Volume 250 | Issue 8

Experimental
Biology and
Medicine

Experimental
Biology and
Medicine

Editor-in-Chief

Nicola Conran

University of Campinas,

Brazil

ISBN 978-2-8325-7023-4 .
DOI 10.3389/978-2-8325-7023-4 a frontiers ‘ Publishing Partnerships


https://www.ebm-journal.org/research-topics/36/experimental-biology-and-medicine-volume-250-issue-8
https://www.ebm-journal.org/research-topics/36/experimental-biology-and-medicine-volume-250-issue-8
https://www.ebm-journal.org/research-topics/36/experimental-biology-and-medicine-volume-250-issue-8
http://doi.org/10.3389/978-2-8325-7023-4

< EBM

SEBM
Executive
Council

Publication
Committee

Experimental Biology and Medicine

PRESIDENT

Michael Lehman
Kent State University

TREASURER

Jian Feng
State University of New York at Buffalo

PAST PRESIDENT

Stephania Cormier
Louisiana State University

TREASURER ELECT

Louis Justement
University of Alabama Birmingham

PRESIDENT ELECT

Clint Allred
University of North Carolina, Greensboro

Robert T Mallet ‘25, Chairperson
Stephanie A Cormier 24,

Muriel Lambert ‘25,

Aleksander F Sikorski 24

Society for Experimental Biology and Medicine

3220 N Street NW, #179
Washington DC 20007, USA
Executive Director — ed@sebm.org

www.sebm.org

ebm-journal.org


https://www.ebm-journal.org/journals/experimental-biology-and-medicine
https://www.ebm-journal.org/journals/experimental-biology-and-medicine

< EBM

Editorial
Board

Editor-in-Chief
Nicola Conran
University of Campinas

DEPUTY EDITOR
Sulev Kdks
Murdoch University

GLOBAL EDITORS

Africa

Gordon Awandare
University of Ghana

Asia

Shaw-Jenq Tsai
National Cheng Kung University

Europe

Farzin Farzaneh
King's College London

Aging

Associate Editor

Shigemi Matsuyama

Case Western Reserve University

Ricki Colman
Aolin Allen Hsu

Masaru Miyagi
Vincent Monnier

Salman R. Khetani

Americas

Nicola Conran
University of Campinas

Australia/Oceana

Sulev K&ks
Murdoch University

Biomedical Engineering
Associate Editor
F. Kurtis Kasper

University of Texas Health Science Center at
Houston

Andre Levchenko

Akihiro lkeda Deok-Ho Kim Angela Pannier
Aditya Kunjapur
Al in Biology and Medicine Bionanoscience
Associate Editor Associate Editor
Huixiao Hong Juan Melendez
US Food and Drug Administration University of Albany
Xiaohui Fan Paul Rogers Nathaniel Cady Maria Tomassone
Ping Gong Tieliu Shi Hassan A. Elfawal Siyang Zheng
Ruili Huang Wei Shi Jonathan F Lovell
Jie Liu Wenming Xiao Ya-Ping Sun
Fred Prior
. . . Cell and Developmental Biology
Biochemistry and Molecular Biology
) . Associate Editor
Associate Editor
] Lidiane Torres
Muriel A. Lambert Albert Einstein College of Medicine
Rutgers New Jersey Medical School
) David Dean Harold | Saavedra
Albert Alhatem Bin Guo Leszek Kotula Yigang Wang
Brian D Adams J. Patrick O'connor Huihui Li Warren Zimmer

Shuliang Jiao

Alexander V. Ljubimov

Bioimaging

Associate Editor

Clinical Trials

Giuseppe Pizzorno

Florida International University

Kamran Avanaki

Zygmunt Gryczynski

Xinmai Yang

Xincheng Yao
Baohong Yuan
Weizhao Zhao

Experimental Biology and Medicine 2

Daniel Vaena

ebm-journal.org


https://www.ebm-journal.org/journals/experimental-biology-and-medicine
https://www.ebm-journal.org/journals/experimental-biology-and-medicine

< EBM

Endocrinology and Nutrition

Co Associate Editors

Clint Allred and Keith Erikson
University of North Carolina Greensboro

Demin Cai Malcolm Watford
Sam Dagogo-Jack Chia-Shan Wu
Weiqun Wang

Environmental Health/Biomarkers/Precision
Medicine

Associate Editor

William Slikker, Jr.

Retired
Gary Steven Friedman Oh-Seung Kwon
Paul C. Howard Ann M. Marini
Donald Johann Igor Pogribny

Genomics, Proteomics, and Bioinformatics
Associate Editor

Sulev Koks
Murdoch University

Mark Geraci John P Quinn
Paul Potter Giovanni Stracquadanio
Immunology

Associate Editor

Renata Sesti-Costa
State University of Campinas

Sandra Regina Costa Maruyama
Alexandra Ivo de Medeiros

Infectious Diseases

Co Associate Editors

Flavio Guimaraes Da Fonseca
Federal University of Minas Gerais

Andrea Doria Kam Hui
Farzin Farzaneh Francois Villinger

Experimental Biology and Medicine

Neuroscience

Associate Editor

Michael Neal Lehman
Kent State University

Ligue M. Coolen Sandra Mooney
Terrence Deak Gregg Stanwood
Max L Fletcher Richard M Xu

Pharmacology/Toxicology

Associate Editor

Santosh Kumar
University of Tennessee Health Science Center

Guzel Bikbova Jonathan Shannahan
Pawel Brzuzan Manish Tripathi
Laetitia Dou Chaowu Xiao
Jianxiong Jiang Wouxiang Xie
Youngmi Jung Qihe Xu

Li-Fu Li

Physiology, Pathophysiology and
Mechanisms of Disease
Associate Editor

Robert T. Mallet
University of North Texas Health Science Center

Rong Ma Samuel Verges
Patricia J. McLaughlin Lei Xi

Gabor Tigyi lan Zagon
Shaw-Jenq Tsai Chunyu Zeng

Population Health

Associate Editor

Rebecca C. Christofferson
Louisiana State University

Stem Cell Biology

Associate Editor

Jian Feng
State University of New York at Buffalo
Vania Broccoli Antonis Hatzopoulos
Jose Cibelli Dan S. Kaufman
Guoping Fan Chun-Li Zhang

ebm-journal.org


https://www.ebm-journal.org/journals/experimental-biology-and-medicine
https://www.ebm-journal.org/journals/experimental-biology-and-medicine

Experimental
Biology and
Medicine

Structural Biology Translational Research

Associate Editor
Associate Editor

Tom Thompson
University of Cincinnati Chia-Ching (Josh) Wu
National Cheng Kung University
Andrew P. Hinck Vincent Luca
James Horn Rick Page Jing An Chulso Moon
Rhett Kovall Pan Pan Chong Esther Obeng

Hyacinth Idu Hyacinth Athena Starland-Davenport
Monica M. Jablonski

EBM eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The
copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to
Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version
current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated
to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence,
but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must
be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which
includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further
information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.

ISSN 1535-3699
ISBN 978-2-8325-7023-4
DOI10.3389/978-2-8325-7023-4

Generative Al statement

Any alternative text (Alt text) provided alongside figures in the articles in this ebook has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues,
please contact us.

Experimental Biology and Medicine 4 ebm-journal.org


https://www.ebm-journal.org/journals/experimental-biology-and-medicine
https://www.ebm-journal.org/journals/experimental-biology-and-medicine
http://doi.org/10.3389/978-2-8325-7023-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

2025 | Volume 250 | Issue 8 | ISSN 1535-3699

¢ EBM
Table of contents

Genomics, Proteomics and Bioinformatics
Highlight

07 Integrated analysis of metabolome and microbiome in a

Original Research
mouse model of sodium valproate-induced autism

Shuzhen Zhao, Xinyan Zhang, Yangiu Miao, Xueya Gao, Qiuhua Wan,
Wei Qiu, Haixia Si, Yingjie Han, Xiao Du, Yuanyuan Feng, Lianhua Liu and
Yuqing Chen

Genomics, Proteomics and Bioinformatics

24 RNA binding proteins potentially regulate alternative
splicing of immune-related genes during the progression of
coronary artery disease

Yulin Miao, Lei Wang, Gang Zhao, Wei Gou, Shan Chen, Chao Ding,
Zongxin Li and Fengli Gao

Original Research

Genomics, Proteomics and Bioinformatics

37 Unveiling the dual role of CD3G: a diagnostic biomarker for

Original Research ) ) o 9
depression and its oncogenic implications

Hai Gao, Ting Wu, Jihui Xue, Jing Liu, Dongmei Wen and Guanwei Huang

Pharmacology and Toxicology

51 Unraveling the pharmacological and therapeutic potential
of Ranolazine beyond antianginal drug use: a new insight

Review

Dhirendra Singh, Joy Awulika Oladimeji-Salami and
Abidemi James Akindele

Physiology, Pathophysiology and Mechanisms of
Disease

66 An approach to evaluate the effect of inflammatory
microvesicles on Ca?* handling in human-induced
pluripotent stem cell-derived cardiomyocytes

Original Research

Dania Fischer, Mishkaat Sha'sha’a, Judith Schenz, Aycan Tayan,
Christina Mertens, Sebastian O. Decker, Nadia Gallenstein,
Maximilian Dietrich, Trim Lajqi, Anna Hafner, Markus A. Weigand and
Nina D. Ullrich

Experimental Biology and Medicine 5 ebm-journal.org


https://www.ebm-journal.org/journals/experimental-biology-and-medicine
https://www.ebm-journal.org/journals/experimental-biology-and-medicine

¢ EBM

Physiology, Pathophysiology and Mechanisms of
Disease

80 Variational autoencoder enhanced analysis of energy

Original Research . . o i
metabolism and autophagy in exercising cardiomyocytes

Liguan Chen and Yun Yang

Population Health
Highlight

98 A case study of long-term disease burden in a rural

Original Research - o
community near an open burn facility

Arundhati Bakshi, Liana Baconguis, Md Abdullah Al-Mamun, Qingzhao Yu,
Jennifer Richmond-Bryant and Stephania A. Cormier

Population Health

112 Association between systemic immune-inflammation index
and 10-year risk of cardiovascular disease in the United
States (NHANES 1999-2018)
Yapan Yang, Runqi Tu, Lijie Zhu, Guian Xu, Tingjie Yang,
Qingman Li, Che Wang and Honghui Yang

Original Research

Experimental Biology and Medicine 6 ebm-journal.org


https://www.ebm-journal.org/journals/experimental-biology-and-medicine
https://www.ebm-journal.org/journals/experimental-biology-and-medicine

< EBM

@ Check for updates

OPEN ACCESS

*CORRESPONDENCE

Lianhua Liu,
lh1979@163.com

Yuqging Chen,
chen_yuqing0229@163.com

These authors have contributed equally
to this work

RECEIVED 29 November 2024
ACCEPTED 06 August 2025
PUBLISHED 29 August 2025

CITATION

Zhao S, Zhang X, Miao Y, Gao X, Wan Q,
Qiu W, SiH, Han Y, Du X, Feng VY, Liu L
and Chen'Y (2025) Integrated analysis of
metabolome and microbiome in a
mouse model of sodium valproate-
induced autism.

Exp. Biol. Med. 250:10452.

doi: 10.3389/ebm.2025.10452

COPYRIGHT

© 2025 Zhao, Zhang, Miao, Gao, Wan,
Qiu, Si, Han, Du, Feng, Liu and Chen.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Experimental Biology and Medicine

Experimental
Biology and
Medicine

TvpE Original Research
PUBLISHED 29 August 2025
po! 10.3389/ebm.2025.10452

Integrated analysis of
metabolome and microbiome in
a mouse model of sodium
valproate-induced autism
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Abstract

Sodium valproate (SV) has been shown to induce autism in animal models. In
this study, the SV method was used to establish a mouse model of autism, and
anxiety-like behaviours and learning memory performance were evaluated by
behavioural tests. The effects of SV on metabolic profiles and gut microbiota
were assessed by integrating gas chromatography-mass spectrometry and 16S
ribosomal RNA gene sequencing. Correlations between metabolites and gut
microbiota were determined using Spearman correlation coefficient.
Behavioral tests, including the three-chambered social assay, repetitive
behaviors, open field test, elevated plus-maze test, and novel object
recognition test, demonstrated that SV treatment exacerbated anxiety-like
behaviors and impeded spatial learning and memory in mice. SV disrupted
metabolic pathways in hippocampus, cortex, intestine, and serum, affecting
primarily valine, leucine and isoleucine biosynthesis, glycerophospholipid
metabolism and glutathione metabolism and so on. SV also altered gut
microbiota at the genus level, decreasing the abundances of Dubosiella,
Faecalibaculum, Clostridia_UCG-014, Bifidobacterium, and Alloprevotella,
while increase the abundances of Lactobacillus, Alistipes, and
Lachnospiraceae in intestine. The results of correlation analysis showed that
in hippocampus, Bifidobacterium was positively correlated with serine and
glycine, while Alistipes was negatively correlated with them. These findings
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suggested that SV may contribute to the development of autism progression by
altering the gut microbiota abundances and metabolite profiles. This may
provide new direction for the management of autism.

KEYWORDS

gas chromatography-mass spectrometry, 16S ribosomal RNA, gut microbiota,

metabolite, autism

Impact statement

Sodium valproate (SV) has been shown to induce autism in
animal models. In this study, we employed a gas
(GC-MS)-based
metabolomics approach, complemented by 16S ribosomal

chromatography-mass spectrometry
RNA (rRNA) sequencing, to elucidate potential associations
between gut microbiota components and metabolic pathways
following exposure to SV. SV disrupted metabolic pathways in
hippocampus, cortex, intestine, and serum, affecting primarily
valine, leucine and isoleucine biosynthesis, glycerophospholipid
metabolism and glutathione metabolism and so on. SV also
altered gut microbiota at the genus level, decreasing the
abundances of Dubosiella, Faecalibaculum, Clostridia_UCG-
014, Bifidobacterium, and Alloprevotella, while increase the
abundances of Lactobacillus, Alistipes, and Lachnospiraceae in
intestine. The results of correlation analysis showed that in
hippocampus, Bifidobacterium was positively correlated with
serine and glycine, while Alistipes was negatively correlated
with them. These findings suggest that SV may induce
neurotoxicity and promote autism progression by altering the
gut microbiota abundances and brain metabolite profiles. Our
study provides a more comprehensive understanding of the toxic
effects induced by SV in a mouse model of autism.

Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental
disorder among children [1]. It is statistically that approximately
20 out of every 10,000 children suffer from ASD worldwide,
especially for those as young as 1-3 years old [2]. The clinical
symptoms of ASD generally include social communication
difficulties, repetitive behaviors or even self-injurious
behaviors [3]. In addition, patients with ASD may also suffer
from epilepsy and mental retardation [4]. Currently, although the
detailed causes of ASD are still unknown, multiple factors such as
social influences, environmental insults and genetic aberrations
can lead to the development of ASD [5, 6]. In some clinical
reports, Purkinje cell integrity loss in the cerebellum,
hyperserotonemia and oxidative stress damage are considered
as the key pathological findings [7-9]. Additionally, some
researches demonstrated that early life environmental factors
such as chemical and drug exposure in the mother and prenatal
viral infections may also increase the risk of ASD in the offspring
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[10, 11]. Some chemicals such as misoprostol, thalidomide,
mercury and ethanol induce the generation of reactive oxygen
species, leading to the development deficits of cerebellum
and brain [12].

Sodium valproate (SV) is a well-known anti-epileptic drug
since its first introduction in 1978 [13]. In 1995, it was approved
by the Food and Drug Administration and became the mood-
stabilizing agent of choice for use in stabilization of mania
associated with bipolar disorder [14, 15]. Recently, SV has
been also employed in migraine prophylaxis and control of
neuropathic pain [4]. As the number of indications for SV
usage increases, so does the incidence of both accidental and
intentional exposures. It is reported that children exposed to SV
in utero can cause fetal-valproate syndrome [16]. Fetal-valproate
syndrome shows autism like symptoms such as repetitive
behaviors, language and communication deficits, hyper
excitability and global delays in behavioral development
[17-19]. Bairy et al. and Hamza et al. uncovered the
reproductive toxicity of SV in male rats, manifesting as the
decrease of sperm count and sperm motility [20, 21].
Sivathanu et al. conducted a case report that a female infant
presented with global developmental delay and infantile spasms
[22]. She was then started on SV but developed encephalopathy
after an initial improvement [22]. However, the symptoms of
vomiting and seizures were reversal on withdrawal of SV [22].
Mei et al. reported a 42-year-old man received antiepileptic
treatment with SV following meningioma surgery [23]. He
was diagnosed as liver failure and eventually died [23]. SV
was also reported to induce hematologic toxicity including
bone marrow failure, macrocytosis, thrombocytopenia and
neutropenia [24]. Additionally, SV was also used to induce
autism in animal models due to its property of affecting brain
neurodevelopment and synaptic integration disturbances [25].
These data indicated that SV-induced toxicity represents an
increasing concern for toxicologists. Therefore, it is
paramount to investigate the mechanisms responsible for SV-
associated toxicity.

Humans and animals evolved in intimate association with
microbial communities. Gut microbiota plays a crucial role in
organ development, metabolism and immune system [26-28].
The microbiota-gut-brain-axis describes the physiological
connection to exchange information among the microbiota,
the gut and the brain [29]. Gut microbiota represents the
greatest density and absolute abundance of microorganisms in
the human body. A healthy microbial composition is important

Published by Frontiers
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to health, as dysbiosis is often observed in irritable bowel
syndrome, inflammatory bowel disease, obesity, allergy,
depression and of course in ASD [30-32]. Researches have
demonstrated that gastrointestinal (GI) symptoms such as
diarrhoea, constipation and vomiting in children with ASD
are fourfold than those of healthy population [33, 34].
Additionally, lower diversities of bacterial communities are
found in ASD children, which may be related to the severity
of GI symptoms [35]. Meanwhile, the abundance of Clostridia
species (spp) was relatively higher in autistic individuals,
indicating that it is involved in the pathogenesis of ASD [35].
Interestingly, structural changes in the brain and less sociable
behaviors are observed in germ-free mice, which suggests that
there may be a functional connection between the microbiota
and the brain [36, 37].

In this study, we employed an integrated gas
(GC-MS)-based
metabolomics approach along with 16S ribosomal RNA

chromatography-mass spectrometry
(rRNA) sequencing to elucidate potential associations between
gut microbiota components and metabolic pathways following
exposure to SV. Our findings provide a comprehensive
understanding of the toxic effects induced by SV in autism
mice model. This study provides a research basis for an in-
depth investigation of the mechanisms of ASD caused by
SV exposure.

Materials and methods
Chemicals and reagents

Sigma Aldrich (St. Louis, MO, USA) provided sodium valproate
(SV), N, O-bis(trimethylsilyl)trifluoroacetamide (containing 1%
trimethylchlorosilane) and O-methylhydroxylamine hydrochloride
(purity >98%). Methanol (chromatographic grade), heptadecanoic
acid (purity >98%) and pyridine were obtained from Macklin
Biochemical (Shanghai, China).

Animals and experimental design

The C57BL/6 mice (10 females and 5 males) weighing
between 20 and 25 g and aged 8 weeks were procured from
Vital River Laboratory Animal Technology located in Pinghu,
China. SV-induced autism mouse model was established as
previously depicted [38]. In brief, mice were housed with free
water and food under a 12 h light/dark cycle at 20-22°C in plastic
cages for acclimatization. One week later, mice were kept in
separate cages for mating, with one male and two females in each
cage. Female mice were placed in a separate plastic cage when
pregnant, and divided into two groups randomly. This day was
defined as embryonic day 0 (E0). On the day of E13, one group of
pregnant mice (n = 5) was administrated with SV (500 mg/kg
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dissolved in normal saline) via intraperitoneal injection, while the
others (n = 5) were given the equivalent volume of saline. The
delivery day was considered as postnatal day 0 (P0). Three weeks
later (P21), all mice offspring were weaned and sex-grouped, with
5 mice a cage. Pups from SV-injected mothers were considered as
the SV group, while those of mothers treated with saline were
used as control mice. Each repeat was performed as a separate,
independent  observation. All experimental procedures
conformed to the Guidelines for the Use of Laboratory
Animals, and approved by the Ethical Committee for Animal
Experimentation of Jining No.1 People’s Hospital (Approval No.

JNRM-2023-DW-034).

Behavioral tests

When the pups grew at the age of 8 weeks, they were used for
behavioral tests. The social choice test was performed in mice
using a three-chamber apparatus comprising a central
compartment and two end chambers. A stimulus mouse was
randomly introduced into one end chamber (designated as the
social chamber), while the opposite chamber served as the non-
social chamber [39, 40]. Two identical transparent plexiglass
cylinders with perforations for air exchange were positioned in
the end chambers. The experimental mouse was placed in the
central compartment and permitted to freely explore all
chambers for 10 min. Throughout the test session, the
duration of time spent in each chamber was recorded, and
baseline locomotor activity was quantified.

