaryocytes and play key roles in various pathological con-

ditions25,28. Consistent with our previous finding, admission

platelet count is associated with mortality in HS patients28. In this

study, the differences between HC and HS, along with dynamic

changes in platelet count, were further examined. Additionally, the

correlation between platelet count, organ damage, and the most

platelet-affected organ in HS was explored, providing new insights

into platelet dynamics under heat stress and revealing that

ferroptosis-induced platelet depletion contributes to thrombocy-

topenia and establishes a fundamental connection with liver injury.

An increased MPV and broader PDW in HS patients indicate a

reduction in platelet count, coupled with the production of more

active and younger platelets. Intriguingly, platelet counts were

negatively correlated with markers of organ damage (e.g., CTNI,

ALT, AST, TBIL, SOFA, CR, and APACHE II), while positively

correlated with GCS, suggesting that platelet count could serve as

a key indicator of organ damage and prognosis in HS patients. The

negative correlation between platelet count and critical markers

such as Tc max, IL-1ß, and ALT, consistent with previous studies,

highlights platelet counts as a primary factor in assessing HS

severity and prognosis29. Another notable aspect of our findings is

the biological function of IL-1ß, which is identified as a key

mediator of HS-induced liver injury, as demonstrated in our pre-

vious study30. Tissue damage can trigger self-repair mechanisms.

Expression of typical liver repair and regeneration markers,

including hepatocyte growth factor, Met, Ctnnb1, and Ki-6731,

was increased, indicating active repair and regeneration, which led

to a decrease in liver injury markers at 24 h post-HS. In conclu-

sion, our study emphasizes the prognostic value of platelet counts

in HS, suggesting that lower platelet counts are predictive of more

severe organ injury and decreased survival rates.

Recent studies have broadened the understanding of platelets,

highlighting their involvement in immune function and inflamma-

tory signaling, beyond their traditional role in coagulation26,32,33.

Platelets express multiple receptors, such as Fc receptor, comple-

ment receptor 2, leukocyte differentiation antigen, integrin, and

pattern recognition receptors, especially several Toll-like re-

ceptors34. These receptors enable platelets to recognize pathogens,

DAMPs, and immune complexes, facilitating antigen presenta-

tion34,35. Additionally, activated platelets can release various δ par-

ticles, Weibel-Palade bodies, adhesion molecules, and

inflammatory cytokines36. Our results reveal that platelets can be

activated, adhere, aggregate, synthesize, and secrete granule con-

tents and cytokines, with IL-1ß being particularly prominent,

thereby contributing to inflammation regulation under heat stress.

under heat stress in vitro (n � 6 mice per group). (L) Acyl-Biotin exchange detection of Tfr1 palmitoylation (palm-Tfr1) level in mouse platelets

from SHR mice and mice at 0, 6, 24 h post-HS, with or without NH2OH treatment (n � 3 independent experiments). (M) Representative

immunoelectron microscopy images for the location of Tfr1 in mouse platelets from SHR mice and mice at 0, 6, 24 h post-HS (n � 3 independent

experiments, scale bars: 0.5 and 0.2 μm). (N) qPCR analysis of Zdhhc2 mRNA expression in platelets from SHR mice and mice at 0, 6, 24 h post-

HS (n � 6 independent experiments). (O) Co-IP analysis of the interaction between Tfr1 and ZDHHC2 protein in platelets from SHR and HS0

mice (n � 3 independent experiments). (P) Acyl-Biotin exchange was used to detect the palmitoylation level of Tfr1 in PLP from sh-Zdhhc2

MEG-01 cells, oe-Zdhhc2 MEG-01 cells, and MEG-01 cells under heat stress in vitro, with or without NH2OH treatment (n � 3 independent

experiments). (Q) Flow cytometric analysis of the holo-TF signal on the surface of PLP from sh-Zdhhc2 or oe-Zdhhc2 MEG-01 cells under heat

stress in vitro (n � 3 independent experiments). Mean ± SEM are shown, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 5 Platelet-derived IL-1ß contributes to liver injury in the HS murine model. (A) GO (BP) analysis of the physiological and pathological

states of platelets in SHR mice and mice at 0 h post-HS (HS0). (B) Representative images of immunofluorescence in liver tissue from SHR and HS

mice (n � 3 independent experiments, scale bars, 50 μm). DAPI (blue), CD42b for platelets (green), Clec4f for Kupffer cells (red), Glutamine