To detect repetitive behavior, the test mouse is individually
placed in a clean environment with bedding, similar to a home
cage. The mouse is first allowed to acclimate for 5 min, after
which its activity is recorded for 10 min. The duration of
repetitive behaviors (such as grooming or digging) is
measured using a stopwatch.

For open field test, an open field box (45 x 45 x 30 cm) was
used [41]. The 25 x 25 cm area in the center was defined as the
central region. Mice were placed into this area and given 10 min
for habituation. The distance moved, average speed and moving
time of mice were recorded.

For elevated plus-maze test, an apparatus consisted of two
closed arms (50 x 10 x 40 cm) and two open arms (50 x 10 cm)
[42]. A 25 x 25 c¢m central platform connected the arms. The
apparatus was raised to 50 cm above the floor. Mice were placed
on the center platform for 5 min. The number of open/closed arm
entries and the corresponding time spent time were recorded.
Ethanol (70%) was wused to clean the
following each test.

apparatus

A novel object recognition test is conducted on the mice. On
the first day, the test mouse is individually placed in a white,
opaque circular chamber for a 30-minute habituation session. On
the second day, the mouse is allowed to freely explore two
identical, symmetrically positioned objects in the chamber for

Published by Frontiers
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10 min. On the third day, one of the two objects is randomly
replaced with a novel object that differs in shape and texture, and
the test mouse is allowed to explore both objects freely for 10 min.
During the test, Ethovision XT 10.1 (Noldus) is used to analyze
and record the sniffing time of the mouse toward the novel object
(N) and the familiar object (F). The experiment is conducted over
three consecutive days.

Sample collection

After behavioral testing, mice were anesthetized with sodium
pentobarbital (50 mg/kg), and blood was collected via orbital
extraction. The blood samples were centrifuged at 4°C and
4000 rpm for 10 min and then stored at —80°C for further
use. Subsequently, the mice were euthanized via cervical
dislocation. The intestine, hippocampus, and cerebral cortex
were collected, rapidly frozen in liquid nitrogen, and stored
at —80°C for further experiments.

Sample preparation

For serum samples, 100 uL of each sample was mixed with
350 pL of heptadecanoic acid (100 pg/mL) and centrifuged at
14,000 rpm for 15 min at 4°C. The supernatant was then dried
with nitrogen at 37°C. Subsequently,
O-methylhydroxylamine hydrochloride (15 mg/mL)
added, and the mixture was incubated at 70°C for 90 min.
Then, 100 pL of N,O-bis(trimethylsilyl)trifluoroacetamide
containing 1% added
incubated at 70°C for one hour. For tissue samples, 50 mg of

liquid
was

trimethyl chlorosilane was and
each sample was homogenized in 1 mL of methanol, followed by
the addition of 50 pL of heptadecanoic acid (1 mg/mL). The
remaining steps were the same as those for the serum samples. A
10 pL aliquot from both the control and SV groups was pooled to

serve as a quality control (QC) sample.

GC-MS analysis

GC-MS analysis was performed using a 7890B GC system
and 7000C mass spectrometer (Agilent Technologies, USA)
equipped with an HP-5MS fused silica capillary column.
Helium was used as the carrier gas at a flow rate of 1 mL/
min. A sample volume of 1 pL was injected into the GC-MS
system with a split ratio of 50:1. The injection temperature,
transfer line temperature, and ion source temperature were set to
280°C, 250°C, and 230°C respectively. Electron collision
ionization was set to =70 EV with an acquisition frequency of
20 spectra/s. Mass spectrometry employed electrospray
ionization in positive mode with a mass/charge (m/z) full scan
range from 50 to 800.

Experimental Biology and Medicine

10

10.3389/ebm.2025.10452

Data processing and multivariate analysis

The raw data obtained from gas chromatography-mass
spectrometry (GC-MS) analysis were processed using Agilent
MassHunter software (version B.07.00). Metabolites in the
quality control (QC) samples with a similarity score greater
than 80% were identified using the GC-MS library of the
National Institute of Standards and Technology (NIST 14). A
reference library containing all QC samples was established for
spectral matching of experimental sample metabolites. To
minimize deconvolution automated data

errors during

processing and  eliminate  misidentifications, = manual
verification was performed.

The resulting comprehensive data matrix included peak
indices (RT-m/z pairs), sample names, and corresponding
peak areas. Data normalization was performed using the total
peak area normalization method. Further data analysis was
conducted using orthogonal partial least squares discriminant
analysis (OPLS-DA) in SIMCA-P 14.0 software. A two-tailed
Student’s t-test was used to assess differences between the two
groups. Compounds with a VIP score greater than 1.0 and a
p-value less than 0.05 were considered potential differentially
expressed metabolites. Heatmap clustering analysis and pathway

enrichment were performed using MetaboAnalyst 5.0 software.

16S rRNA sequencing of gut microbiota

Microbial genomic DNA from colonic contents was
extracted using the E.ZN.A.” Soil DNA Kit and separated by
1% agarose gel electrophoresis, followed by PCR amplification of
the V3-V4 region of the bacterial 16S rRNA gene. PCR products
were purified and sequenced using the TruSeq™ DNA Sample
Preparation Kit. Raw data were obtained following the RS_
ReadsOfInsert1
processed using the QIIME software package (version 1.9.1).

protocol.  High-quality =~ sequences were

Operational taxonomic units (OTUs) were clustered at 97%
using UPARSE 7.1).
classification analysis was conducted using the Silva 16S rRNA

similarity (version Taxonomic
database with the ribosomal database project classifier and the
Bayesian algorithm, applying a confidence threshold of 70%.

Results

Autistic-like social and repetitive
behavioral deficits in SV-induced mice

In behavioral tests, SV-induced mice showed significantly
reduced social interaction on the three-chamber social approach
assay, showing diminished preference for investigating a social
stimulus as compared to an object (Figures 1A,B, P < 0.0001).
When allowed the opportunity for direct interaction with a novel
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FIGURE 1

Autistic-like social and repetitive behavioral deficits in SV-induced mice. (A—C) The three-chambered social assay, (D) repetitive behaviors, (E)
novel object recognition test, (F) open field test, and (G) elevated plus-maze test were performed to assess the anxiety like-behaviors and the
learning and memory performance of mice. Error bars are Mean + SEM. p-values from unpaired Student’s t-tests, *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 2
OPLS-DA score plots and 200 permutation tests. (A) Hippocampus, (B) cortex, (C) intestine and (D) serum.
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TABLE 1 OPLS-DA parameter scores.

10.3389/ebm.2025.10452

Tissues R*X (cum)
Hippocampus 0.616
Cortex ‘ 0.682
Intestine ‘ 0.572
Serum ‘ 0.715

R?Y (cum)

0.961 0791
‘ 0.985 0.897
‘ 0.995 0.861

0.590

‘ 0.939

R’X: the explanation rate of the X matrices; R’Y: the explanation rate of the Y matrices; Q* the prediction ability.

stimulus mouse, SV-induced mice also spent significantly less
time initiating contact in comparison to wild-type controls
(Figure 1C, P < 0.001). In a home-cage like environment, SV-
induced mice showed significantly increased time engaging in
repetitive behaviors such as grooming and digging (Figure 1D,
P < 0.001). Additionally, SV-induced mice displayed enhanced
recognition memory (novel object-recognition test) (Figure 1L,
P <0.001). Open field test demonstrated that the distance moved
and average speed of mice in the SV group were significantly
reduced compared to those of mice in the control group
(Figure 1F, P < 0.05). But the time spent in the open field
between the two groups seemed no significant differences. The
elevated plus-maze test indicated that the numbers of open arm
entries and closed arm entries of mice in the SV group were
dramatically reduced relative to the control group (Figure 1G, P <
0.05), and there were no significant differences between the two
groups on the time spent in open or closed arms. Therefore, SV-
induced mice show strong autistic-like social and repetitive
behavioral deficits.

Metabolomic profiles of SV-exposed mice
by GC-MS

To determine the effects of SV on the metabolomic profiles of
mice among hippocampus, cortex, intestine and serum, a GC-MS-
based untargeted metabolomics approach was applied in this study.
The representative GC-MS total ion chromatograms (TICs) of QC
from hippocampus, cortex, intestine and serum were shown in
Supplementary Figures STA-D. The results indicated that there were
significant differences in TICs among different QC samples. As
illustrated in Figures 2A-D and Table 1, OPLS-DA models showed
that clear differences were observed between the control and SV
groups. In different tissues and serum, the proportion of variance
explained by the OPLS-DA model (R*X) was 61.6%, 68.2%, 57.2%,
and 71.5%, respectively. Additionally, the intersection points
between blue regression line (Q*-point) and vertical axis were all
negative values, indicating that the OPLS-DA models and the
predication were reliable.

VIP value >1 and p-value < 0.05 were considered as the
important criteria for potential metabolites. As manifested in
Figures 3A-D, the cluster analysis of differentially-expressed
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metabolites of the control group and SV group were depicted. A
total of 11 differential metabolites were identified in hippocampal
tissues, including 1-monopalmitin (MG (16:0/0:0/0:0)), formamide,
o-phosphoethanolamine,  glycine,
aminobutyric acid, serine, L-threonine, pipecolic acid, glycerol,
and myo-inositol, all of which were downregulated following SV
treatment. In cortex, 7 downregulated metabolites including

ethanolamine, = gamma-

ethanolamine, glycine, 2-Aminobenzoic acid, serine, L-glutamic
acid, o-phosphoethanolamine and adenosine were identified.
of
8 metabolites including creatinine, myristic acid, desmosterol,

Moreover, we observed SV treatment altered a total
stearic acid, palmitelaidic acid, palmitic acid, pyroglutamic acid
and scyllo-inositol in intestine tissues. Among these differentially-
only creatinine was found to be
downregulated after SV treatment. In the serum, 11 upregulated
metabolites including pyroglutamic acid, palmitic acid, urea, citric

expressed metabolites,

acid, glycine, myo-inositol, L-valine, L-proline, ornithine, L-alanine
and serine were identified following SV treatment. Next, the
differentially-expressed metabolites were subjected to pathway
analysis via Metaboanalyst 6.0 and KEGG database. As shown in
Figure 4A and Table 2, we found that SV treatment mainly affected
galactose metabolism, glycine, serine and threonine metabolism, and
glycerophospholipid metabolism in hippocampus. In cortex,
pathways of glutathione metabolism, porphyrin metabolism, and
glyoxylate and dicarboxylate metabolism were altered following SV
treatment. In intestine, only biosynthesis of unsaturated fatty acids
and fatty acid biosynthesis were affected by SV treatment. Notably,
Y% affected  glutathione
biosynthesis, and alanine, aspartate and glutamate metabolism in

treatment metabolism,  arginine
serum samples. The detailed metabolic network illustrated in
Figure 4B highlights the significant impact of SV treatment. Our
analysis revealed that SV-exposed disrupted not only various amino
acid metabolic pathways but also glutathione metabolism, which
plays a critical role in cellular antioxidant defense, and galactose
metabolism, an essential pathway for carbohydrate processing.

The changes of gut microbiota induced by
SV treatment

Gut microbiota at OTU level in SV-treated mice were
determined. As shown in Figure 5A, a total of 232 OTUs
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normalized, thus making the down-regulated relative expression abundance appear in blue (-2 to 0) and the up-regulated relative expression
abundance appear in red (0—-2). Darker colors indicate more upregulated metabolite expression.

were shared in all the samples, and the results showed a species
abundance of the control group > the SV group. Supplementary
Figures S2A,B shows that community richness and diversity were
altered after the SV-exposed (alpha-diversity indices Chao and
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Ace). The coverage index representing the sample coverage
detected that the sequencing depth was
representative of the gut microbiome (Supplementary Figure
$20).

indicated

Beta-diversity was analyzed using the principal
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coordinate analysis (PCoA) on OTU level showed a significant
separation between the control group and the SV group
(Figure 5B). The abscissa represents the first principal
the
component. Furthermore, 66% is the contribution value of the

component and the ordinate is second principal
first principal component to the sample difference, while 22.62%
is the contribution value of the second principal component to

the sample difference. The analyses of bacterial communities

Experimental Biology and Medicine

15

showed that at the phylum level, Bacteroidota, Firmicutes,
the
microbiota in the control group, while the abundances of

Actinobacteriota  were major components of gut

Patescibacteria and Verrucomicrobiota were increased but
Proteobacteria and Desulfobacterota were decreased following
SV treatment (Figures 5C,D). At the genus level, the gut
microbiota in the control group was mainly composed of
Muribaculaceae, Lactobacillus, and Alistipes. After induced by
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TABLE 2 Pathway analysis performed using MetaboAnalyst 5.0 software.

10.3389/ebm.2025.10452

Samples Pathway names Raw p -log;o p value
Hippocampus Galactose metabolism 7.4E-3 2.128
Glycine, serine and threonine metabolism 0.011 1.958
Glycerophospholipid metabolism 0.013 1.884
Valine, leucine and isoleucine biosynthesis 0.040 1.398
Ascorbate and aldarate metabolism 0.045 1.348
Cortex Glutathione metabolism 4.4E-3 2.359
Porphyrin metabolism 5.4E-3 2271
Glyoxylate and dicarboxylate metabolism 5.7E-3 2.244
Glycerophospholipid metabolism 7.2E-3 2.143
Nitrogen metabolism 0.023 1.644
Biosynthesis of unsaturated fatty acids 4.9E-3 2313
Fatty acid biosynthesis 8.2E-3 2.084
Intestine Glutathione metabolism 5.6E-4 3.255
Arginine biosynthesis 3.2E-3 2.499
Serum Alanine, aspartate and glutamate metabolism 0.013 1.901
Glyoxylate and dicarboxylate metabolism 0.016 1.789
Arginine and proline metabolism 0.020 1.691
Valine, leucine and isoleucine biosynthesis 0.0497 1.303
Galactose metabolism 7.4E-3 2.128
Glycine, serine and threonine metabolism 0.011 1.958

SV treatment, the abundances of Dubosiella, Faecalibaculum, and
Clostridia_UCG-014 were decreased, while the abundances of
Lactobacillus, Alistipes, and Lachnoclostridium were increased
(Figures 5E,F).

Relevance analysis between metabolites
and gut microbiota

Spearman’s correlation coefficient was used to assess the
relationships between metabolites and gut microbiota at both the
phylum and genus levels. At the phylum level, Firmicutes showed
negative correlations with pipecolic acid, glycine, and
ethanolamine in the hippocampus (Supplementary Figure
S3A). Patescibacteria exhibited negative correlations with
serine,  O-phosphoethanolamine,  L-threonine, = gamma-
aminobutyric acid, and formamide. Proteobacteria exhibited
positive correlations with MG (16:0/0:0/0:0) and glycerol. In
the cortex (Supplementary Figure S3B), Campilobacterota,
Cyanobacteria, Proteobacteria, and unclassified_Bacteria were
adenosine. Proteobacteria also

with

positively correlated with

showed positive  correlations L-glutamic  acid,
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ethanolamine, and 2-aminobenzoic acid. In the intestine
(Supplementary Figure S3C), Cyanobacteria exhibited negative
correlations with scyllo-inositol, palmitic acid, palmitelaidic acid,
and myristic acid, while Patescibacteria showed positive
Bacteroidota exhibited
negative correlations with palmitelaidic acid and myristic acid.

correlations with these metabolites.

In the serum (Supplementary Figure S3D), Patescibacteria
with
including citric acid, glycine, and L-alanine. Cyanobacteria

showed positive correlations several metabolites,
and unclassified_Bacteria exhibited negative correlations with
serine, pyroglutamic acid, and L-alanine.

At the genus level, several bacterial genera, including
Alistipes, Alloprevotella, Bifidobacterium, and Candidatus
Saccharimonas, showed strong correlations with various
metabolites in the hippocampus (Figure 6A). Specifically,
Alloprevotella, Bifidobacterium, and Muribaculum exhibited
positive such as serine,

correlations with metabolites

o-phosphoethanolamine,  L-threonine, glycine, gamma-
aminobutyric acid, formamide, and ethanolamine. In contrast,
Alistipes, Candidatus Saccharimonas, and Lachnospiraceae
NK4A136 group were negatively correlated with these same

metabolites. In the cortex (Figure 6B), Alloprevotella showed
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Red: positive correlations, blue: negative correlations.

positive correlations with L-glutamic acid, glycine, adenosine,
and 2-aminobenzoic acid, while Enterorhabdus exhibited
Additionally,
Lactobacillus was negatively correlated with adenosine, while
the Prevotellaceae NK3B31 group showed a positive correlation.
In the intestine (Figure 6C), Alloprevotella, Bifidobacterium, and
Muribaculum were negatively correlated with palmitic acid and

negative correlations with these metabolites.

myristic acid, whereas Candidatus Saccharimonas was positively
correlated with these metabolites. In the serum (Figure 6D),
Alistipes, Candidatus Saccharimonas, and Lachnoclostridium
were found to have positive correlations with several key
metabolites, including glycine, L-proline, L-valine, and myo-
Bifidobacterium, Dubosiella,
Faecalibaculum, and Muribaculum also exhibited positive
correlations ~ with  these Additionally,
Bifidobacterium, Dubosiella, and
Muribaculum were negatively correlated with urea.

inositol. Similarly,

metabolites.
Faecalibaculum,

Discussion

SV is a widely used anticonvulsant drug that modulates y-
aminobutyric acid (GABA) [43-46]. Studies suggest that SV

Experimental Biology and Medicine

likely improves psychotic symptoms by inhibiting presynaptic
GABA transaminase (the enzyme responsible for catalyzing the
breakdown of GABA into succinic semialdehyde), stimulating
glutamate decarboxylase (the enzyme that catalyzes the synthesis
of GABA from glutamate), or indirectly increasing presynaptic
GABA levels through negative feedback, thereby inducing its
release [47, 48]. SV may also regulate the activity of dopamine,
serotonin, and glutamate, thus playing a role in improving
symptoms of schizophrenia and behavioral disorders.
Although SV was historically regarded as a drug with minimal
side effects and was extensively used in clinical practice [49-51],
however, it has been shown that SV can induce hepatotoxicity,
hematotoxicity and neurotoxicity [23, 24, 52]. For example,
prenatal exposure to SV increases the risk of a range of fetal
disorders, including anencephaly, developmental delay, cognitive
impairment, autism, and neural tube defects such as spina bifida
[53 Studies in rodent models have demonstrated that

prenatal SV exposure can result in core symptoms resembling

those observed in individuals with autism spectrum disorder
(ASD) [56, 57]. Additionally, several studies have reported
cognitive in SV-induced autism-like models
[56-59]. the
mechanisms underlying SV-induced autism remain limited.

impairments

However, studies investigating specific
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For example, Rahel Feleke et al. [60] found that a group of genes
downregulated by valproic acid (VPA) were significantly
enriched in pathways related to neurodevelopment and
synaptic function, as well as in genetic traits associated with
human intelligence, schizophrenia, and bipolar disorder. Park
et al. [61] reported that in a VPA-induced ASD mouse model,
upregulation of Rnf146 led to dysregulation of the Wnt/f-catenin
signaling pathway, resulting in impaired social behaviors in mice.
Hyo Sang Go et al. [62] demonstrated that VPA could activate
the NF-xB signaling pathway and upregulate Bcl-XL, thereby
inhibiting normal apoptosis of neural progenitor cells, which
may contribute to the neurodevelopmental defects observed in
fetal valproate syndrome. In our study, we used a mouse model of
autism induced by SV exposure to further investigate the causes
of SV-induced autism pathogenesis through untargeted

metabolomics combined with gut microbial 16S RNA
sequencing.

As researchers continue to focus on autism, the pathogenesis
of autism is becoming clearer. Some studies have shown that
autism is associated with abnormalities in the body’s metabolism.
A report conducted by Tarlungeanu et al. indicated that
disrupted amino acid metabolism is a crucial cause of ASD
[63]. A recent study has indicated an association between
amino acid synthesis/metabolism and attention deficit/
hyperactivity disorder or depression [64]. In a study linking
polymorphisms for the risk of autism to protein interaction
networks in cortex, amino acid synthesis/metabolism ranks
[65].
Similarly, Brister et al. also uncovered that the dysfunction of

the highest score among the biological pathways

amino acid synthesis/metabolism is observed in participants with
ASD, which is related to neurodevelopment and affects ASD-
related symptoms [66]. We hypothesized that amino acid
synthesis/metabolism might be affected by SV treatment. We
found that glycine and serine were reduced in the hippocampus
of SV-treated mice. Glycine is a well-known non-essential amino
acid that possesses anti-inflammatory capability. Research has
shown that as the inflammatory status is an important
pathological feature in ASD progression, supplementation
with glycine in diet may have therapeutic potential for
patients with ASD [67]. Meanwhile, similar to gamma-
excitatory
neurotransmitter to depolarize membrane potentials during

Aminobutyric  acid, glycine acts as an
the early development of central nervous system [68]. It must
shift from excitatory to inhibitory neurotransmitter at birth and
maturation, otherwise it may lead to the occurrence of ASD [69].
Serine, derived from glycine, is an effective coagonist of
N-methyl-D-aspartate receptor in brain areas and its absence
has been reported to be associated with the pathogenesis of
neurological disorders [70, 71]. It has been demonstrated that the
glycine/serine sites on the N-methyl-D-aspartate receptors can
serve as a target for the treatment of ASD [72]. These public data
uncovered the great importance of glycine and serine

metabolism. These results implied that the decrease of glycine
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and serine caused by SV-exposed may be related to the
development of ASD in mice.