Synthetase (GS) for central vein zone (purple). (C) Flow cytometric analysis of the percentage of P-selectin expression on platelets in SHR mice

and mice at 0, 6, 24 h post-HS (n � 6 mice per group). (D) GO (BP) analysis of cytokine-related pathways in platelets from SHR mice and at HS

onset (HS0). (E, F) qPCR analysis of Il1b (E) and Casp1 (F) mRNA expression of platelets under heat stress in vitro (n � 6 mice per group). (G)

Flow cytometry analysis of caspase-1 levels in platelets from Tfr1flox/flox mice, CKO-Tfr1 mice and CKO-Tfr1 mice infected with AAV9-DIO-Tfr1,

with or without ferroptosis inhibitor fer1 and DFO (n � 6 mice per group). (H) ELISA analysis of IL-1ß levels in the supernatant of platelets

under heat stress in vitro (n � 6 mice per group). (I) ELISA analysis of IL-1ß levels in plasma from Tfr1flox/flox mice, CKO-Tfr1 mice, and CKO-

Tfr1 mice infected with AAV9-DIO-Tfr1, with or without ferroptosis inhibitor fer1 and DFO (n � 6 mice per group). (J) ELISA analysis of IL-1ß

levels in PLP supernatant from sh-Zdhhc2, oe-Zdhhc2, oe-Tfr1, oe-Tfr1-sh-Zdhhc2 MEG-01 cells under heat stress in vitro, with or without

ferroptosis inhibitor fer1 (n � 6 independent experiments). Mean ± SEM are shown, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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In liver tissues, platelets were also observed adhering to hepatocytes

and Kupffer cells, undergoing shape changes, and aggregating

within sinusoids. IL-1ß, a key downstream mediator of the NLRP3

inflammasome, is particularly activated by DAMPs and PAMPs37.

Its upregulation in heat-stressed platelets suggests a role in trig-

gering the defense reaction and inflammatory response. This is

further evidenced by the observed activation of NLRP3 and

Caspase-1 in heat-stressed platelets. These findings align with

recent studies documenting the immunomodulatory roles of anu-

cleate platelets, including the assembly of the NLRP3 inflamma-

some and secretion of IL-1ß in various diseases38-42. IL-1ß could

elevate body temperature, activate and recruit immune cells to the

injury sites, and regulate systemic and local responses43,44. This not

only extends our previous research into liver injury mechanisms but

also underscores the complex and critical roles of platelets in in-

flammatory and immune responses, particularly in HS30.

Heat stress not only reduces platelet counts but also enhances

platelet cytotoxicity, potentially implicating cell death mecha-

nisms, like ferroptosis. Ferroptosis, an iron-dependent form of cell

death characterized by the accumulation of lipid peroxides in cell

membranes, has been widely observed across various cell types

and diseases11. Recent studies have reported that hemin-induced

platelet activation and ferroptosis, driven by ROS, are associated

with proteasome activity and inflammasome activation, proposing

Figure 6 Amelioration of liver injury in HS murine model via ferroptosis inhibition and Tfr1 ablation in platelets. (A—C) Platelet count (A),

plasma ALT (B), and representative HE staining images of liver tissue (C) from Tfr1flox/flox mice, and CKO-Tfr1 mice infected with AAV9-DIO-

Vector or AAV9-DIO-Tfr1, with or without ferroptosis inhibitor fer1 or DFO (n � 6 mice per group, scale bars: 100 μm). (D) Survival curves of

mice (Tfr1flox/flox mice, n � 20; CKO-Tfr1+AAV9-DIO-Vector mice, n � 15; CKO-Tfr1+AAV9-DIO-Tfr1 mice, n � 29; CKO-Tfr1+AAV9-

DIO-Tfr1+fer1 mice, n � 17; CKO-Tfr1+AAV9-DIO-Tfr1+DFO mice, n � 15). Mean ± SEM are shown, *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.
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a complex interplay between ferroptosis, inflammation, and

platelet activation45,46. In our murine HS model, we reported, for

the first time, that ferroptosis occurs in platelets in vivo. This was

assessed by the increased expression of lipid ROS, 4-HNE, total

iron, and Fe2+, along with changes in mitochondrial morphology.