Furthermore, our study suggests that disorders of lipid
metabolism occur in autism. Lipids in the brain may influence
emotional and perception behaviors, leading to depression and
anxiety disorders [73]. The central nervous system (CNS) mainly
of (e.g.
sphingolipids (e.g., ceramides), and sterols (e.g., cholesterol),

consists phospholipids phosphatidylcholine),
while the content of neutral glycerides is relatively low under
physiological conditions. However, some studies have indicated
that certain neutral lipids may also be involved in the regulation
of neurological diseases [74]. Neutral lipids can be incorporated
into lipid droplets. Lipid droplets establish functional contact
sites with other organelles such as mitochondria and the
reticulum (ER), playing
intracellular signaling and metabolism to promote metabolic

endoplasmic crucial roles in
cross-talk and regulation. Furthermore, although lipid droplets
are typically scarce in a healthy CNS, substantial accumulation of
lipid droplets has been observed predominantly in glial cells in
the aging brain and in neurodegenerative diseases such as
multiple sclerosis, Alzheimer’s disease, Parkinson’s disease,
and Huntington’s disease, due to imbalances in lipid uptake,
synthesis, and mobilization [74]. This implies that disorders of
lipid metabolism might be associated with the development of
ASD. In our study, we performed KEGG pathway enrichment
analysis of differential metabolites in different tissues of ASD
mice, and the results showed that autism caused by SV exposure
was associated with the biosynthesis of multiple fatty acids and
the glycerophospholipid metabolic pathway. These results
suggest that we believe that SV-induced disorders of lipid-
phospholipid metabolism may be one of the major causes of
ASD development.

The Firmicutes phylum and Bacteroidota phylum are the
major components of the gut microbiota. We found that both in
the control and SV groups, Firmicutes phylum and Bacteroidota
phylum were indeed the major components of gut microbiota.
These indicated that SV had few effects on these two microbial
communities. Notably, a recent study demonstrated that the
abundances of Cyanobacteria were increased with age in
typically developing individuals compared to the patients with
ASD [75]. Interestingly, in patients with late-life depression,
higher abundances of Patescibacteria and Verrucomicrobiota
were observed [76]. We therefore speculated that there may
be similar alterations in SV-induced autism mice. In this
study, we found that the abundances of Patescibacteria and
Verrucomicrobiota were increased but Cyanobacteria and
unclassified_Bacteria were decreased following SV treatment.
There results indicated that SV treatment could result in gut
microbiota components changes at the phylum level. At the
genus level, the mice treatment with SV showed more altered
genera, including the decrease abundances of Dubosiella,
Faecalibaculum, Clostridia_UCG-014, and Bifidobacterium and
the of  Lactobacillus,  Alistipes,

increase abundances
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Lachnospiraceae, and Lachnospiraceae_NK4A136. Our results
lend credence to some published findings suggesting that the
decrease abundances of the Dubosiella and Bifidobacterium were
associated with the development of ASD [75, 77]. Several
microorganisms can mediate gut-brain signaling through

inducing host production of neurotransmitters and
metabolites, and generating some neuroactive compounds
themselves  [78]. For instance, Bifidobacterium and

Parabacteroides can produce gamma-Aminobutyric acid, a key
neurotransmitter in the brain system [79]. We therefore believed
that SV treatment may mediate microbiota-gut-brain-axis to
induce neurotoxicity in autism mice through decreasing the
abundance of Bifidobacterium in intestine tissues.

Since microorganisms can affect host production of
metabolites, we then explored the relationship between gut
microbes and metabolic changes in mice with ASD. Currently,
numerous studies have demonstrated correlations between
changes in the gut microbiome and metabolome. For instance,
Wu et al. [80] reported that blood metabolites associated with
impaired glycemic control were linked to alterations in the gut
microbiota. Fu et al. [81] found that the gut microbiota could
influence the development of inflammatory bowel disease (IBD)
by modulating bile acid metabolism. Liu et al. [82] also
demonstrated a relationship between the gut microbiota and
lipid metabolism. Moreover, several studies have shown that
alterations in the gut microbiota can impact brain metabolism
and subsequently regulate the development of various diseases.
For example, Wang et al. [83] found that the gut microbiota
regulated insomnia-like behaviors via the gut-brain metabolic
axis. Similarly, Xiao et al. [84] demonstrated that fecal microbiota
transplantation (FMT) could ameliorate gut dysbiosis, cognitive
decline, and depression-like behaviors induced by bilateral
common carotid artery occlusion (BCCAO), possibly by
increasing the relative abundance of short-chain fatty acid
(SCFA)-producing bacteria and enhancing SCFA levels,
thereby alleviating chronic cerebral hypoperfusion (CCH) injury.

The results of the analysis show that in hippocampus,
Bifidobacterium was positively correlated with serine and
glycine, while Alistipes was negatively correlated with them.
Meanwhile, in cortex, similar patterns were observed in spite of
no significant differences. These results implied that SV
affect
metabolism and further

serine and threonine
the of

Bifidobacterium and Alistipes via gut-brain-axis, eventually

challenge may glycine,

influence abundances
leading to the development of ASD. Additionally, gut
microbiota may have direct or indirect effects on drug
metabolism, such as providing a series of additional
reactions and modulating drug metabolism in host [85].
Although it has been confirmed that there are some
interactions between the microbiota-gut-brain-axis and brain
disorders including ASD [86, 87], the potential association
between gut microbiome changes and the brain metabolic
alterations influenced by SV remains unclear.
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Although this study, through multi-omics integration,
revealed associations between gut microbiota-metabolite
induced by SV

exposure, certain limitations remain. While our findings

alterations and autism-like behaviors
suggest that SV exposure leads to dysbiosis of gut microbiota
further

transplantation or germ-free animal models are necessary to

in  mice, studies utilizing fecal ~microbiota
validate the underlying mechanisms. Furthermore, KEGG
pathway analysis indicated a potential association between
lipid metabolism and the pathogenesis of autism. In future
studies, we plan to quantify free fatty acids in intestinal tissues
and employ techniques such as Oil Red O staining, intestinal
electron microscopy, and targeted lipidomic profiling to
investigate impairments in lipid absorption and storage
induced by SV exposure. In addition, we intend to extend
our research to clinical settings by comparing metabolomic
profiles of autism patients with those of SV-induced autism
mouse models. By analyzing the shared and distinct metabolic
alterations between human patients and animal models, we aim
to achieve a more comprehensive understanding of the
metabolic disturbances and underlying mechanisms involved
in autism spectrum disorder.

Finally, although this study highlights the potential
involvement of gut microbiota-metabolite associations in SV-
induced autism, it only provides preliminary insights into
possible mechanisms underlying SV-induced autism, and does
not constitute clinical validation. Therefore, these preclinical
findings should not be used to encourage dietary or probiotic
interventions without medical supervision.

Conclusion

SV exposure led to toxicity associated with gut microbiota
and metabolomic pathways changes in autism mice. SV
treatment mainly disrupted lipid metabolism and amino acid
synthesis/metabolism in hippocampus and cortex, and more
importantly, disturbed glycine, serine and threonine
metabolism in hippocampus. Additionally, SV decreased the
of Bifidobacterium,
abundance. These may be an important regulatory mechanism

for SV-caused ASD.

abundances and increased Alistipes
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Abstract

RNA-binding proteins (RBPs) are crucial in disease as they regulate the biological
functions of RNA. However, their role in coronary artery disease (CAD) progression
remains unclear. RNA-seq from peripheral blood of CAD patients and no-CAD
controls was analyzed to compare differentially expressed genes (DEGs) and explore
their potential functions. The distribution of immune cells was assessed by
CIBERSORT algorithm. Alternative splicing (AS) pattern was quantified by SUVA.
Immune-related AS events (ASEs) were screened via ImmPort database. Co-
expression network of ASEs, differentially expressed RBPs (DERBPs),
mitochondrion and apoptosis genes, and immune cells was constructed to
clarify their potential functions. A total of 1521 DEGs were detected, including
99 DERBPs, which were mainly downregulated and enriched in mRNA processing,
RNA splicing, mRNA transport, and innate immune response pathways in CAD.
Seven DERBPs (ANG, C4BPA, DDX60, IFIH1, IPO7, MATR3, OTUD4) were associated
with immune function. Analysis of the immune cell fraction demonstrated significant
increase in macrophage MO and CD8 T cells and decrease in resting dendritic cells
and activated memory CD4 T cells. Immune-related ASEs correlated with
atherosclerotic stenosis were mainly the complex “alt3p/alt5p” splicing types.
DERBP-AS's co-expression identified a key A5'SS event of CTSB gene. Co-
expression of this event with TST and SYNCRIP may lead to a change in the
proportion of macrophage MO and CD8 T cells, respectively. The mitochondrion
and apoptosis genes were also dysregulated in CAD and correlated with four
DERBPs. In conclusion, RBPs have potential regulatory role in the progression of
CAD by regulating the ASEs of immune-related genes and mediating immune cells
composition. These findings highlight RBPs as potential therapeutic targets for CAD.
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RNA-binding proteins (RBPs) play important functions in
diseases because they regulate the biological function of RNA.
However, their role in the pathogenesis of coronary artery
disease remains unclear. By analyzing peripheral blood RNA
sequencing data of CAD patients and healthy controls, this
study found dysregulated RBPs expression in CAD patients, and
constructed a potential regulatory network of dysregulated RBPs,
immune cells and alternative splicing events. Further analysis
suggests that RBPs may influence immune microenvironment
remodeling by modulating the alternative splicing pattern of
immune genes, thereby promoting the progression of CAD. This
study illustrates the important function of RBPs in the pathogenesis
of CAD and provides potential targets for CAD treatment in future.

Introduction

Coronary artery disease (CAD) is a group of cardiovascular
diseases (CVDs) that lead to myocardial ischemia, hypoxia,
necrosis and dysfunction due to insufficient blood supply or
blockage of coronary arteries [1]. Despite the continuous
development of medicine, CAD is widely diagnosed worldwide,
and is recognized as one of the primary causes of mortality and
disease burden related to CVD [2]. Atherosclerosis is a major cause
of CAD, and atherosclerotic stenosis is an inflammatory
phenomenon caused by the accumulation of lipid particles and
enrichment of inflammatory cytokines, resulting in structural
abnormalities in the vessel lumen [3]. In patients with CAD,
lipid plaques form in the lining of the coronary arteries, leading
to narrowing of the vessel lumen, preventing normal blood supply
to the heart muscle. Over time, lipid plaques gradually increase in
size and may rupture, forming thrombi that further block the
coronary arteries and cause acute ischemia [4]. As bioinformatics
technology develops, studies continue to uncover the underlying
mechanisms that mediate the development of CAD, which may
lead to new approaches to treating CAD. Immune responses
mediate homeostasis and damage repair in cardiac physiology
and contribute to metabolism and tissue clearance in the healthy
heart. However, long-term immune responses that are not
controlled can result in adverse cardiac remodeling and further
deterioration of cardiac function [5]. In CAD, each immune cell
response may play a crucial role. However, the molecular
mechanisms of immune cells involved in developing CAD are
not yet fully understood and the exact causes remain unclear.

It has been reported that innate immune cells (such as
neutrophils, monocytes, and macrophages) and adaptive immune
cells (such as T and B cells) interact closely in the pathogenesis and
development of atherosclerosis [3]. Macrophages and lymphocytes
exist at all stages of plaque formation and promote CAD
progression. A significant increase in inflammatory macrophages
can lead to a larger area of atherosclerotic plaque [6]. In CAD
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patients, the CD8" T lymphocytes in the peripheral blood is
of
interferon y, which exacerbates the atherosclerotic process [7]. In
of
of
monocytes [8]. Meanwhile, it is not determined how the

significantly increased, leading to increased production

addition, immune cells can accelerate the development
atherosclerosis by regulating the production and circulation

immune cells are regulated during the development of CAD.

RNA binding proteins (RBPs) can regulate transcription,
splicing, modification, translation, localization and transport by
binding to target RNAs [9]. RBPs mediate RNA regulation and
control translation, which are crucial in angiogenesis [10]. RBPs
have critical functions in the initiation, progression and rupture of
atherosclerotic plaques by regulating endothelial and vascular
structure, immune cell infiltration, and lipid accumulation [11].
Alternative splicing (AS) is one molecular process by which
precursor mRNAs (pre-mRNAs) of the same gene can be
spliced differently to produce multiple mature mRNAs [12].
Abnormal alternative splicing can result in protein dysfunction,
which can lead to various diseases [13]. RBPs are currently a major
focus in the study to explore the molecular mechanisms of CAD,
and the AS of RBPs and pre-mRNAs has emerged as a key
regulator of CAD and is considered to be potential therapeutic
targets. The differential expression of RBPs not only affects the
tissue-specific splicing pattern, but also affects the alternative
splicing transcript of CAD prognostic risk [14]. Further in-
depth research is required to investigate how RBPs regulate AS
in CAD progression, as there are limited studies on this topic.

In this study, we analyzed transcriptome sequencing data (RNA-
seq) from peripheral blood of patients with high coronary artery
stenosis (CAD) and healthy controls without coronary artery disease
(no-CAD), and focused our attention on the dysregulated RBPs and
their potential regulatory functions on the immune cell fractions and
alternative splicing pattern within these two groups. We found that
the expression of RBPs is dysregulated in the CAD group and may
influence the remodeling of the immune microenvironment by
regulating alternative splicing of immune-related genes, which
expands our understanding of the pathogenesis of CAD.

Materials and methods
Retrieval and process of public data

The published RNA-seq dataset (GSE202625)
downloaded from the Sequence Read Archive (SRA) database
with SRA run files, which were then converted to fastq files by
NCBI SRA Tool fastq-dump (v.2.8.0). The low-quality bases of raw
sequencing reads were trimmed using the FASTX-Toolkit (v.0.0.13;").

was

The removal criteria were the base with terminal mass less than

1 http://hannonlab.cshl.edu/fastx_toolkit/
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20 and 30% of the reads whose base quality was less than 20. Then
we used to the FastQC? check the quality of filtered reads.

RNA-seq alignment and differentially
expressed gene (DEG) analysis

The quality-filtered reads were then aligned to the human
GRCh38 genome via HISAT2 software (v.2.2.1) [15]. Uniquely
aligned reads were used to calculate the reads count located on
each gene. The normalized expression level of each gene was
evaluated using fragments per kilobase of exon per million
fragments (FPKM). The DESeq2 (v.1.30.1) software [16],
which analyzes the differential expression between samples,
was used to perform differential gene expression analysis
using the reads count file, and obtain the DEGs with the fold
change (FC >2 or <0.5) and false discovery rate (FDR <0.05).

Extraction of differentially expressed RBPs

Then we extracted the differentially expressed RBPs from all
the DEG set according a catalog of 2,141 RBPs that were retrieved
from three previous reports [17-19].

Alternative splicing identification and
dysregulation analysis

According to the alignment of RNA-seq dataset, the alternative
splicing events (ASEs) were identified and quantified by splicing ratios
using the SUVA (v2.0) software [20]. The different splicing pattern of
each group was analyzed. Reads proportion of SUVA AS event (pSAR)
of each AS events were calculated to identify the differential ASEs.

Analysis on immune-related genes

To analyzed the expression pattern of immune-related genes,
we retrieved 1793 immune-related genes from the ImmPort
database® to identify their expression pattern and make an
overlap analysis with DEGs in this study.

Analysis on mitochondria-related genes

We also
1136 mitochondria-related genes that were extracted from the
Human MitoCarta3.0 database [21].

analyzed the expression pattern of

2 http://www.bioinformatics.babraham.ac.uk/projects/fastqc

3 https://www.immport.org/shared/genelists
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Analysis on apoptosis-related genes

The 87 apoptosis-related genes were obtained from
Molecular Signatures database (GSEA | MSigDB).

Cell-type quantification

We used the CIBERSORT algorithm (v1.03) [22] to estimate
immune cell fractions with the default parameter. The FPKM
values of each expressed gene were used as input. We identified
the fractions of 22 human immune cell phenotypes in the study,
which have been detailed described in the results part. The
fraction difference of each immune cell type were also
calculated between CAD and normal groups.

Co-expression analysis

The co-expression analysis of RBP and immune cells was
constructed by calculating the Pearson’s correlation coefficient
between RBP and immune cells. We finally screened out the RBP
and immune cell correlation pairs with absolute correlation
coefficient >0.6 and P-value <0.01.

The co-expression analysis was performed for immune-
related ASEs and RBPs co-expressed with immune cells.
Meanwhile, Pearson’s correlation coefficient among them was
calculated. Immune-related ASE and RBP co-expressed with
correlation

immune cells  pairs  with absolute

coefficient >0.6 and P-value <0.01 were screened.

Functional enrichment analysis

The enriched Gene Ontology (GO) pathways for selected
gene sets were identified using KOBAS 2.0 [23] by calculating
p-value using Hypergeometric test and Benjamini-Hochberg
FDR controlling procedure to define the significance of
each pathway.

Statistical analysis

Principal component analysis (PCA) for expressed genes was
performed by R package factoextra* to show the clustering of
CAD and non-CAD samples with the first two components. The
in house-script sogen was used to visualize the genomic
distribution and structure of aligned reads for selected genes
by normalizing their expression using TPM (Tags Per Million).

4 https://cloud.r-project.org/package=factoextra
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The pheatmap package’ in R was used to perform gene
expression clustering based on Euclidean distance. Student’s
t-test was used for statistical comparison between two groups.
The Venn diagram for overlapping analysis is produced using

jvenn website (Venn Diagrams-jvenn) [24].

Results

RNA-seq analysis of peripheral blood cells
from patients with CAD and no-CAD
donors revealed DERBPs

The RNA-seq data for GSE202625 were downloaded and re-
analyzed from the GEO database and consisted of 27 CAD patients
and 25 no-CAD controls. All CAD patients had confirmed severe
coronary atherosclerosis (>70% stenosis in at least one vessel) by
coronary computed tomography angiography (CCTA), whereas
no-CAD controls had no atherosclerosis. Samples with correlation
coefficients >0.9 or higher were first extracted, and then outlier
samples were excluded; 11 CAD patients and 7 no-CAD controls
were finally included in our study. First, we calculated the
correlation coefficients for all the samples to evaluate the
expression similarity of all samples and their comparability
(Figure 1A). The results indicated that the samples within the
group were highly correlated and suitable for further analyses.
Then, we identified 1521 differentially expressed genes (DEGs)
between CAD vs. no-CAD groups. Of these, 784 genes were
upregulated and 737 genes were downregulated in the CAD
group (Figure 1B). The GO analysis of up-regulated DEGs
demonstrated that they were significantly enriched in pathways
related to immune response, while the down-regulated DEGs were
mainly enriched in cell division, cell cycle, DNA repair, and mRNA
processing pathways (Supplementary Figures SIA,B). To validate
the classification results based on DEGs, PCA was performed in
this study. The two groups were clearly separated by the first or top
component (Figure 1C), suggesting that the DEGs are of research
significance.

Among the detected DEGs, we found 99 DERBPs
(Figure 1D). The expression distribution of DERBPs showed
obvious difference between the CAD and no-CAD groups, and
most of these DERBPs were down-regulated in CAD (Figure 1E).
GO analysis demonstrated that these DERBPs were enriched in
biological pathways including mRNA processing, RNA splicing,
mRNA transport and innate immune response (Figure 1F).
DERBPs are associated with RNA  post-
transcriptional regulation, and some are also involved in

primarily

immune response biology. We selected seven immune-related
DERBPs, including ANG, C4BPA, DDX60, IFIH1, IPO7, MATR3,

5 https://cran.r-project.org/web/packages/pheatmap/index.html
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and OTUD4, and found they were significantly differentially
expressed between CAD vs. no-CAD groups (Figure 1G). To
sum up, there results demonstrate that DERBPs may influence
CAD development by mediating immune responses and their
potential downstream target genes.

Dynamic changes of DERBP were
associated with immune
microenvironment regulation in coronary
artery disease group

To further investigate the composition differences of
immune cells in the CAD patients, we used CIBERSORT
immune cell infiltration method to analyze the scores of
different immune cells between CAD vs. no-CAD samples for
the 15 immune cell types (Supplementary Figure S2A). Immune
cell type analysis was performed on samples from both groups,
and we found the significant difference (P < 0.05) for the
proportions of macrophage M0, CD8 T cells, resting dendritic
cells, and activated memory CD4 T cells between the CAD and
no-CAD groups (Figure 2A). The PCA plot showed the
variability in the percentage of immune cells between the two
groups, which is sufficient to show that there is substantial
variability in the proportion of immune cells in the peripheral
blood of CAD patients (Figure 2B). Based on the ratio of the
relative proportions of different immune cells, we found an
increase in macrophage M0 and CD8 T cells and a decrease
in resting dendritic cells and activated memory CD4 T cells in the
CAD group (Figure 2C). The proportion difference of
CD8 T cells, CD4 T cells, macrophage MO and resting
dendritic cells was significant (P < 0.05), and we further
demonstrated the distribution of these four immune cell types
between the two groups (Figure 2D). The changes in immune
cells indirectly suggest that the development of CAD may be
related to the immune cell microenvironment.

To investigate how DERBPs associated with the immune cell
microenvironment in CAD, we performed co-expression analysis
between immune cells and DERBPs. It was found that
36 DERBPs were associated with CD8 T cells, macrophage
MO was correlated with 5 DERBPs, and resting dendritic cells
were correlated with 39 DERBPs (|correlation| >0.6, p < 0.01)
(Figure 2E). In addition, neutrophils, out B cells and activated
NK cells were similarly co-expressed with a small number of
DERBPs (Supplementary Figure S2B). We found that some of
these DERBPs co-expressed with immune cells are directly
related to the innate immune response, such as MATR3 and
IFIH1 co-expressed with CD8 T cells, and IPO7, DDX60,
OTUD4 and MATR3 co-expressed with the resting dendritic
cells. From the above co-expression relationships, we
demonstrate that the expression changes of DERBPs can
modulate the proportion of immune cells, and that a series of
changes may contribute to the development of CAD.
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FIGURE 1

Expression profile analysis of differentially expressed RBPs in coronary artery disease. (A) Hierarchical clustering heatmap showing correlation between

CAD and no-CAD samples based on the normalized values of all genes. (B) Volcano plots presenting differential pattern of all DEGs between CAD and no-
CAD samples. (C) PCA result based on FPKM value of all DEGs. The ellipse represents for the confidence ellipse. (D) Venn diagram showing overlapped genes
of DEGs and RBPs. (E) The heatmap diagram showing the expression profile of DERBP. (F) Bar plot showing the top enriched GO biological process
results of DERBP. (G) The bar plot showing the FPKM values of 7 DERBPs. *: P-value <0.05, **: P-value <0.01, ***: P-value <0.001.

Co-disturbed regulatory network of
immune-related RBPs and ASE was
constructed in CAD

We have identified the 99 DERBPs existed between the
CAD and no-CAD groups, and the expression of some
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DERBPs showed significant correlation with the proportion
of immune cells, but how DERBPs affect peripheral blood
immune cell changes in CAD patients is still unclear. RBPs are
known to regulate pre-mRNA alternative splicing. Next, we
focus on the co-expression relationship among DERBP,
immune cells, and differentially expressed immune-related

Published by Frontiers
Society for Experimental Biology and Medicine


mailto:Image of EBM_ebm-2025-10430_wc_f1|tif
https://doi.org/10.3389/ebm.2025.10430

Miao et al. 10.3389/ebm.2025.10430

A B CAD E3 noCAD

0.4
0.37

0.21

B ** ﬁ* .

Fraction

0.0 I —— L TR —" S
' N © % 5 5 > © 3 A $ & RS & ®
(‘b\‘\ e,@o & i '\4{5@ e\Q° G@o" 5 \@@ N & e?é ®°}\° 0\\0 06‘\\
& ® &\\% & @ S \\9‘ & & ~<\‘Z’q ~(\‘Z’Q \\%‘ \\‘”‘\ e‘$
@° o® o€ A & & & & & < T & & & <
O N
R & e i€ & A5 \&{- K4 R 0&\\ R
& x> & *F
Q/\\e A
«0
B c <
g, N
3 % g -2-10 1 -
SQ
2 ge --____--
. Ee
q =4 -1
3 1 Groups 52
@ 20
<, % CAD ]
T noCAD = A'S_A'.Q,A\GJ\Q;\ S . O PP .
5., o e‘“’\\‘\-‘s"g S & @g o°$ 5 \\o 600 é} 09\“_8\,‘,}0
& & & 6‘\@\06‘2’%\0@&@
P QT 50 o8 P PP F S @
2 P & T & & & & & & @
- L | S S € F N & & &
Qb & @7 @ W ~
3 F 2° <&
-25 0.0 25 5.0 ® o
Dim1 (23.1%) &
A
D 3 E
T cells CD8 T cells CD4 memory activated
* * TRMT13 cmpR2 1RO7
0.35
. 0.06+ * DERBP DsP SECISBP2L MBNL2 PTBP2
0.30 . on PHF10 RNGTT PUSTL
X . . fig2A immune cells DDX60
hd in red font RANBPG
0.04+ PUS7 NOL8
0.25
~ ALKBH8
g EXOSC8 PHF6
0.20 0.02- - Dendritic 8lls resting EIF2AK3
015 . . Macropfiages MO SEPSECS BARD1
hJ 0.004 MYEF2
?S) v~° Q Q MATR3 UTP23
X e GRN TCEA1
& 8 & § PPP1CC usot suziz = ADD3TO TAT Grups
PAN3 ZNF326 | naats RIFT L opes UTRIS
Macrophages MO Dendritic cells resting MBNL1 PGNP onéTE LARP4
*
= 0.008- o conr2 ARIS EIF4E  DDX3Y
B2 EIF5ALT
0.06 RPUSD1
: i 0.006-
RPL18A T cell§.CD8 R
PHF3
0.04 . 0.0044 IFIH1
SRSF1
CiD RPP21 ZRANB2
0021 LN 0.0021 RANBP2  poypok  UHMK1 PDCD4
FNDC3A il
0.00 0.000] —emwem— SYNCRIP CE®PZ
Q Q HNRNPH3
K P U2SURP suco
N 9
<§
FIGURE 2

Dynamic changes of DERBP related to immune microenvironment regulation in coronary artery disease samples. (A) Boxplot showing
percentage of immune cell types in CAD and no-CAG groups. The statistical difference between CAD and no-CAD samples was calculated by the
Student's t-test. *: P-value <0.05, **: P-value <0.01, ***: P-value <0.001. (B) PCA result based on percentage of immune cell types. The ellipse for
each group is the confidence ellipse. (C) Bar plot showing the relative frequency ratio at CAD vs. no-CAD based on decreasing values of ratio. (D)
Boxplot showing the percentage of 4 significant immune cells. (E) Co-expression analysis of DERBP and Panle A immune cells in red font. The
network showing the Co-expression of DERBP and immune cells in red font.
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Analysis of immune-related SUVA in coronary artery disease and its co-expression of DERBP associated with immune microenvironment
regulation. (A) Bar plot showing the number of immune-related regulatory AS detected by SUVA. (B) Splice junction constituting immune-related AS
events detected by SUVA was annotated to classical AS event types. And the number of each classical AS event types were showed with bar plot. (C)
Bar plot showing the number of simple and complex splicing events in immune-related AS events. (D) Bar plot showing immune-related ASE

with different pSAR. ASE which pSAR (Reads proportion of SUVA AS event) >50% were labeled. (E) Principal component analysis (PCA) based on
immune-related ASE of pSAR >50%. The ellipse for each group is the confidence ellipse. (F) The Heatmap showing the splicing ratio of immune-
related AS events (PSAR >50%) in the CAD vs. no-CAD group. (G) The heatmap diagram showing co-expression analysis of immune-related AS
events, RBP co-expressed with immune cells. Cutoffs of p value <0.01 and Pearson coefficient >0.6 or <-0.6 were applied to identify the co-
expression pairs.
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ASEs, to identify the alternative splicing of immune genes that
may be regulated by DERBPs and further clarify the potential
regulatory relationship between RBPs and immune-related
ASEs in CAD.

We first analyzed all ASEs (Supplementary Figures S3A-F)
that occurred in the CAD and no-CAD groups using the SUVA
method, and then screened for immune gene-related ASEs by
ImmPort database. The major differential immune-related ASEs
identified by SUVA were ‘alt3p/alt5p” event types (Figure 3A).
The immune-related ASEs identified by SUVA were then
matched with classical splicing events, which were mainly
cassetteExon and 5pMXE types (Figure 3B). Meanwhile, the
in CAD were predominantly
30), the
complexity of CAD-related splicing in modulating the

immune-associated ASEs

complex splicing events (Figure illustrating
immune response.

One ASE contains at least two RNA isoforms, and one
isoform may only account for a small part of the total RNA
molecules of this gene, so we would like to find the dominant
transcript. The splicing rate pSAR (proportion of SUVA AS
event Reads) was used to calculate the proportion of each
isoform in which the ASE is located and compared to the total
isoform levels of the entire gene; a lower pSAR indicates that
the two transcripts involved in splicing account for a smaller
proportion of gene expression. Figure 3D showed the number
distribution of ASEs that account for different proportions of
all reads in the region, with a significant proportion of ASEs
accounting for only a small proportion. We selected
that

transcripts (pSAR >= 50%) for subsequent analyses, and a

7 immune-related ASEs were the predominant
small number of immune-related ASEs played a major role in
CAD disease by performing PCA using their splicing ratios
(Figure 3E). The ASEs of key transcripts in immune-related
ASEs were shown by heatmap, showing a significant difference
in the splicing ratio of immune-related ASEs between CAD
and no-CAD groups (Figure 3F).

To identify immune-related ASEs that may be regulated by
DERBPs in CAD patients, we performed co-expression
analyses between immune-related ASEs and immune cell-
associated DERBPs and found that the A5'SS event of the
CTSB gene (clualt5p24620:CTSB) was co-expressed with
6 DERBPs that were worthy of attention (|correlation| >0.6,
p < 0.01) (Figure 3G). Where the distribution of reads of
splicing events on CTSB showed that the splicing ratio was
significantly higher in CAD (Supplementary Figure S3G),
suggesting that this ASE may be important for CAD
formation. Considering that these 6 DERBPs were also co-
expressed with immune cells, in particular TST and SYNCRIP
co-expressed with macrophage MO and CD8 T cells,
respectively (Figure 2E). Therefore, we hypothesized that
the TST-CTSB and SYNCRIP-CTSB co-expression pairs
may affect the peripheral blood macrophage MO and
CD8 T cell ratios in CAD patients, respectively.
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DERBPs potentially regulate expression of
mitochondrial and apoptotic genes

Mitochondria are important regulatory centers of apoptosis,
for mitochondrial dysfunction activates the apoptotic signaling
pathway and promotes apoptosis in various cell types. Next, we
explored the expression pattern of all apoptosis-related genes and
mitochondrial-related genes in CAD and noCAD patients, and
found they showed obvious difference between CAD and noCAD
4A,B). The results
demonstrated that there were 4 apoptosis-related genes, and

samples  (Figures overlap analysis
53 mitochondrial-related genes were DEGs (Figure 4C). As an
important regulatory factor in cardiovascular diseases, we also
analyzed the expression of HIF-1a signaling pathway, and found
HIF1A was downregulated in CAD samples (Figure 4D).
Although both SIRT1 and SIRT6 are inhibitors of HIF-lq,
their expression changes are opposite (Figure 4D), which
implies the complex role of HIF-la signaling in CAD. To
clarify whether the function of immune-related DERBPs in
CAD

constructed a co-expression regulatory network by analyzing

is associated with mitochondrial dysfunction, we

the correlations between the seven immune-related DERBPs and
these DEGs. The results indicated that HIF-1a signaling might
mediate the regulation of mitochondrial-related genes by
OTUD4, IPO7, DDX60, and MATR3 (Figure 4E). What’s
more interesting, all these
downregulated in CAD.

correlated  genes  were

Discussion

With changing lifestyles, the incidence of CAD with high
mortality is increasing every year and has become one of the most
serious health problems. Atherosclerosis is

public an

inflammation-associated disease with immune properties,
driven by an innate immune response via monocytes and
with the

response attracting various immune cells, including innate and

macrophages, resulting chronic inflammatory
adaptive immune systems, to the atherosclerotic plaques [25, 26].
In this study, we performed bioinformatics analysis to focus on
characterizing the immune microenvironment in CAD by
analyzing RNA-seq data from GSE202625. The potential
regulatory relationship between RBPs and immune-related
alternative splicing during CAD progression was explored by
analyzing DEGs and differential ASEs occurring in peripheral
blood samples from CAD and no-CAD patients to shed light on
CAD. Through

comprehensive exploration of this dataset, we found that a

possible  pathogenic mechanisms in
large number of genes were altered between the CAD vs. no-
CAD groups, and further analysis revealed 99 DERBPs. GO
analysis suggested that some DERBPs were associated with
immune response effects in CAD, consistent with the

conclusion of a previous report on the involvement of RBPs
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represent mitochondrial-related genes, blue rectangle represents apoptosis-related genes, yellow rhombuses represent HIF-1a signaling

related genes.

in immune cell regulation of atherosclerotic plaques [I1].
Notably, we identified seven immune related DERBPs (ANG,
C4BPA, DDX60, IFIHI1, IPO7, MATR3, OTUD4) in the innate
immune response and HIF1-a pathways that may be involved in
the pathogenic process of CAD by modulating the immune
cell changes.

The proteins encoded by ANG are potent mediators of
neovascularization and are therefore often referred to as
angiopoietins [27]. Members of the ANG family all play
important roles in atherosclerosis, with ANG II thought to
have pro-atherogenic effects [28]. Atherosclerotic plaque
rupture can induce the acute coronary syndromes, and ANG
II induces macrophage apoptosis by inducing the expression of
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monocyte chemotactic proteins, ultimately leading to the
formation of vulnerable atherosclerotic plaques [29]. ANG II
type 1 receptor blockade was found to be associated with a
reduction in carotid atherosclerosis by studying the effects of
valsartan on carotid artery atherosclerosis [30]. ANG II plays an
important role in cardiovascular disease and can be used as
therapeutic targets in cardiovascular pathologies [31, 32]. C4BPA
(Complement C4b-binding protein alpha chain) is a protein
associated with the immune system that has a regulatory role
in the complement system and plays an important role in the
immune response [33]. The role and mechanism of C4BPA in
atherosclerosis have not been elucidated, but one study has
shown that C4BPA expression is a promising biomarker to
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the of
atherosclerosis [34, 35], and clopidogrel is mainly used to

predict clopidogrel resistance during treatment
prevent and treat diseases related to atherosclerosis and
thrombosis. In addition, C4BPA can affect the activity of the
complement system [36, 37], which may influence the
of by

modulating the activity of the complement system and the

pathogenesis and  development atherosclerosis
inflammatory response. MATR3 (Matrin 3) is a nuclear RNA/
DNA-binding protein and extensively regulates gene expression
pattern, which is involved in cardiac development and exists in
endothelial cells and arterial smooth muscle cells of cardiac
arteries and veins [38]. While endothelial cell and smooth
muscle cell dysfunction have essential function in the
occurrence and development of atherosclerosis, indicating the
potential regulatory role of MATR3 in atherosclerosis
development.

IFIH1 encodes a protein known as MDA5 (melanoma
differentiation-associated protein 5) and is an important
immune-related gene involved in the process of virus
infections [39]. IFIH1 was found to be an immune-related
hub gene of atherosclerosis and may be a potential target for
patients with atherosclerosis [40]. DDX60 is a member of the
DEAD-box family and was originally thought to be an antiviral
protein involved in the regulation of cellular immune responses
to viral infection [41, 42]. DDX60 has antiviral effects, and
certain viral infections are also considered a risk factor for
atherosclerosis [43]. IPO7 (Importin 7) is an important
nuclear transporter protein gene that encodes a protein
involved in the transport of substances within the nucleus and
between the cytoplasm of cells, and plays an important role in
[44, 45]. OTUD4 (OUT
deubiquitinase 4) is a protein with deubiquitinase activity that

many biological processes
is involved in regulating the deubiquitination modification of
intracellular proteins, thereby affecting protein stability and
function [46, 47]. The immune response plays a key role in
the pathogenesis of atherosclerosis [48]. All of these immune-
related RBP genes that we have identified can potentially regulate
the immune system and are directly or indirectly involved in the
immune response that ultimately affects the progression of
atherosclerosis. Taken together, these DERBPs are enriched in
the innate immune response pathway, and may have important
functions in CAD disease by modulating immune responses in
different ways, which needs to be further validated in
future studies.

By analyzing the distribution of immune cells, we found a
significant increase in MO macrophage and CD8 T cells and a
significant decrease in activated memory CD4 T cells and
resting dendritic cells in the CAD group. Current research
suggests that CD8 T cells are emerging as a key cell
population in atherosclerosis [49]. Studies have shown the
increased proportion of CD8 T cells in the cellular
distribution of atherosclerotic plaques in mice and humans
[50, 51]. MO macrophages have not been activated or polarized,
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and studies have shown a significant increase in
MO macrophages in CAD patients [52]. CD4 T cells can
differentiate into different TH or Treg cell subtypes, which
can modulate the response of other immune cells and exert
direct pro- or anti-inflammatory effects, making the diverse
roles of CD4 T cells in atherosclerosis. Among these cell
subtypes, Treg cells have anti-atherosclerotic effects, and
depletion of Treg cells accelerates atherosclerosis [53]. In
addition, the distribution of resting dendritic cells was
significantly downregulated in patients with myocardial
[54].

distribution of immune cells correlates with the progression

infarction These studies further suggest that the
of CAD. Co-expression analysis of immune cells and DERBPs
was performed and found that CD8 T, macrophage M0 and
resting dendritic cells all correlated with some DERBPs. It
suggests that the DERBPs can cause changes in the
proportion of immune cells in the peripheral blood of CAD
patients, indirectly suggesting that the development of CAD
may be related to the microenvironment of immune cells. We
also realized that our results were based on peripheral blood
samples, which have been used in exploring the gene expression
profile during infection with bacterial meningitis [55]. This
approach can globally detect gene expression of immune cells in
peripheral blood, but further studies focusing on plaque
samples are also necessary to identify the infiltrated immune
cells during CAD progression.

We then constructed a co-expression network of immune-
related ASEs and immune-cell-related DERBPs and finally
identified that the A5'SS event of the CTSB gene correlates
with six DERBPs (MBNL2, UTP15, PHF10, TST, EXOSCS,
and SYNCRIP) in CAD patients. CTSB (Cathepsin B) belongs
to the lysosomal cathepsin family of proteases and regulates
the quantity of lysosomes and autophagosomes in cells [56,
57]. CTSB has been involved in the progression of apoptosis,
autophagy, and certain types of cancer [58, 59]. CTSB is also
involved in the development of several cardiovascular
diseases, such as atherosclerosis, heart failure, myocardial
infarction and so on [60]. Additionally, it has been found
that genetic variation in the CTSB promoter may affect the
development of dilated cardiomyopathy [61]. These studies
have shown that CTSB plays a crucial role in regulating
cardiac remodeling. Therefore, CTSB is also considered a
potential therapeutic target for heart failure. CTSB is
involved in extracellular matrix decomposition processes,
such as fibronectin, elastin, and collagen IV, which can lead
to the destruction of collagen fibers in plaques and decreased
plaque stability [62]. CTSB appears to play a role in autophagy
at later stages of carotid atherosclerotic plaque compared to
early stages [63]. Therefore, CTSB is a potential therapeutic
target for atherosclerosis and is expected to provide new ideas
and methods for the treatment of this disease. Based on the
result that TST and SYNCRIP were co-expressed with
macrophage MO and CD8 T cells,

respectively, we
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hypothesize that the TST-CTSB splicing event co-expression
pair may affect changes in the peripheral blood macrophage
MO cell ratio in CAD patients, and that the SYNCRIP-CTSB
splicing event co-expression pair may affect changes in the
peripheral blood CD8 T-cell ratio in CAD patients, which may
potentially exacerbate the occurrence of CAD disease.