Tfr1 is the key rate-limiting factor controlling iron uptake and acts

as the driver of the ferroptosis process13. In the study, we

discovered that platelet ferroptosis is dependent on Tfr1 palmi-

toylation in HS. Moreover, we also found that the expression of

certain genes that inhibit ferroptosis in platelets, such as Slc40a1

and heat shock protein B1 (Hspb1), increased post-HS. SLC40A1

(ferroportin), the only known mammalian iron export protein,

transports Fe2+ out of the cell47. HSPB1, a member of the small

heat shock protein family, is involved in cellular stress responses

by aiding protein folding, preventing aggregation, stabilizing

membrane structures, reducing ROS accumulation, and inhibiting

lipid peroxidation48. Our results showed that knockdown of Hspb1

and Slc40a1, particularly Slc40a1, led to increased total iron,

Fe2+, lipid ROS, 4-HNE, and cell mortality in PLPs after heat

stress, suggesting that Slc40a1 plays a role in iron export in

platelets under heat stress conditions. The expression of these

ferroptosis-negative regulatory genes, along with their combined

effect in platelets, explains the decrease in iron and lipid peroxi-

dation markers at 6 and 24 h post-HS. In summary, our findings

highlight the critical role of Tfr1 in platelets, especially in regu-

lating iron transport, thereby modulating lipid peroxidation and

ferroptosis in HS.

Tfr1 regulates iron ion homeostasis and is known to undergo

palmitoylation, a process that manages the protein’s internaliza-

tion and recycling16,17. This dynamic palmitoylation process is

crucial for protein targeting and interactions within the membrane,

stability, and subcellular distribution, ultimately influencing pro-

tein activity18,49. Our study demonstrates that Tfr1 undergoes

palmitoylation in platelets, a finding supported by the ABE pal-

mitoylation assay and IEM. This palmitoylation ensures the

effective transfer of Tfr1 within the platelets, contributing to iron

overload and triggering ferroptosis under heat stress conditions.

Furthermore, our study aligns with previous research, which re-

ported that the function and regulation of Tfr1 are associated with

palmitoylation modification16,17. Interestingly, Agnès Rötig

attributed the delayed Tfr1 recycling in palmitoylation defect on

iron accumulation or overload diseases, whereas we tend to think

the influence of palmitoylation mediated by ZDHHC2 in platelets

under heat stress is dynamic and may also encompass the inte-

gration of spatial and cellular responses, not only in endocytosis,

recycling, but more specifically in stabilized Tfr1, retards pro-

teasome degradation, signaling as well as crosstalk with deacy-

lation and other modifications, which need to be further

explored16,17. The use of the palmitoylation inhibitor 2BP

significantly reduced total iron, Fe2+, lipid ROS, 4-HNE, and

platelet mortality, reinforcing the link between Tfr1 palmitoyla-

tion and platelet ferroptosis. Additionally, TF-Tfr1 internalization

and recycling experiments demonstrated that Zdhhc2 is involved

in the translocation of Tfr1, with a high internalization and

recycling rate within the first few hours, which may explain why

total iron, Fe2+, ROS, lipid ROS, and 4-HNE peaked at 0 h post-

HS. However, Zdhhc2 (along with other palmitoylation-related

enzymes) remained elevated at 6 and 24 h post-HS, indicating a

sustained demand for palmitoylation in platelets. This further

suggests that Zdhhc2-mediated palmitoylation of Tfr1 serves as a

key regulatory mechanism in platelet ferroptosis. Inhibiting Tfr1-

dependent ferroptosis in platelets not only preserves platelet

counts but also reduces IL-1ß production, thereby mitigating liver

damage and improving survival in HS.

5. Conclusions

In summary, the current investigation uncovers a novel mecha-

nistic pathway in HS, where Tfr1-palmitoylation-dependent

Figure 7 Tfr1 palmitoylation-mediated ferroptosis in platelets, accompanied by IL-1ß secretion, exacerbates liver injury in HS. The findings

provide novel insights into thrombocytopenia and liver injury in HS, offering a potential therapeutic strategy to mitigate HS-induced throm-

bocytopenia, liver injury, and poor prognosis.
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ferroptosis in platelets plays a crucial role, offering new thera-

peutic targets to mitigate HS-induced liver injury.
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