Conclusion

In this study, our analysis of RNA-seq data from peripheral
blood of CAD patients and no-CAD controls revealed the
dysregulation of RBPs expression in CAD patients, and
the
dysregulated RBPs and immune cells, as well as the ASEs.

constructed potential regulatory network between
Further analyses suggest that RBPs may contribute to the
progression of CAD by influencing the remodeling of the
through the of

alternative splicing of immune-related genes. Our results

immune microenvironment regulation
indicate the important roles of RBPs in CAD progression, and
suggest that these RBPs as well as their potential targets are

targets for CAD treatment in future.
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Abstract

Depression has been increasingly associated with immune system
dysregulation. This study investigates the potential of CD3 Gamma Subunit
of T-Cell Receptor Complex (CD3G) as a diagnostic marker for depression,
while also examining its role across various cancer types. Comparative analyses
of immune cell infiltration and pathway activities were conducted using single-
sample Gene Set Enrichment Analysis (ssGSEA) on datasets GSE98793.
Depression patients were defined based on clinical diagnoses and compared
to healthy controls (HC) without any psychiatric disorders. Differentially
expressed genes (DEGs) were identified, followed by weighted gene co-
expression network analysis (WGCNA), least absolute shrinkage and selection
operator (LASSO) and logistic regression to pinpoint independent diagnostic
markers. Functional enrichment analyses were performed to explore the
biological implications of CD3G expression in depression. Pan-cancer
analyses were also conducted to investigate CD3G's role in cancer.
Depression patients exhibited significant decreases in CD8 T cells, cytotoxic
cells, T cells, T helper cells, Tgd, and Th2 cells, with increased levels of dendritic
cells and neutrophils compared to HC. Immune pathway activities showed
increased antimicrobial, chemokine, cytokine, and TNF family member
activities, with decreased TCR signaling activity in depression patients. CD3G
was identified as a key immune-related gene and independent diagnostic
marker for depression, validated by GSE76826 dataset. Low CD3G
expression in depression was associated with enhanced immune response
and inflammatory pathways. In pan-cancer analysis, CD3G was upregulated
in numerous cancers and correlated with immune cell infiltration and
oncogenic pathways. The study highlights significant dysregulation in
immune cell infiltration and pathway activities in depression, with CD3G
emerging as a critical immmune-related gene and potential diagnostic marker.
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CD3G's role in immune modulation and cancer underscores its relevance in
both depression and oncology, suggesting potential therapeutic targets and
prognostic indicators.
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depression, immune dysregulation, CD3G, diagnostic marker, inflammatory pathways

Impact statement

The findings of this study are expected to enhance our

understanding of the immune mechanisms underlying
depression and identify CD3G as a critical biomarker for
diagnosis. Moreover, the dual role of CD3G in both
depression and cancer underscores its potential as a
therapeutic target, offering new insights into the intersection
of neuroimmune and oncogenic pathways. This research not
only provides a novel perspective on the pathophysiology of
depression but also paves the way for innovative diagnostic and

therapeutic approaches.

Introduction

Depression is a debilitating mental health disorder that
affects millions of people worldwide, contributing significantly
to global morbidity and disability [1, 2]. Traditionally, depression
has been primarily understood through a neurochemical lens,
focusing on imbalances in neurotransmitters such as serotonin,
dopamine, and norepinephrine [3, 4]. However, emerging
evidence suggests that depression is also closely linked to
immune system dysregulation, indicating a more complex
pathophysiology involving neuroimmune interactions [5].

Recent studies have highlighted the role of immune cells and
inflammatory pathways in the development and progression of
depression [6, 7]. Immune cell infiltration and the activation of
specific immune pathways have been observed in patients with
depression, suggesting that immune dysregulation may
contribute to the onset and maintenance of depressive
symptoms [8, 9]. This paradigm shift opens new avenues for
identifying novel biomarkers and therapeutic targets, potentially
leading to more effective diagnosis and treatment strategies. One
such promising biomarker is CD3G, a gene encoding the gamma
chain of the CD3 complex, which is crucial for T cell receptor
signaling and T cell function [10-12]. Previous research has
implicated CD3G in various immune-related processes, and its
dysregulation has been observed in several diseases, including
autoimmune disorders and cancers [13-15]. However, its specific
role in depression remains largely unexplored.

This study aims to investigate the potential of CD3G as a
diagnostic marker for depression by analyzing immune cell
infiltration and pathway activities in depression patients
healthy (HC). We conducted

compared to controls
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comprehensive bioinformatics analyses using ssGSEA on
publicly available datasets (GSE98793) to identify key immune-
related pathways. Additionally, Weighted Gene Co-expression
Network Analysis (WGCNA), Least Absolute Shrinkage and
Selection Operator (LASSO) regression, and logistic regression
were employed to pinpoint independent diagnostic markers.
Functional enrichment analyses were performed to elucidate the
biological implications of CD3G expression in depression.
Furthermore, we extended our investigation to a pan-cancer
analysis to examine CD3G’s role across various cancer types,
given its known involvement in immune modulation.

The findings of this study are expected to enhance our
the
depression and identify CD3G as a critical biomarker for

understanding  of immune mechanisms underlying
diagnosis. Moreover, the dual role of CD3G in both depression
and cancer underscores its potential as a therapeutic target,
offering new insights into the intersection of neuroimmune and
oncogenic pathways. This research not only provides a novel
perspective on the pathophysiology of depression but also paves

the way for innovative diagnostic and therapeutic approaches.

Materials and methods
Depression-related dataset acquisition

The depression-associated dataset was acquired from the
NCBI GEO database (https://www.ncbinlm.nih.gov/geo/) [16].
Using the search term “depression” on the GEO homepage, the
dataset was filtered based on specific criteria: 1) inclusion of
blood samples from both healthy individuals and individuals
with depression; 2) availability of raw data in the dataset; and 3) a
minimum sample size of 10. Two datasets, GSE98793 and
GSE76826, were ultimately chosen (Table 1).
GSE98793 includes 64 healthy controls and 128 individuals
with depression, while GSE76826 includes 12 healthy controls
and 20 individuals with depression. A sample size calculation was
not explicitly performed; however, the selected datasets met the
predefined criteria to ensure sufficient statistical power for
downstream analysis. Microarray data and platform
annotation files were retrieved using the GEOquery package
(v.2.76.0) in R software. Gene ID conversion was conducted
on the downloaded matrix files according to the annotation files,
removing probes with missing or duplicate annotations. Data

analysis was performed using the limma package (v.3.64.0) in R
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TABLE 1 Information on depression-related datasets used in the current study.

Platform Healthy controls Depression Source Application
GSE98793 GPL570 64 128 | Blood Analysis
GSE76826 GPL17077 12 20 | Blood Validation
software, with microarray data normalization carried out using depression cohorts, defining DEGs as genes with an adjusted
the normalizeBetweenArrays function within the limma package p-value <0.05. Utilizing the Venn tool, we generated a Venn
(v.3.64.0). diagram to depict the overlap of genes from DEGs, IPGs, and

significant modules identified via WGCNA. These overlapping
genes were denoted as pivotal immune-related genes. LASSO

Evaluation of immune microenvironment regression was then conducted to unveil signature genes from the
pivotal immune-related gene set, which were further refined

To evaluate the differential abundance of immune cell through Cox regression analysis.

subsets and immune response pathways between the healthy

control (HC) and depression cohorts, we implemented single-

sample Gene Set Enrichment Analysis (ssGSEA). The gene sets Analysis of the potential biological

employed for the quantification of various immune cell functions of the CD3G gene

populations were derived from established literature [17]. The

xCell algorithm was utilized to assess the immune score levels Depression samples in the GSE98793 dataset were stratified
between the HC and depression groups. Concurrently, we into CD3G-low and CD3G-high cohorts based on the median
retrieved genomic datasets pertinent to immune response CD3G expression levels. Differentially expressed genes (DEGs)
pathways from the ImmPort repository (http://www.immport. between the CD3G-low and CD3G-high cohorts were
org) [18]. Immune pathways-related genes (IPGs) were also determined using the limma package (v.3.64.0), with an
obtained from the ImmPort database. Pearson correlation adjusted p-value threshold of <0.05. Visualization of DEGs
analysis was conducted to determine the relationship between was accomplished through the ComplexHeatmap package
CD3G expression and the composition of immune cell subsets, as (v.2.24.0). Gene Ontology (GO) and Kyoto Encyclopedia of
well as immune response pathways. Genes and Genomes (KEGG) enrichment analyses were

conducted using the clusterProfiler R package (v.4.16.0), with
the results illustrated via the ggplot2 package (v.3.4.4).
Utilizing WGCNA to identify immune- Additionally, the ggplot2 package facilitated the visualization
related signiﬁca nt modules of variations in immune infiltrate levels and immune pathways
between the CD3G-low and CD3G-high cohorts.
Co-expression networks were established using the WGCNA
package (v.1.6.0) in R software [19]. The determination of an
appropriate soft threshold p with a correlation coefficient R* > Pan-cancer analysis of CD3G
0.9 was conducted based on GSE98793 expression profiles.

Subsequently, the adjacency matrix of the The gene expression data for CD3G across 33 types of cancer
GSE98793 microarray expression profile was constructed were obtained from The Cancer Genome Atlas (TCGA) database
following weighted calculation, and then converted to a (https://portal.gdc.cancer.gov/) [20]. This dataset includes
topological overlap matrix using the TOM overlap calculation normalized RNA-Seq data for various tumor and adjacent
formula. The correlation between each gene module and the normal tissues. Clinical data, including overall survival
sample phenotype was calculated, leading to the identification of information, were also retrieved to assess prognostic
the gene module exhibiting the strongest correlation with the significance. Box plots were generated to compare the
immune score as the pivotal module. expression levels of CD3G between tumor and normal tissues

for each cancer type. Statistical significance was determined using

the Wilcoxon rank-sum test, with a p-value threshold of <0.

Identification of signature gene for 05 considered significant. The prognostic value of CD3G
depression expression in different cancers was evaluated using univariate
Cox regression analysis. Forest plots were used to visualize the

We employed the limma package (v.3.64.0) to identify hazard ratios (HR) and 95% confidence intervals (CI) for overall
differentially expressed genes (DEGs) between the HC and survival across the 33 cancer types. The relationship between
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FIGURE 1
Comparative analysis of immune cell infiltration and immune pathway activity. (A) Proportional distribution of various immune cell types in HC
and depression patients. Each bar represents a single sample, with different colors indicating different immune cell subsets. (B) ssGSEA scores
illustrating the differences in the infiltration of specific immune cell types between HC (blue) and depression patients (red). (C) ssGSEA scores
(Continued)
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FIGURE 1 (Continued)

10.3389/ebm.2025.10599

showing the activity levels of various immune-related pathways in HC (blue) and depression patients (red). Statistically significant differences are

marked with asterisks (*P < 0.05, **P < 0.01, ***P < 0.001).

0.24

0.16 4
0.14 1 REE
-0.36
o 0.12 4
§ -0.34
@ 0.10 4 6.3e3
[}
5
g 0.08 i
13 :
= 0.06 4 T
0.04 4 D22
-0.33
0.02 4
: T -0.13
HC Depression
FIGURE 2

|
Immune score

correlation coefficien
blue

darkgrey  _o5 00 05
Value

brown T

darkgreen oo 05 1.0

grey60

greenyellow

steelblue

orange

turquoise

skyblue

lightgreen

midnightblue

grey

WGCNA based on immune scores. (A) Distribution of immune scores between HC and depression patients. *P < 0.05. (B) Heatmap of module-
trait relationships displaying the correlation between module eigengenes and immune scores.

CD3G expression and immune cell infiltration was analyzed
using the single-sample Gene Set Enrichment Analysis (ssGSEA)
algorithm (v.1.44.5). The ssGSEA scores for various immune cell
types were computed for each tumor sample. Correlation
coefficients between CD3G expression and immune cell
infiltration scores were calculated using Spearman correlation
test. A heatmap was constructed to display the correlation
coefficients. Box plots and forest plots were generated using
the ggplot2 package (v.3.4.4), while heatmaps were created
using the ComplexHeatmap package (v.2.24.0).

Gene set variation analysis (GSVA)

The z-score algorithm in the R-package GSVA (v.1.44.5) was
utilized to integrate CD3G gene expression as a reflection of pathway
activity across 14 functional state gene sets. Z-scores were computed
individually for each gene set, followed by calculating the Pearson
correlation analysis to assess the statistical correlation between genes
and each gene set z-score [21, 22].

Drug sensitivity analysis

The association between CD3G gene expression in the

GDSC1 and GDSC2 databases and the IC50 of
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chemotherapeutic drugs was assessed through Spearman
correlation analysis [23]. A negative correlation indicates that
higher gene expression corresponds to increased drug sensitivity
in the cell line, while a positive correlation suggests that elevated
gene expression leads to greater drug resistance.

Statistical analysis

All statistical analyses were conducted in the R programming
environment (version 4.2.1). Wilcoxon rank-sum tests compared
CD3G expression between disease and normal groups. Univariate
Cox regression evaluated prognostic significance. Spearman
correlation analysis linked CD3G expression to immune infiltration.

Results

Secondary outcome: immune cell
infiltration patterns and pathway activity in
depression

Comparative analysis of immune cell infiltration
and pathway activity
Figures 1AB reveals distinct immune cell distribution

patterns between HC and depression patients. Notably, the
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Identification and validation of key immune-related gene CD3G in depression. (A) Volcano plot showing DEGs between HC and depression
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feature selection. Expression levels of CD3G in the GSE98793 dataset (D) and GSE76826 dataset (E). ***P < 0.001, **P < 0.01.

TABLE 2 The results of Logistic analysis.

Characteristics Total(N)

Univariate analysis

Odds ratio (95% CI)

P value

Odds ratio (95% CI)

Multivariate analysis

P value

VEGFC 192 4.447 (1.698-11.649) 0.002 2.710 (0.906-8.109) 0.075
CD3G 192 0.262 (0.121-0.566) <0.001 0.385 (0.156-0.949) 0.038
PRKCQ 192 0.467 (0.199-1.098) 0.081 2.939 (0.820-10.537) 0.098
CXCR6 192 0.440 (0.232-0.834) 0.012 0.508 (0.238-1.088) 0.081
TNESF13 192 2.920 (1.381-6.177) 0.005 2.304 (0.890-5.963) 0.085
S100B 192 0.519 (0.312-0.864) 0.012 0.709 (0.399-1.260) 0.241
S100P 192 1.316 (1.023-1.694) 0.032 1.215 (0.910-1.623) 0.187
TRAVI12-2 192 0.265 (0.107-0.654) 0.004 0.521 (0.185-1.467) 0.217
TRGJ1 192 0.378 (0.165-0.866) 0.022 0.537 (0.203-1.423) 0.211

Bold type indicates a p-value less than 0.05.
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depression group exhibited marked reductions in CD8 T cells,
cytotoxic cells, T cells, T helper cells, Tgd, and Th2 cells
compared to HC (all P < 0.05), while dendritic cells (aDC)
and neutrophils were significantly elevated (P < 0.05). Consistent
with these cellular changes, ssGSEA analysis (Figure 1C)
demonstrated  divergent  pathway  activity  profiles:
cytokine, and TNF family

members showed pronounced upregulation in depression (P <

antimicrobials, chemokine,
0.05), whereas TCR signaling and TGFb family member receptor
activities were substantially suppressed (P < 0.05). Collectively,
these findings underscore systemic immune dysregulation in
depression, characterized by altered cellular infiltration and
pathway activation.

Primary outcome: immune score-
associated gene modules and CD3G as a
diagnostic biomarker

WGCNA reveals immune score-associated
gene modules

As illustrated in Figure 2A, immune scores were significantly
diminished in depression patients versus HC (P < 0.05).
WGCNA 2B)
correlated with immune scores: the blue and darkgrey

identified three critical modules (Figure

modules showed strong negative correlations

(r = —0.52 and -0.59, respectively), whereas the orange
module displayed robust positive correlation (r = 0.51). These
results implicate immune-related gene network dysregulation as

a potential contributor to depression pathogenesis.

CD3G as a diagnostic biomarker for depression
Volcano plot analysis (Figure 3A) identified 1,475 DEGs
(834 downregulated, 641 upregulated) in depression. Intersection
of DEGs, immune pathway genes (IPGs), and WGCNA module
genes (Figure 3B) yielded 13 immune-related hub genes. LASSO
regression (Figure 3C) and subsequent logistic regression
uniquely identified CD3G as an independent diagnostic
marker (P < 0.038) (Table 2). Consistent downregulation of
CD3G was validated in both discovery (GSE98793, Figure 3D,
P < 0.001) and replication cohorts (GSE76826, Figure 3E, P <
0.01), solidifying its role as a robust diagnostic indicator.

Exploratory outcomes: CD3G expression
subgroups and pan-cancer implications

CD3G expression subgroups reveal immune
pathway divergence

Comparative 4A,B)
between high- and low-CD3G depression subgroups identified
2,098 DEGs (888 downregulated, 1,210 upregulated). Functional

enrichment analysis (Figure 4C) highlighted the enriched

transcriptomic  profiling  (Figures
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immune pathways: mononuclear cell differentiation,
lymphocyte differentiation, T cell differentiation, leukocyte
activation, and several immune response-related pathways
such as the T cell receptor signaling pathways, natural killer
cell mediated cytotoxicity, and PD-L1 expression and PD-1
checkpoint pathway in cancer. GSEA/GSVA (Figures 5A-C)
further confirmed elevated inflammatory signatures (NFKB/
STATS3 signaling, hypoxia, oxidative stress) in the low-CD3G
subgroup (P < 0.05), with CD3G expression inversely correlating

with chemokine production and leukocyte migration pathways.

Immune microenvironment differences by
CD3G status

ssGSEA profiling (Figures 6A,C) revealed contrasting
immune cell infiltration patterns: the high-CD3G subgroup

had abundant adaptive immune cells (B/T cells, Thl/
Th2 subsets), whereas the low-CD3G group showed
dominance of innate immune populations (neutrophils,

macrophages, mast cells) (P < 0.05). Correlation heatmaps
(Figures 6B,D) strengthened these associations, with CD3G
expression positively linked to TCR signaling but negatively
associated with cytokine/TNF pathways, suggesting CD3G as
a master regulator of immune polarization in depression.

Pan-cancer implications of CD3G dysregulation

Cross-cancer analysis (Figure 7A) demonstrated widespread
CD3G upregulation in 20 malignancies (e.g., BRCA, LUAD; P <
0.001) but downregulation in ACC (P < 0.05). Figure 7B shows
the association of CD3G expression with overall survival (OS)
across different types of cancer. CD3G expression was associated
with the OS in BRCA (P = 0.0392), CESC (P = 0.0184), HNSC
(P = 0.0045), LGG (P < 0.001), LIHC (P = 0.028), LUAD (P =
0.0077), OV (P =0.0011), SKCM (P < 0.001), UCEC (P = 0.0033),
and UVM (P = 0.0031). CD3G expression positively correlated
with infiltration levels of most of immune cells, such as B cells,
CD8 T cells, cytotoxic cells, neutrophils, Thl cells (P < 0.05),
across multiple cancers, positioning it as a pan-cancer immune
modulator (Figure 7C).

CD3G links oncogenesis and drug sensitivity

As shown in Figure 8, significant positive correlations were
observed between CD3G expression and several oncogenic
processes, including: Angiogenesis (R = 0.31, P < 2.2e-16),
Apoptosis (R = 0.44, P < 2.2e-16), Differentiation (R = 0.53,
P < 2.2e-16), DNA Damage (R = 0.21, P < 2.2e-16), EMT
(Epithelial-Mesenchymal Transition) (R = 0.31, P < 2.2e-16),
Hypoxia (R = 0.15, P < 2.2e-16), Inflammation (R = 0.58, P <
2.2e-16), Invasion (R = 0.29, P < 2.2e-16), Metastasis (R=0.4, P <
2.2e-16), Proliferation (R = 0.6, P < 2.2e-16), Quiescence (R =
0.59, P < 2.2e-16), and Stemness (R = 0.41, P < 2.2e-16). These
results demonstrate that high CD3G expression is strongly
associated with the activation of many oncogenic pathways,
reflecting its potential role in promoting cancer progression.
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Enrichment analysis of high and low CD3G expression subgroups in depression. (A) GSEA plot comparing high CD3G and low CD3G expression
subgroups. (B) Heatmap showing the correlation between CD3G expression and pathway activity based on GSVA. (C) GSVA scores comparing
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In addition, Figure 9A shows the Spearman correlation analysis
of CD3G gene expression with the half-maximal inhibitory
(IC50) the
GDSC1 database. Notably, CD3G expression was negatively

concentration of wvarious antagonists in
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correlated with the IC50 values for multiple drugs, including
PIK-93, THZ-2-49, NG-25, TL-1-85, AR-42, etc (all P < 0.001),
indicating that higher CD3G expression is associated with
increased sensitivity to these drugs. Figure 9B depicts the

Published by Frontiers
Society for Experimental Biology and Medicine


mailto:Image of EBM_ebm-2025-10599_wc_f5|tif
https://doi.org/10.3389/ebm.2025.10599

Gao et al.

10.3389/ebm.2025.10599

B

Immune cell infiltration

abc @
High CD3G B Low CD3G Beels
B Hig B CcD8Tcels ¥
08 o = Cytotoxic cells ¥ +p<0.05
Al o boc o
o 06 *ax ” s Eosinophils ~ *#F*  *p5<0.01
£ s o Dc o
3 04 N - Macrophages P ***p<0.001
< A “ Mastcells BT
> 02 “ Neutrophils 10
2 ” » “ - ” " NK CDS6bright cells 1 05
e ik L] — ol NK CD56dim cells - :
@ = @ ” “ NKcells O 0.0
pDC =] 05
-0.2 Teels T
T T T T T T T T T T T T T T T T T T T T T T T T Thelper cells ¥ - I'1~0
< I @ ) @ @ @ & @ & J (N & @ Tem  t¥ or|
F$ XX PEF P FEFFFF P F S P Tm o @ o0z
¥ o F (F S &K & K G F QL F S F L, FF K em
2 i & R SIS & PRSI TFH & 0 o4
PSS 2 RO O xS I IPANEN -
&S <& 9 & S i Tod M [ oe
G <& O Thicells ¥
4\.0 w\'l’ Th17 cells o
> Thacels 1
TReg O
CD3G
: High CD3G : Low CD3G Immune-related pathways
e Antimicrobials ¥
0.4 = )
” ” ” o9 s BCR Signaling Pathway 1
& “ Antigen Processing and Presentation ~ © *p<0.05
g 024 & ” “ Chemokine Receptors *p<0.01
8 ’,., . Chemokines F¥F  ~+ 5 < 0.001
< H Cytokine Receptors ~ [*]
> . 60 )
O 0.0 — Cytokines [ . o5
@ Lo bé Interleukins 00
“ Interleukins Receptor  F¥F . 05
-0.2
“ Natural Killer Cell Cytotoxicity 0 1.0
- [Cor]
TCR Signaling Path
inaling Patrway 15 191
TGFb Family Member o @ 0.2
TGFb Family Member Receptor [ [] 03
TNF Family Members ¥
TNF Family Members Receptors  []
CD3G
FIGURE 6

Immune cellinfiltration and immune pathway activity analysis in CD3G-related subgroups. (A) ssGSEA scores comparing the infiltration levels of
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Spearman correlation analysis of CD3G gene expression with the
IC50 values in the GDSC2 database. The analysis includes
30 different drugs, with significant negative correlations for
CD3G expression observed for drugs such as Vincristine,
Venetoclax, Nilotinib, NU7441, I-BET-762, etc (all P < 0.001).
These results suggest that elevated CD3G expression levels
the these
anticancer agents.

increase sensitivity of cancer cell lines to

Discussion

In this study, we explored the dual role of CD3G as a

potential diagnostic biomarker for depression and its

oncogenic implications across various cancer types. Our

findings reveal significant dysregulation of immune cell
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infiltration and pathway activities in patients with depression,
with CD3G emerging as a critical immune-related gene.

In recent years, a growing body of research has underscored the
significance of immune processes in the onset of depressive disorder
[24]. Our results confirm and extend previous studies that have linked
depression with immune system dysregulation. For instance, the
observed decrease in CD8 T cells, cytotoxic cells, and various
T cell subsets (T helper cells, Tgd, Th2) alongside an increase in
dendritic cells and neutrophils is consistent with earlier research
indicating altered immune profiles in depression [25, 26]. The
increased activities of antimicrobial, chemokine, cytokine, and TNF
family member pathways, coupled with decreased TCR signaling
pathway, further underscore the complex interplay between immune
response and depressive disorders. These findings align with the
concept of inflammation and immune activation playing a crucial role
in the pathophysiology of depression [27, 28].
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Pan-cancer analysis of CD3G. (A) Box plot comparing CD3G expression levels between normal (blue) and tumor (red) tissues across
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survival (OS) associated with CD3G expression in different cancer types. (C) Heatmap showing the correlation between CD3G expression and
infiltration levels of various immune cells across multiple cancer types.
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Correlation between CD3G expression and oncogenic pathways.

Building upon the identification of CD3G as an independent
diagnostic marker for depression, it is essential to delve deeper
into the mechanistic underpinnings of its association with
immune infiltration and inflammatory pathways. Our analyses
revealed that lower expression levels of CD3G correlate with an
upregulation of immune response and inflammatory pathways.
This observation aligns with the growing body of evidence
suggesting that immune dysregulation plays a pivotal role in
the pathophysiology of depression. The role of CD3G in TCR
signaling is well-documented, with CD3G being a critical
component of the CD3 complex essential for T-cell activation
and immune response modulation [29]. Its reduced expression,
as observed in our study, may lead to impaired T-cell function,
thereby triggering compensatory mechanisms that enhance
systemic inflammation. This is supported by studies indicating
that T-cell dysfunction can result in a skewed cytokine
production profile, favoring pro-inflammatory states [26].
Furthermore, the association between low CD3G expression
and increased immune response in depression might be
indicative of an underlying chronic inflammatory state.
has been the
of depression, with of
inflammatory markers such as interleukin-6 and tumor

Chronic  inflammation implicated in

pathogenesis elevated levels

necrosis factor-alpha frequently reported in depressed
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individuals [25]. Our findings suggest that CD3G could serve
as a bridge linking immune system dysregulation to the
development and persistence of depressive symptoms.
Previous studies have not extensively explored CD3G in the
context of depression, making this a pioneering discovery.

In the realm of oncology, our pan-cancer analysis reveals that
CD3G is upregulated in numerous cancers and is correlated with
immune cell infiltration and oncogenic pathways. This finding is
consistent with literature suggesting that CD3G, as a component
of the T-cell receptor complex, plays a role in T-cell activation
and cancer immune surveillance [30]. The upregulation of CD3G
in various cancers may indicate its involvement in tumor
immune evasion mechanisms. Moreover, the correlation
between CD3G expression and immune infiltration across
cancers supports the hypothesis that CD3G could serve as a
prognostic target

immunotherapy [14].

marker and a  potential for

The dual focus on CD3G in both depression and cancer is a
novel aspect of our study. Previous research has typically
examined the role of immune genes in either psychiatric
disorders or oncology separately. By integrating these fields,
our study underscores the importance of immune modulation
in both depression and cancer, suggesting potential therapeutic

targets that could be leveraged across these conditions. This
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integrative approach highlights the interconnected nature of
immune-related diseases and underscores the importance of
holistic biomedical research.

Despite these promising findings, our study has several
limitations that should be acknowledged. First, the use of
publicly available datasets, while providing a robust sample size,
may introduce variability due to differences in data collection
methods and patient populations. Second, the cross-sectional
nature of the data limits our ability to infer causal relationships
between CD3G expression and disease states. Longitudinal studies
would be necessary to establish causality and understand the
temporal dynamics of immune dysregulation in depression and
cancer. Third, while our study identifies CD3G as a potential
diagnostic marker, further validation using independent cohorts
and prospective clinical trials is essential to confirm its clinical
utility. Additionally, the mechanistic insights proposed are based
on bioinformatic analyses and require experimental validation to
elucidate the precise biological pathways involved.

Conclusion
In conclusion, our study provides compelling evidence for

the role of CD3G as a diagnostic marker for depression and its
oncogenic implications. The significant dysregulation in immune
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cell infiltration and pathway activities highlighted in our findings
the of CD3G in the
pathophysiology of both depression and cancer. These insights

underscores critical importance
not only deepen our understanding of the biological
underpinnings of these conditions but also open promising
new avenues for therapeutic intervention. Targeting CD3G
could potentially revolutionize the approach to diagnosing and
treating depression and various cancers, offering hope for more

effective and personalized medical strategies.
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Abstract

Ranolazine (RAN) is an acetanilide and piperazine derivative that selectively
blocks the late sodium current in cardiac cells and is prescribed in adults as an
add-on medication for the symptomatic management of patients with stable
angina pectoris who are insufficiently managed or intolerant of first-line
antianginal treatments. RAN was first approved by the U.S. Food and Drug
Administration (FDA) in 2006 and the European Medicine Agency in 2008 for
the treatment of chronic stable angina. RAN has no substantial effect on
hemodynamic indicators, including heart rate and blood pressure. RAN also
slows fatty acid oxidation, which increases glucose oxidation, lowers lactic acid
generation, and optimizes heart performance. Besides its antianginal effect,
RAN has recently revealed additional pharmacological properties such as
neuroprotective, hepatoprotective, renal protective, cardioprotective, and
antidiabetic effects and other beneficial pharmacological activities. We
choose to write this current review paper to address the many hidden
pharmacological and therapeutic potentials of RAN beyond its antianginal
activity.

KEYWORDS

anticancer, cardioprotective, renalprotective, neuroprotective, hepatoprotective

Impact statement

Drug re-purposing, finding new therapeutic applications for old or existing drugs,
provides the avenue to increase the therapeutic options for the treatment of disease
conditions with the possible benefit of enhanced efficacy and safety profile. Beyond its
antianginal action, Ranolazine exhibits a variety of pharmacological actions which can be
explored for therapeutic benefits. This review extensively sheds light on a number of these
pharmacological actions to broaden knowledge and spheres of potential therapeutic
applications of Ranolazine.
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GRAPHICAL ABSTRACT
Pharmacological potential of ranolazine.

Introduction

Ranolazine (RAN) is N-(2, 6-dimethyl phenyl)-4(2-hydroxy-
3-[2-methoxyphenoxy]

propyl)-1-piperazine  acetamide
dihydrochloride. It is an active piperazine whose anti-ischemic
effect was originally attributed to the selective inhibition of fatty
acid oxidation with a consequent shift of metabolism to more
energy-efficient glucose oxidation [1]. An alternative mechanism
of action proposed in the past for RAN was the inhibition of ; and
B, adrenoceptors [2]. However, this mechanism (which is
associated with sympathetic nervous system regulation of heart
rate and contractility) is less prominent compared to RAN’s
primary action on cardiac ion channels. It is a less significant
involvement at the therapeutic concentration of RAN for the
treatment of angina, with the main mechanism being linked to
inhibition of the late sodium current in cardiac myocytes. This
effect reduces intracellular calcium overload and improves
myocardial relaxation and oxygen efficiency. At the clinical
level, RAN decreases the current of sodium and potassium ion
channels. It has been well studied that inhibition of the late phase

Experimental Biology and Medicine

52

of the inward sodium current occurs during cardiac repolarization
[3]. In pathological conditions, a rise in calcium ion concentrations
contributes to increased sodium-calcium interaction, which
induces an increase in the cytosolic calcium concentration [4].
Calcium overload is thought to be the factor that induces reduced
left ventricular relaxation during moderate ischemia as well as
reperfusion. Increased left ventricular diastolic wall stress
compromises myocardial tension circulation, which continues
to rise still. Moreover, calcium overload has harmful impacts
on myocardial electrical activity, predisposing to ventricular
tachycardia [5]. Although this mechanism has been well studied
mainly in rodents, the anti-ischemic activity of RAN due to late
Na-channel suppression of myocardial perfusion lacks evidence to
support this mechanism in patients with ischemic heart disorders.
RAN slows the delayed rectifying K* current at therapeutic doses
and enhances the Q-T interval [6]. The total effect of RAN on the
action potential period is equilibrium between the combined
effects of rectifier potassium current as well as late sodium
current suppression, which prolongs the QT interval by 2-6 ms
[7]. Figure 1 shows the mechanism of action of RAN.
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FIGURE 1
Mechanism of action of ranolazine.

The pharmacologically induced attenuation of the late
sodium current enhances cardiac diastolic relaxation by
decreasing diastolic wall stress. This ultimately results in an
improvement of segmental myocardial ischemia.

RAN was first used in therapeutic settings over 25 years ago.
It is widely used to treat some disorders and is safe and effective
in many cases. Many preclinical and clinical experiments show
that RAN may exert cellular protective effects by specifically
suppressing the late sodium inward current (late iNa). In the past
few years, RAN has been associated with numerous positive
properties, such as anticancer, renoprotective, hepatoprotective,
neuroprotective,  cardioprotective, analgesic, and anti-
inflammatory activity, and other benefits independent of its
antianginal function.

RAN modulates several cellular pathways like TNF-a, NF-
kB, Capase-3, IL-1pB, IL-6, PPAR-y, Bax bcl-2, Notch2/Hesl,
AKT-eNOS, COX-2, and ERK, which is activity independent of

its cardiac protective mechanism.

Search strategies

The literature search was done on multiple electronic
databases. These include Web of Science, PubMed, Scopus, and
Google Scholar. Appropriate search terms and combinations were
used, including ranolazine, pharmacokinetics, neuroprotective,
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hepatoprotective, ~ renoprotective,  cardioprotective,  and

antidiabetic effects.

Pharmacokinetics

RAN is available as an oral tablet for therapeutic use and as
an intravenous formulation for experimental application.
Initially, oral RAN was evaluated as an instant release (IR)
formulation. RAN IR has an overall terminal removal half-life
of 1.4-1.9 h and a 10-fold peak-trough gap of 240-400 mg three
times per day [8]. RAN is now commonly available as a
sustained-release (SR) formulation with a more extended
absorption phase, with a maximal plasma concentration
(Cmax) usually seen 4-6 h after oral administration and an
estimated apparent total elimination half-life of 7 h after steady
state. The peak-trough difference at 500-1000 mg twice/day is
only 1.6-fold, which is much improved over that of the IR
formulation [9-11]. The steady state is usually reached within
3 days of twice-daily dosing. RAN plasma amounts that are
clinically beneficial for chronic angina range from 2 to 6 pmol/L
[12, 13]. The oral bioavailability of RAN is 30%-55% and is not
influenced by food. RAN is approximately 65% bound to serum
protein, mainly al-acid glycoprotein [14]. RAN is mainly cleared
by the liver metabolic enzyme cytochrome P450 (CYP) 3A4
(70-85%) and is a substrate of P-glycoprotein. Additional
processes include CYP2D6 metabolism (10-15 percent),
renal excretion of

glucuronidation (<5 percent), and

unchanged RAN (<5 percent) [8].

Anticancer effects

Driffort et al. found that RAN repressed the pro-invasive
shape of human breast cancer MDA-MB-231 cells and decreased
the localized extracellular matrix degradation activity [15]. Qiu
et al. and Lee et al. validated similar findings and discovered that
the anti-invasive action might occur independently of
proliferation [16, 17]. Qiu and his group found that RAN’s
anti-invasive activity was dose-related, with concentrations as
low as 2.5 uM during hypoxia [16]. Guzel et al. found that, in
human colorectal cancer cells, (i) hypoxia markedly increased
Matrigel invasion and (ii) therapeutic dosages of RAN decreased
invasiveness without compromising proliferative ability or cell
survival [18].

Rizaner and colleagues demonstrated that for robust
metastatic rat prostate cancer Mat-LyLu cells, RAN (i)
hindered Matrigel migration under both normoxic and
hypoxic circumstances and (ii) decreased the proportion of
cells in the lung metastases showing Nav1.7 [19]. Pemmireddy
and team examined the anticancer action of RAN on 1,2-
Dimethyl hydrazine (DMH)-induced colon cancer in mice
and found that RAZ substantially reduced colon cancer in
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mice, most likely because of cancer cell growth deregulations
[20]. Using the Dunning model of rat prostate cancer, Bugan and
coworkers demonstrated in double-blind tests that gavage
administration of 2.5-5 tM RAN inhibited lung metastasis by
as much as 63% [21]. Guth et al. demonstrated that RAN (i)
inhibited tumor development and (ii) boosted anti-cancer
immunity, as shown by reduced tumor CD8" T-cells
Tim3 content, enhanced macrophages, and lowered blood
the
TRAMPCI genetic mice model of prostate cancer [22]. Lastly,
Lasheras-Otero et al. demonstrated that RAN inhibited liver

metastases in a mouse model of melanoma [23].

myeloid immunosuppressive monocytes in

Cardioprotective effects

Tocchetti et al. revealed that RAN could avert doxorubicin-
induced cardiac failure in mice and HL-1 cardiomyocytes via
lowering ROS production [24]. Furthermore, RAN has been
shown to mitigate cardiac dysfunction induced by
trastuzumab, which is believed to mediate its activity by
inhibiting the generation of ROS [25]. De Lorenzo and
teammates found that RAN mitigated not just the cardiotoxic
adverse effects of trastuzumab but also of pertuzumab and
(TDM1)

combinatorial therapies both in vitro and in vivo [26].

trastuzumab-emtansine when  employed in
Cappetta et al. conducted an experiment using RAN and
stated that it could protect cardiomyocytes from doxorubicin-
caused oxidative damage [27]. RAN could attenuate MTX-
caused oxidative damage in H9c2 cardiomyocytes by reducing
MDA, LOOH, AOPPs, and XO activity, maintaining T-SH, CAT,
and TAC levels, and prohibiting the HIF-la inflammatory
cascade [28]. Jiang et al. reported that therapy with RAN in
(PLN)  knockout  hiPSCs-CMs
significantly repair Ca** handling abnormalities and cellular
alleviating the PLN knockout

Phospholamban could
energy metabolism, thus
phenotype of HF [29].

In high glucose-treated cardiac fibroblasts, RAN decreased
pyroptosis, prevented collagen deposition, and enhanced heart
function via enhancing miR-135b expression [30]. Furthermore,
RAN protected against diabetic cardiomyopathy-induced
apoptosis in rats activation of the NOTCH1/
NRGI signaling cascade [31]. Tawfik and team showed that
RAN administration ameliorated the isoprenaline-mediated

via

myocardial damage in both nondiabetic and diabetic rats by
improving histopathological scores, reducing apoptotic markers,
and modulating AMPK activity [32]. Le DE and his team proved
that RAN increased both resting and stress-induced cardiac
adenosine levels and caused small-vessel vasodilation, which
improved ischemia in dogs [33]. RAN also showed a positive
effect on cardiomyocytes subjected to ischemia/reperfusion, but
only when used during ischemia, and this effect is accomplished
through improving calcium regulation during ischemia [34].
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Tantray et al confirmed that RAN had a protective role in
myocardial infarction, similar to ischemic preconditioning
facilitators, via promoting myocardial Nitric oxide, Adenosine,
Bradykinin, and K*ATPase levels in an isolated heart [35]. In
anaesthetized rabbits subjected to ischemia and reperfusion,
RAN lowered infarct size and raised salvage area index,
activating a process similar to PreC and PostC that required
activation of the RISK axis [36]. Feng and co-workers
demonstrated that chronic RAN treatment effectively reduced
the increased concentrations of NE and BNP-45 caused by CHF
and improved LV function in CHF rats [37]. RAN increased
cardiac function and decreased the level of heart injury in rats
with congestive heart failure, which is likely due to the activation
of AKT phosphorylation [38]. RAN attenuates pressure
overload-mediated cardiac hypertrophy and systolic and
diastolic activity by restoring Na* and Ca** handling,
preventing downstream hypertrophic pathways, and reducing
ER stress [39].

In an animal model of heart failure, RAN ameliorated cardiac
remodeling and improved systolic and diastolic performance by
normalizing Ca®" storage [40]. Coppini and colleagues showed
that acute RAN treatment lowered intracellular Na* and Ca*"
levels as well as CaMKII activity, which contributed to the
decrease in hypertrophic cardiomyopathy-associated cardiac
remodeling and myocardial dysfunction [41]. Moreover, RAN
treatment decreased oxidative stress and alleviated diastolic
dysfunction in rats fed a high-salt diet to develop
hypertension [42].

Williams and co-workers demonstrated that RAN was
efficient in lowering diastolic dysfunction in spontaneously
hypertensive rats, and its mechanism of action was associated
with suppression of the enhanced late sodium current in the
SHR, resulting in decreased Ca*" overload [43]. Le et al. proposed
that RAN elevated adenosine concentrations in coronary veins in
anaesthetized dogs, both at rest and during dobutamine-caused
myocardial ischemia, mostly via enhancing the function of the
cytosolic-5"-nucleotidase enzyme [33].

In individuals with CCS, RAN has been proposed as a way to
increase  myocardial and lessen mechanical
of [44]. RAN
enhanced coronary flow reserve in 58 patients with angina

perfusion
compression coronary microcirculation
and myocardial ischemia but no obstructive coronary artery
disease. This was likely because it improved abnormal
the
diastolic coronary flow rate and elevated the hyperemic

coronary autoregulation, which decreased baseline
diastolic coronary flow rate [45]. Furthermore, angina was
found to improve when RAN was given in comparison to a
placebo in a small trial involving women who had angina, signs of
myocardial ischemia, but no obstructive coronary artery disease
(CAD). There was also a trend towards improvement in the
anomalies of myocardial perfusion detected by cardiac magnetic
resonance imaging (CMR imaging). Additionally, compared to

women with CFR >3.0, those with CFR <3.0 had a markedly
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increased myocardial perfusion reserve index (MPRI) while
using RAN versus placebo [46]. RAN therapy also increases
arginine plasma values and reduces oxidative stress in a
randomized controlled study of 20 patients with unstable
angina pectoris and acute cardiac ischemia [47].

Chou and colleagues discovered that RAN notably reduced
action potential time, Cai transient time, and Cai decay duration,
improved  conduction inhomogeneity, and  repressed
arrhythmogenic alternans induction in db/db mouse hearts
with acute IR damage [48]. Wolfes et al. studied the impact of
RAN paired with various selective NCX-blockers in an isolated
whole-heart model of AF in rabbits and discovered that both
combinations extended aERP and aPRR and thereby reduced the
development of AF [49]. In levosimendan-produced atrial
fibrillation, RAN has a prominent antiarrhythmic effect, and
the primary mechanism is a slight delay in repolarization and
refractory period, which preserves the atrial myocardium against
premature excitement and atrial fibrillation in rabbits [50].
Additionally, RAN appeared to have a dose-dependent
antiarrhythmic  impact on  pacing-induced  reentrant
ventricular arrhythmias during the late phase of myocardial
infarction in anaesthetized rabbits [51].

Markandeya et al. revealed that RAN inhibited late INa,
which shortened APD and abolished triggered activity in Lmna
(N195K/N195K) ventricular myocytes [52]. RAN has been found
to enhance redox balance and mitochondrial activity in the
atrium of rats suffering from acetylcholine-CaCl,-mediated
atrial fibrillation [53]. RAN reduced delayed repolarization,
aberrant electrical activity, and greater late sodium currents in
elderly rats continuously exposed to low testosterone, all of which
encouraged maladaptive electrical remodeling in ventricular
myocytes [54].

Mustroph and colleagues investigated the beneficial effect of
RAN on ethanol-induced atrial fibrillation and discovered that it
efficiently suppressed atrial fibrillation by altering the activity of
the CaMKII-dependent NaV1.5 channel [55]. RAN also
inhibited electrical remodeling, causing atrial fibrillation in
HL-1 atrial myocytes through modification of the PI3K/Akt
signaling axis [56]. Opacic and his group emphasized that
RAN effectively lengthened the atrial effective refractory time
and lowered the atrial conduction rate at baseline and after 2 days
of AF in a goat model of lone AF [57]. RAN was also compared
with vernakalant for cardioversion of acutely produced AF in
15 rabbit hearts. AF was produced with atrial burst pacing and
acetylcholine/isoproterenol. RAN besides vernakalant showed
equal efficacy in preventing AF [58].

Similarly, recent research in horses found that, in comparison
with single medications, the combination of dofetilide and RAN
improved the antiarrhythmic effects on acutely generated AF,
influencing cardioversion time, susceptibility at AF, and AF
latency [59]. The combination of RAN and ivabradine has
been evaluated in AF in pigs and the combined effect of these

two drugs reduced ventricular rate via decreasing conduction at
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the AV node (increased A-H period) and minimizing the
dominant AF frequency [60].

RAN was tested to assess its effects in a canine model of heart
disease. It blocks atrial fibrillation in animals by lengthening the
atrial refractory duration and atrial conduction time. No pro-
arrhythmic influence was apparent on the ventricle [61]. Also,
RAN administration avoided VT in the porcine model of
catecholaminergic polymorphic ventricular tachycardia and
decreased the T-wave length [62]. RAN has also been found
to be non-inferior to lidocaine and sotalol in avoiding ischemia-
reperfusion-induced ventricular tachycardia in a rat model [63].
Malavaki and team examined the vasorelaxant action of RAN
and nicardipine on the rabbit aorta. Researchers found that RAN
has a synergistic interaction with nicardipine to trigger vaso-
relaxation in rabbit aortas [64]. RAN inhibited the occurrence
and minimized the duration of action potentials in HL-1 cells,
resulting in an antiarrhythmic response [65].

In another study, RAN reduced HOCI-LDL-associated
alterations in cardiac contractility and electrophysiology,
including arrhythmias in primary cardiomyocytes [66]. Del-
Canto et al. found that RAN ameliorated the electrophysiological
effects responsible for the stretch-induced modification of HL-1 cell
fibrillatory activation patterns by altering the rise in activation rate
and preserving the magnitude of activation [67]. RAN modified the
ECG abnormalities, diminished Ca** sparks and abnormal waves,
lowered the in vitro events and the frequency of arrhythmias noticed
in isolated cardiomyocytes of hypothyroid mice [68]. Two
preclinical studies of RAN demonstrate promise in preventing
long QT syndrome in rats. RAN suppressed QT prolongation,
prevented early after depolarizations, and reduced the duration of
torsades de pointes [69, 70].

RAN showed antiarrhythmic efficacy against AT (Atrial
Tachycardia) elicited by
anaesthetized rabbits [71]. Nunoi and his team examined the
fibrillatory effect and pharmacological
of RAN in halothane-anesthetized dogs.
Researchers found that RAN had little effect on ventricular
but it did

repolarization with no danger of re-entrant arrhythmias [72].

rapid burst stimulation in

anti-atrial safety
characteristics
early repolarization in vivo, extend late

Wolfes and colleagues evaluated the impact of RAN in
combination with several specific NCX-blockers in an isolated
whole-heart AF model. Both combinations increased the atrial
effective refractory time while decreasing the frequency of AF
episodes [49]. Aidonidis et al. investigated whether co-treatment
of RAN-AMIO would show additive antiarrhythmic effects. RAN
notably improved the propagation duration of fast atrial
depolarizations and enhanced the AMIO-mediated mild
elevations in aPRR [73]. Miranda and co-workers explored the
influence of RAN on healthy cardiomyocytes as well as a cellular
model of type 3 long QT syndromes (LQT3). RAN had a small
effect on sarcomere shortening in healthy ENDO and EPI cells,
and it reduced arrhythmias caused by INaL to the same rate as
ENDO and EPI cells [74].
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Eleclazine and RAN reduced the AF window and AF burden
in association with the inhibition of both endogenous and
enhanced atrial late INa with half maximal inhibitory
concentrations (IC50) of 1.14 and 9.78 uM and 0.94 and
8.31 uM, respectively [75]. RAN normalized AV-conduction
in Scn5al798insD/+ mice by preventing the mutation-induced
increase in intracellular sodium ([Na*]i) and calcium ([Ca**]i)
concentrations [76]. RAN also inhibited TASK-1 channels, and
inhibition of TASK-1 may contribute to the observed
antiarrhythmic effects of RAN [3]. RAN suppressed CaT
alternans and decreased the Ca*'-voltage coupling gain in a
dog HF model, reducing arrhythmogenic cardiac alternans
[77]. RAN has continued to yield amazing outcomes, such as
the cessation of acutely caused AF in horses via cardioversion
[78]. RAN partially prevented action potential and QT interval
prolongation in 4-week-old Scn5a**¥*
arrhythmias [79].

Ke and colleagues examined how Ca®* homeostasis was
affected in CKD mice and discovered that RAN, by controlling
CaMKI], PLB, and late Na* current, reduced the length of the
QT interval and the development of cardiac arrhythmogenesis

mice and suppressed

[80]. Huang et al. investigated the role of FGF23 in activating
the INa-Late, resulting in calcium imbalance and increasing
that RAN-reduced
FGF23 enhanced beating rates, calcium fluctuations, and

PV arrhythmogenesis, and found
mitochondrial ROS in PV cardiomyocytes [81].

In human atrial myocytes, RAN alone or when combined
with low-dose dronedarone prolonged APD, increased
cellular hyperpolarization, and decreased SR Ca (2+)
leakage [82]. RAN has been observed to possess a similar
effect to mexiletine in terms of action potential period
shortening, with less paradoxical action potential duration
prolongation in LQT3 mutant cells [83]. In the rabbit heart
model, RAN perfusion substantially decreased the number of
breakthrough-type excitations (BEs) in the ischemic border
zone (BZ) and mitigated ischemia-caused shortening of action
potentials in the BZ without influencing conduction velocity,
most likely because of IKr repression [84]. RAN also decreased
VT load and implanted cardioverter-defibrillator (ICD)
shocks in 11/12
shocks [85]. RAN also proved to be effective, well-
tolerated, and safe in reducing ventricular arrhythmia

individuals receiving drug-refractory

episodes and ICD interventions in patients with recurrent
antiarrhythmic drug-refractory events [86]. After analyzing a
group of AF patients on RAN, Black-Maier et al. discovered
that the medication is linked to decreased AF DF but not
altered organization index or fibrillatory wave amplitude [87].

RAN, a late I (Na) blocker, appeared to possess
antiarrhythmic effects, according to continuous ECG
monitoring of patients admitted for acute coronary

syndrome within the first week [88].
RAN was tested in patients having coronary artery disorder
and paroxysmal AF who used to have a double chamber
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pacemaker able to detect AF. RAN 375 mg twice each day
compared with placebo shortened average AF duration and
mean AF length. There was no substantial variation in QTc.
The 500 mg and 750 mg arms combined showed a reduction in
AF recurrence with borderline statistical significance [89]. RAN
has also been demonstrated to result in a greater conversion rate
of AF to normal sinus rhythm when administered in
combination with amiodarone than amiodarone alone in
randomized clinical research including 121 patients [90].
Tsanaxidis et al. found that a single 1000 mg daily treatment
of RAN when given with amiodarone leads to a faster recovery to
sinus rhythm and a better sinus conversion rate than amiodarone
alone. The addition of RAN had no detrimental effect on left
ventricular activity [91]. The additive value of RAN to
amiodarone in AF has been confirmed by two meta-analyses.
The use of RAN accelerates the time for AF cardioversion. It also
helps avoid new-onset AF in people with disabilities rhythm of
sinus [92, 93].

The HARMONY study demonstrated that combining
moderate dosages of oral RAN with decreased doses of
dronedarone effectively ameliorated the AF burden in
AF
satisfactorily [94]. Many other small trials have found that

individuals with  paroxysmal and was tolerated
RAN decreases conversion time from atrial fibrillation to
sinus rhythm. It also increases heart function following
coronary artery bypass grafting (CABG) [95-98]. Another
clinical study explored the impact of RAN on AF in
postoperative atrial fibrillation (POAF). Patients having heart
valve and/or heart bypass surgery have been involved. The
addition of RAN to normal treatment markedly decreased the
frequency of POAF. There was no effect on the stay in the
intensive care facility or cardiovascular death, but the rate of
cardiovascular readmission decreased by 30 days [99].

In patients experiencing acute coronary syndrome without
ST-segment acceleration, RAN has been found to minimize the
rate of non-sustained ventricular tachycardias and atrial
fibrillation (AF) [100]. In another small study of eight patients
with long QT syndrome type 3 (LQTS3), RAN was demonstrated
to successfully decrease the QT period, hence reducing the
frequency of ventricular arrhythmias [101]. Figure 2 shows
the therapeutic efficacy of RAN in heart dysfunction. RAN
inhibits TNF-a, IL-1p, NF-kB, Caspase-3, Bax, ROS, and Ca*
levels and activates Notch, AMPK, and miR-135b Bcl-2, resulting
in improved outcomes for cardiac arrhythmia, cardiac fibrosis,
cardiac injury, and myocardial infarction.

Cempaka Putri et al. [102] conducted a systematic review and
meta-analysis on the efficacy of using RAN to improve diastolic
performance and exercise capacity in heart failure with preserved
ejection fraction. It was established that RAN was significantly
efficacious in improving diastolic performance in heart failure
patients with preserved ejection fraction, with no significant
effect heart
repolarization rate (shortening of the QT interval).

on blood pressure, rate, and ventricular
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Therapeutic efficacy of ranolazine in heart dysfunction.
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Neuroprotective effects

Piano and colleagues investigated the protective effect of
RAN on microglia cells stimulated by LPS and found that RAN
counteracts the neurotoxic effect of LPS-activated microglia on
661W neuronal cells [103]. RAN dramatically enhanced cell
survival and growth in cultured astrocytes at any tested dose
while decreasing LDH loss, Smac/Diablo activity, and Caspase-
3 action, demonstrating a decreased rate of cell death [104].

Akgul and co-workers examined the beneficial effect of RAN
in a brain I/R model of rats and concluded that RAN helped in
cerebral recovery by increasing Bcl-2 and NA levels and
decreasing AChE, TNF-a, and ACP levels [105]. Kahlig and
team studied the antiepileptic action of RAN in hippocampus
neurons and discovered that at therapeutic doses, RAN lowered
the action potential firing rate of hippocampal neurons in
response to recurrent depolarizing current injections by
stabilizing the inactivated states of Na* channels [106]. Peters
et al. investigated the possibility of RAN as an anticonvulsant and
found that RAN affected Nav1.2 channels, lowering macroscopic
currents and slowing the recovery of rapid and slow inactivation
of the Nav1.2 channel in hamster ovary cells stably expressing the
rat Navl1.2 channel [107].

In a rat model of DOX-induced neurotoxicity, RAN reduced
brain inflammation, improved BBB integrity, alleviated brain
mitochondrial dysfunction, inhibited apoptosis, and preserved
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microglial structure and hippocampal plasticity [108]. Samir
et al. revealed that RAN has a unique neuroprotective
function against scopolamine-caused dementia in rats via
antioxidative, anti-inflammatory, and anti-apoptotic actions as
well as regulation of GFAP, BDNF, and Tau protein levels [109].
In diabetic neuropathy rats, RAN and pioglitazone have
separately altered evoked-pain activity, lowered sciatic TNF-a
and 1L-1P levels, decreased levels of Navl.7 channels, and
enhanced expression of the spinal PPAR-y gene [110].
Chandrashekhar and colleagues conducted an open-label
dose-ascending trial of RAN in 14 people with amyotrophic
lateral sclerosis, examining muscular cramp symptoms. It was
discovered that RAN improved cramp occurrence and severity,
which supports its study into muscular cramps [111]. Figure 3
shows promising therapeutic applications of RAN in
neuronal injury.

RAN primarily activates anti-apoptotic and neuronal
survival pathways such as Bcl-2. It also suppresses Caspase-3,
TNF-a, IL-1f, IL-6, ROS, and other factors that promote

neuronal death.

Renal protective effects

RAN substantially reduces renal ischemia-reperfusion
damage in rats, which was accomplished by modulating the
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Promising therapeutic applications of ranolazine in neuronal injury.

inflammatory reactions via a noteworthy drop in renal tissue
level of HMG boxl, IL-183, downregulation of the Notch2/
Hesl [112].
According to Abbas and teammates, RAN dramatically
by
increasing Bcl2 protein levels, decreasing Bax and TNF-alpha

signaling pathway, and anti-oxidant action

reduces renal ischemia-reperfusion damage in rats
levels, and inhibiting the oxidative stress biomarker F2-
isoprostane and Notch2/Hesl signaling cascade [113]. Nayaka
and Vaish revealed that RAN therapy dramatically lowered blood
glucose levels, preserved renal functions, and maintained near-
normal renal structure due to its glycemic management and anti-
inflammatory and anti-oxidative effects against STZ-caused
[114].
investigated the protective effect of RAN in contrast-induced
acute renal injury (CI-ARI). Pre-treatment of RAN in CI-ARI

mice showed no effect on total blood pressure but significantly

diabetic nephropathy in rats Ma and associates

enhanced renal perfusion, decreased contrast-associated

microcirculation  disruption, accelerated renal capillary
thickness, and ameliorated renal vascular permeation [115].
Yusuf et al. investigated administering RAN as a preventative
for patients with low renal failure having PCI and discovered that

it might prevent the development of CIN [116].
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Pain and inflammation

RAN
interfering with inactivated Na (+) channels, and these

inhibited DRG neuron hyperexcitability by

activities could lead to its anti-allodynic action in animal
models of neuropathic pain [117]. Furthermore, at a dose
routinely employed in clinical settings, RAN was discovered to
be efficacious in preventing the fast firing of DRG neurons
with  WT Navl.7 channels, reducing neuropathic and
inflammatory pain [118].

RAN has been demonstrated to attenuate pain behavior in
animal models of acquired neurotic pain; however, the drug’s
effects on cold-induced pain were more potent than mechanical
allodynia, and the reduction in pain was only temporary, lasting
only 30-90 min based on oral or i.p delivery [119]. Casey et al.
assessed the analgesic efficacy of RAN in complete Freund’s
adjuvant-mediated inflammatory pain in rats. They found that
RAN exhibited a dose-dependent analgesic effect [120].
According to Gould et al. RAN at 30 mg/kg efficiently
ameliorated the painful mechanical allodynia related to
injury, the
administration of doxorubicin [121].

demyelination which  was induced by
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Naveena and colleagues investigated the anti-inflammatory
efficacy of RAN in acute and sub-acute inflammation models in
rats and found that RAN substantially lowered paw oedema
volume and histological sections revealed a reduction in
granulation tissue development [122]. Lenz and coworkers
claimed that Na* suppression by RAN resulted in lower
expression of adhesion molecules and pro-inflammatory
cytokines as well as reduced adherence of leukocytes to
activated endothelium in vitro and in vivo [123].

Antidiabetic activity

Jorda et al. found that RAN improved insulin consequences
in primary culture astrocytes by increasing anti-inflammatory
facilitators like PPAR-y, decreasing pro-inflammatory agents like
COX-2, and boosting the action of Mn-SOD and components of
the AKT-eNOS and ERK signaling cascade [124]. Bashir and
colleagues investigated the antidiabetic efficacy of RAN against
STZ-caused diabetes in rats. It was observed that RAN improved
plasma fasting glucose levels and also exhibited a positive effect
on the lipid profile [125].

Non-clinical investigations showed that RAN reduced fasting
and non-fasting glucose levels and preserved pancreatic p-cells in
STZ-induced diabetic mice [126]. In animal models of diabetes,
RAN lowered postprandial and basal glucagon concentrations,
resulting in a drop in hyperglycemia, demonstrating that RAN’s
glucose-lowering actions might be achieved via the blocking of
sodium channels in pancreatic alpha cells [127]. Guerra-Ojeda
explored the potential beneficial effects of RN on insulin activity
in the rabbit aorta. They discovered that RAN improved vascular
sensitivity to insulin, reducing tissue resistance to the hormone
by raising the activities of p-eNOS/eNOS and pAKT/AKT [128].
Cassano et al. assessed the effects of RAN on glucose metabolism
and cognitive performance in a T2DM model of Wistar rats and
concluded that RAN improved glucose metabolism, enhanced
learning and long-term memory, and modified the pro-
inflammatory characteristics of diabetic mice [129]. Another
study revealed the protective impact of RAN on hippocampal
neurodegeneration and astrocyte activation in an STZ T2DM rat
model and found that RAN reduced T2DM-induced neuronal
injury and loss [130].

A post-hoc examination of the MERLIN-TIMI 36 trials
indicated a 0.64 percent drop in HbAlc in diabetic patients
who took RAN relative to those who did not. Fasting plasma
glucose was also notably decreased by an average of 25.7 mg/dL
[131]. Pettus et al. recently verified the MERLIN-TIMI 36 trial
results. They investigated the use of high-dose RAN for glycemic
control in addition to glimepiride background treatment (4 mg/
day) in type 2 diabetes patients with an average baseline HbAlc
level of 8.1% [132].

The CARISA research showed that RAN is effective at
reducing HbAlc levels in patients with unstable angina. In
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this assay, HbAlc was not a given result, and further
of based
antihyperglycemic use was not possible

insulin or oral
[133]. A later
randomized analysis of 465 T2D patients with an average
HbA1lc~8 controlled by lifestyle alone at the start indicated
that RAN resulted in higher declines in HbAlc than placebo
056, p < 0.0001) [134]. In

addition to its anti-ischemic and antianginal properties, RAN

stratification results on

at 24 weeks (mean difference =

demonstrated the capacity to reduce HbAlc in individuals with
coronary artery disease and T2DM in two clinical investigations
[135]. In a group of patients with T2D and CCS, RAN, in
addition to
medication, also showed effectiveness in restoring endothelial

usual anti-ischemic and glucose-lowering
function and glycemic status, as measured by Hb1Ac and short-

term GV indices [136].

Muscle disorder

When 10 pM RAN was applied for treating C2C12 myoblasts
throughout cell growth, transformation, and the development of
new myotubes, it increased the levels of myogenic regulator
factors (Myf5 and MyoD), suppressed cell progression factor,
decreased ROS, and preserved mitochondrial homeostasis [137].
Tomczyk and colleagues evaluated the positive effects of RAN on
skeletal muscle function and metabolism in dyslipidemic rats.
They learned that RAN-mediated suppression of FFA oxidation
in ApoE/LDLR —/-
performance and total adenine nucleotide pool [138].

mice resulted in reduced exercise

Torcinaro et al. explored the efficacy of RAN in preventing
skeletal muscle dysfunctions associated with aging and
discovered that RAN administration dramatically enhanced
the muscular strength of elderly mice via up-regulating
antioxidant and mitochondrial genes, and by increasing
NADH-dehydrogenase [139].  Novak
collaborators revealed that RAN improved muscle functioning

function and
compared to mexiletine without major side effects in a mouse
model of myotonia congenita [140]. An open treatment study
with RAN at a dose of 2 x 500 mg in 13 patients with chloride
channel myotonia showed a significantly reduced EMG
myotonia, and according to patient reports, significantly
reduced muscle stiffness, and, to a lesser extent, a reduction in
muscle weakness and reduced myotonia in clinical tests [141].

Lorusso et al. recently investigated the efficacy of RAN in an
open-label trial of 10 patients having paramyotonia congenita
and concluded that RAN dramatically reduced both subjective
symptoms and clinical myotonia [142]. A phase 2 study is
underway to assess the efficacy of RAN in MC, paramyotonia
congenita, and Type 1 myotonic dystrophy. Patients with the
above conditions were randomized to receive RAN 500 mg
twice daily for 2 weeks followed by 1000 mg two times daily for
2 more weeks, compared to placebo. Primary outcomes are
quality of life measurements for health and neuromuscular
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disease, and EMG to assess for changes in muscle potentials and
performance. It is a phase 2 trial to mainly assess the safety
profile of the drug in these neuromuscular conditions
(NCT02251457).

Pulmonary hypertension

Lee and colleagues investigated the preventive function of
RAN against monocrotaline-caused PAH in rat models and
found that RAN attenuated ventricular hypertrophy, B-type
peptide  values, fibrosis activation, and
cardiovascular [143].  Rocchetti et al.
established that RAN inhibited constitutive elevation of the

late sodium current, thereby delaying the development of

natriuretic

mortality have

myocardial remodeling in an experimental rat model of PAH
induced by monocrotaline [144]. Teixeira-Fonseca et al. proved
that RAN attenuated right ventricular hypertrophy while
improving P wavelength and QT period in a monocrotaline-
caused PH rat model [145]. In an in vivo study, acute treatment of
RAN dramatically decreased isoproterenol-caused ventricular
tachycardia/ventricular fibrillation and related cardiovascular
mortality in rats with pre-existing pulmonary arterial
(PAH) [146].

Furthermore, a pilot experiment at a single center revealed

hypertension and  heart remodeling
that 8 of the 11 recruited patients completed all the research
exams. The WHO FC, RV function, and exercise tolerance
findings revealed improvement without any changes to the
invasive hemodynamic measures, and the RV size in PAH
patients was decreased after 3 months of RAN medication [147].

A recent double-blind, randomized, placebo-controlled RAN
trial (n = 9 RAN, n = 6 placebo) revealed that RAN therapy

enhanced RV ejection fraction but not 6-min wall distance

(6MWD), N-terminal pro-brain natriuretic peptide, or
quality-of-life expectancy measures in patients having
precapillary pulmonary hypertension [148]. Finch and

colleagues observed that the approved antianginal drug RAN
improved cardiopulmonary hemodynamics, functional status,
and exercise tolerance in both short-term and long-term
(average time on drug approximately 2 years) plans in a
cohort of patients with PH-HFpEF [149]. A Phase Ib
investigation including 12 PAH patients showed no statistical
significance in terms of adverse events between the control and
RAN groups after a 12-week follow-up period. This outcome
demonstrated the safety of the RAN therapy but did not
accomplish the therapeutic aim, partly because the study
medication did not reach a therapeutic serum level [150].

Peripheral arterial disease

An animal model demonstrated that injecting RAN into the
femoral artery causes a long-lasting dilatation of the artery,
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equivalent to that produced by nitroglycerin. This outcome
might be attributed to al-adrenergic receptor inhibition, which
does not affect heart rate and systemic blood pressure [151]. In a
pilot research study including 45 patients with irregular claudication,
RAN 1000 mg BID elicited an improvement in peak walking time in
comparison with placebo. Though RAN did not ameliorate the
ankle-brachial index at rest, patients with extremely irregular
claudication had approximately 40 percent improvement in
walking time relative to placebo compared to cilostazol [152].

Hepatoprotective effects

Saed and his colleagues assessed the efficacy of RAN in
attenuating obesity-induced NAFLD and hyperglycemia and
concluded that RAN therapy enhanced glucose tolerance and
lowered hepatic triacylglycerol levels in obese mice through
increasing the activity of mRNA, which plays a role in
modulating lipogenesis [153]. Al Batran stated that in a mouse
model of nonalcoholic fatty liver disease, RAN significantly
improved glucose oxidation via increasing PDH function [154].
Pzolat and colleagues investigated the preventive effects of RAN
against MTX-induced liver injury in rats and found that RAN could
attenuate MTX toxicity by reducing MDA and MPO values,
enhancing SOD, CAT, and GSH levels, and improving
mononuclear inflammation, vascular congestion, and fibrosis [155].

Testicular injury

Bilge et al. evaluated the protective effect of RAN in a testis
torsion rat model induced by I/R and demonstrated that RAN
protected against testicular damage by reducing MDA levels and
improving histopathological scores [156].

Other activities

A recent study revealed that prolonged RAN treatment
enhanced energy metabolism by enhancing muscle ATP content
and slowing muscular strength reduction in a mouse model of
amyotrophic lateral sclerosis (ALS) [157]. Marchio et al. studied the
impact of RAN on vascular function and adrenergic response in
human saphenous veins. They observed that RAN reduced
adrenergic vasoconstriction by acting as an «; antagonist and
enhancing the huge conductance Ca**activated K* channel [158].

Molecular mechanisms of non-
cardiac effects of Ranolazine

The non-cardiac effects of RAN have been associated with
various molecular mechanisms. These include ion channel (late
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sodium and calcium) modulation, adrenergic receptor
antagonism, and metabolic effects, which collectively result in
improved cellular ion homeostasis, reduced oxidative stress, and
mild vasodilation in non-cardiac tissues [159]. RAN selectively
inhibits the late phase of the inward sodium current and elicits a
mild blocking effect on L-type calcium channels. The impacts of
these effects include a reduction in intracellular sodium,
the

ion

consequent  decrease in calcium overload via

sodium-calcium exchanger (stabilization of cellular
homeostasis and reduction of cellular stress in tissues), and
weak vasodilatory properties with consequences on vascular
smooth muscle tone and peripheral circulation [159, 160].
and beta-1

adrenergic receptors present in vascular, nervous, and other

RAN elicits antagonistic action at alpha-1

tissues. This antagonistic action contributes to the modulation
of vascular tone and sympathetic nervous system effects, devoid
of significant changes in heart rate or blood pressure [160].
RAN invokes inhibition of delayed rectifier potassium
current, which, beyond cardiac tissue, could influence
electrophysiological properties in other excitable tissues [160].
RAN partially inhibits

concentrations, leading to alteration of metabolic processes in

fatty acid oxidation at higher

non-cardiac tissues; this may lead to improvement of cellular
energy efficiency under stress conditions [161].

Conclusion

RAN is a well-known selective INa,L inhibitor and the most
commonly utilized antianginal agent. This amazing substance is
mostly used to treat chronic angina (chest pain). RAN is an add-on
medicine for the relief of symptoms of individuals suffering from
stable angina pectoris and those who are poorly controlled or
intolerant to first-line antianginal therapy. However, an exciting
surge of interest is rising around the possibility of RAN being
repurposed for a varied array of health conditions. This review
article investigates RAN’s varied pharmacological actions, shedding
light on its prospective possibilities outside the field of antianginal
drugs. The review demonstrates its promise in treating an
astounding variety of illnesses, from anticancer activity and
neuroprotection to renal and liver protection, renal antidiabetic
advantages, and anti-inflammatory capabilities.

The repurposing of RAN offers clinical promise in various
health conditions,

including  pulmonary hypertension,
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Abstract

Microvesicles (MV) isolated from septic individuals were observed to impact
systemic hemodynamics and cardiac function. The aim of this in vitro study was
to analyze the effects of TNFa-induced endothelial MV (TMV) and MV from septic
patients (SMV) on beating frequency and Ca** transient kinetics of human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CM). MV were isolated from
supernatants of TNFa-stimulated primary human pulmonary microvascular
endothelial cells (HPMEC) and plasma from 20 sepsis patients by
ultracentrifugation and quantified using flow cytometry. Spontaneous Ca®*
transients were measured in hiPSC-CM using the Ca2-sensitive ratiometric
indicator fura-2 at different time points of incubation with different MV
concentrations. At 16 h of incubation, higher MV concentrations showed
significant differences, especially regarding decay and beating frequency.
Despite high variability, at 10 x 10° MV/mL and 16 h of incubation, TMV
significantly decreased frequency compared to control MV (CMV). SMV from
septic patients did not reveal any significant effects on Ca** transients under
these experimental settings. MV isolated from control or TNFa-treated HPMEC
affected Ca®** handling and spontaneous activity of hiPSC-CM, however, the
measured effects were not consistent throughout the different conditions.
Further refinement of the experiment conditions is needed to specify the exact
conditions for crosstalk between endothelium-derived MV and cardiomyocytes.
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Microvesicle-Signaling in Sepsis-Induced Cardiomyopathy (SIC):

Infectious , Trigger

cell

GRAPHICAL ABSTRACT

Impact statement

Given the established role of extracellular microvesicles in
cellular communication and their potential impact on various
physiological and pathological processes, we believe our findings
are highly relevant to the scope of your journal. Our findings
suggest that while microvesicles can modulate cardiac function,
the precise conditions under which this crosstalk occurs require
further refinement. This study offers valuable insights into the
complex interactions between endothelium-derived
microvesicles and cardiomyocytes, highlighting the need for
more detailed investigation into the conditions that facilitate
this interaction. This manuscript contributes to the growing body
of knowledge in this field and spur further research into the
therapeutic and diagnostic potential of microvesicles in sepsis

and other cardiovascular conditions.

Introduction

Sepsis is a life-threatening clinical syndrome that arises from
a severe disturbance in the body’s reaction to infection. Parker
et al. were the first to describe the association of newly developed
myocardial dysfunction and its impact on mortality in patients
with sepsis [1]. Since then, cardiac dysfunction has been

recognized as a significant comorbidity in sepsis, termed
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septic cardiomyopathy. The prevalence and impact of septic
cardiomyopathy can vary, but it is estimated that a significant
proportion of patients with severe sepsis or septic shock develop
cardiac dysfunction [2]. Septic cardiomyopathy is a complex
condition, and there are still multiple aspects that are not fully
understood [3]. Extracellular vesicles (EV) may participate in the
pathogenesis of sepsis and septic cardiomyopathy in multiple
ways. EV have been detected in the circulation of sepsis patients
[4, 5]. EV are membrane vesicles released during cell activation,
currently being considered as diagnostic biomarkers, mediators,
or even therapeutic agents of sepsis [6, 7]. They are known to be
active in cell-to-cell communication and can be differentiated by
size and surface markers [8]. There are three types of EV, namely
the submicron-size microvesicles (MV), the nanometer-size
exosomes, and apoptotic bodies, which measure up to several
micrometers in diameter [9].

Azevedo et al. reported that platelet-derived exosomes from
septic shock patients induce myocardial dysfunction in isolated
heart and papillary muscle preparations [10]. This negative
inotropic effect was fully reversible upon withdrawal of
exosomes. Mortaza et al. found that rats with sepsis induced
by peritonitis exhibited a specific phenotype of MV derived from
leukocytes. Inoculation of these MV in healthy rats reproduced
hemodynamic, septic inflammatory patterns associated with
oxidative and nitrosative stress [11]. Furthermore, Zhang et al.
observed that H9c2 cells, derived from embryonic rat
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cardiomyocytes, exhibited reduced cell viability and increased
cell apoptosis and reactive oxygen species production when
treated with EV derived from hypoxia/reoxygenation-treated
human umbilical vein endothelial cells [12].

Sepsis-induced endothelial dysfunction and capillary leakage
lead to impaired myocardial perfusion and tissue hypoxia, which
further compromise cardiac function. Moreover, sepsis triggers
an overwhelming release of pro-inflammatory cytokines. Tumor
necrosis factor-a (TNFa) is one important pro-inflammatory
cytokine upregulated in many inflammatory diseases and is a
potent inducer of endothelial cell (EC)-derived MV formation
[13]. These MV and ECs were shown to be involved in the
pathophysiological mechanisms of sepsis and septic shock [14].
Moreover, exosomes from patients with septic shock convey
miRNAs and mRNAs
including inflammatory response, oxidative stress, and cell

related to pathogenic pathways,

cycle regulation [15]. It was also shown that miRNAs derived
from neutrophil-derived EV play an important role in sepsis-
associated cardiomyopathy. These miRNAs were shown to
induce hypoxia inducible factor-1 (HIF-1) signaling to elicit
development of septic cardiomyopathy in septic patients [16].

Based on the above mentioned clinical and experimental
studies, we tested the hypothesis that MV isolated from septic
patients affect cardiomyocyte contractility. To test this, we
employed human-induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CM) as our model system. Initially,
we examined MV generated in vitro under stress conditions
(induced by TNFa) by microvascular endothelial cells. These MV
were applied directly to cardiomyocytes within a well-controlled
We MV

concentrations and defined incubation times to assess their

experimental  framework. analyzed  various
impact on cardiac Ca®" handling. Since electromechanical
coupling in cardiomyocytes is governed by intracellular Ca,
and Ca’" transients are tightly regulated, even minor effects on
contractility can be detected through changes in Ca** transient
kinetics. Therefore, any alterations in Ca®* homeostasis directly
influences cardiomyocyte contractility. The goal of this in vitro
study was to systematically investigate the effects of TNFa-
induced endothelial MV and MV from septic patients on Ca**

handling of hiPSC-CM.

Materials and methods
Cell culture

Endothelial cells

Primary human pulmonary microvascular endothelial cells
(HPMEC) were commercially obtained from Promocell (C-
12281, Heidelberg, Germany). Cells were cultivated under
standard cell-culture conditions (37°C, 5% CO,) in endothelial
cell growth medium (MV2, C-22022) complemented with
supplement-mix (C-39226). The medium was exchanged every
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two to 3 days. When cells reached 60%-70% confluency, they
were split according to the manufacturer’s instruction using the
detach kit (C-41210, Promocell). Accordingly, cells were washed
with HEPES (C-40010) and then detached using 0.04% Trypsin/
0.03% EDTA (C-41010). After 3 min of centrifugation at 250 g
and 37°C, the cell-pellet was resuspended. Cells were counted and
500,000 cells were added to a T75 flask prefilled with warm
medium. Cells were expanded up to passage 7. At 90%
confluency, cells were incubated with 100 ng/mL recombinant
human TNFa (300-01A, PeproTech, Hamburg, Germany) for
24 h with a respective control of medium-only cells. Thereafter,
supernatants were collected and snap-frozen for later MV
isolation of TNFa-stimulated (TMV) and control MV (CMV).

Stem cell culture

Human-induced pluripotent stem cells (hiPSC) were
provided by Dr. Cyganek, Stem Cell Unit Géttingen,
University Medical Center Gottingen. Using the integration-
free Sendai virus as described before by Rossler et al., the wild
type hiPSC-line UMGIi014-C clone 14 was generated from
fibroblasts [17]. Cells seeded in StemFit
Basic04 Complete Medium (Basic04CT, Nippon Genetics,
Diiren, Germany) containing the ROCK-inhibitor thiazovivin
(1:1000, 72254, StemCell Technologies, Cologne, Germany) for

24 h. For maintenance of the culture, medium was changed every

dermal were

other day. At 70% confluency, cells were passaged. Standard cell
culture plates were coated with 1:300 Matrigel (Corning, Berlin,
Germany) in DMEM/F-12 (Gibco, Darmstadt, Germany) for at
least 30 min (37°C, 5% CO,). Cells were detached using 0.5 M
EDTA (15575020, Thermo Fisher Darmstadt,
Germany) for 7-10 min. After centrifugation at 25 g for

scientific,

5 min, the cell pellet was resuspended in StemFit/thiazovivin
medium and replated both in a 12-well plate for differentiation
(1:20 to 1:40) and in a 6-well plate for maintenance (1:10 to 1:20).

Cardiac differentiation

The differentiation protocol is based on a Wnt/p-catenin
signaling pathway modulation [18]. The procedure is described
in Figure 1. At 95% confluency, the differentiation process was
induced (day 0). hiPSC were treated with 5 uM CHIR99021
(72054, Stemcell Technologies) in RPMI 1640 (61870010, Life
Technologies, Thermo Fisher Scientific) containing 11 mM
glucose and B27 supplement without insulin (1:50, A18956,
Gibco, Thermo Fisher Scientific). After 24 h, cells were
maintained in diluted CHIR (2.5 uM) to improve the
differentiation efficiency [18]. On day 3, medium was
changed, and the Wnt pathway inhibitor TWP-4 (5 uM,
72552, StemCell Technology, Cologne, Germany) was added
for 48 h, with a medium change on day 5. On day 7, the
medium was switched to RPMI-B27+insulin (1:50, 17504,
Gibco, Thermo Fisher Scientific) and changed every other day.
Once contractions were detected, metabolic selection of
cardiomyocytes was initiated by replacement of glucose with
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FIGURE 1

hiPSC differentiation to cardiomyocytes (hiPSC-CM). hiPSC were seeded three days before (D-3) start of differentiation (DO) and grown to
colonies of about 70% confluency. Starting with DO, the Wnt signaling pathway was subsequently first activated (CHIR) and then inhibited (IWP4) to
induce mesoderm and cardiogenic determination. From D9 onward, cells were beating and further metabolically selected using lactate. After
selection, cells were kept in maintenance medium (RPMI+B27+) until further use.

sodium lactate (5 mM, L4263, Sigma-Aldrich, Merck) in RPMI
1640 + B27+insulin without glucose (11879020, Gibco). After
hiPSC-CM  were

5 days of selection, maintained in

RPMI+B27+insulin.

Cardiomyocyte cell culture

Day 16 post differentiation, hiPSC-CM were seeded on glass
bottom dishes (GBD, P35G-1.5-14-C, MatTEK, Life Sciences,
Bratislava, Slovakia) for experimental purposes. Cells used for all
experiments were differentiated from hiPSC passages 40-54.
GBD were coated with Matrigel as described above. Splitting
medium contained RPMI+B27+insulin without glucose (Life
Technologies), 10% serum (Gibco), 0.1%
thiazovivin (72254, StemCell Technology), and 1% penicillin/
streptomycin (P4458, Sigma-Aldrich). Cells were rinsed twice
with PBS (D8537, Sigma-Aldrich) and incubated with TrypLE
Express (1-5x, 12605, Gibco). After 10 min of incubation (37°C,
5% CO,), cells were gently detached. Cells were centrifuged at

foetal bovine

6.2 g for 10 min, resuspended in splitting medium, counted, and
seeded at 30,000 cells per dish on a GBD. Within 24 h, the
medium was changed using RPMI+B27+insulin and changed
every second day thereafter.

Sepsis and control plasma acquisition

Ethical approval for this study (reference number S-664/2020)
was provided by the Ethical Committee of the Medical Faculty of
Heidelberg University. The study was registered at the German
Clinical Trial Register (DRKS00023301). Adult participants with
abdominal, respiratory, or urinary tract sepsis were recruited within
the first 24 h of sepsis onset. Inclusion criteria for patients with sepsis
were applied according to Sepsis-3 criteria [19]: life-threatening
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organ dysfunction caused by a suspected or proven infection, an
acute increase in total SOFA score of >2 points, onset <24 h, and
age >18 years.

Whole blood was drawn on day 1 and centrifuged for 10 min
at 2,000 g at room temperature. The plasma was further
centrifuged for 15 min at 800 g and the supernatant was
collected for isolation of septic MV (SMV). As a control for
SMYV, plasma was obtained from a plasmapheresis procedure,
during which 12 freshly frozen plasmas from healthy donors
were used for plasma exchange of a patient with ABO
incompatibility before organ transplantation to gain CMV
CMV: (P)CMV). Both
plasmapheresis plasma were stored at —80°C.

(Plasmapheresis sepsis  and

MV preparation and incubation

Human primary microvascular endothelial cells (HPMEC)
were cultured up to a maximum 7 passages to preserve the
endothelial phenotype in vitro. Cells were incubated with TNFa
(100 ng/mL). Unstimulated HPMEC served as control. After 24 h
of incubation, medium was collected and MV were isolated and
characterized as described below.

MV isolation

The following steps were conducted at 4°C. Defrosted plasma
and cell culture supernatants were centrifuged for 15 min at
500 g. The supernatant was collected and centrifuged for 20 min
at 4000 g. The supernatant of these samples was ultracentrifuged
for 90 min at 100,000 g. Afterwards, the pellet was resuspended in
PBS and centrifuged at 100,000 g for another 90 min. Finally, the
MYV pellet was collected and resuspended in PBS. All samples
were quantified and stored at —70°C to preserve MV count.
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FIGURE 2

Representative gating strategy for quantification of MV. (A—E) Flow cytometer settings and gating strategy for MV quantification with Megamix-
Plus SSC and MV-Counting Beads (0.3 um sized PE fluorescent beads). Shown are density/dot blots from representative measurements. SSC-H vs.
FITC-H (A) and SSC-H vs. FSC-H (B) density blot showing the location of the Megamix-Plus SSC beads. Beads were used to set up the SSCH, FITC-H,
and FSC-H PMT voltage (A,B), the MV gates (B), and the SSC threshold for MV analysis. (C) Beads with a known concentration were spiked into all
MV samples. Shown is a representative analysis of an MV isolate as SSC-H vs. FSC-H dot blots illustrating the Annexin V-stained MV within the prior
defined (see (B)) MV gates. (D-G) Four examples of the gating strategy to characterize the MV population. (H) Negative control after addition of 20%

Triton X-100.

MV characterisation and quantification

Flow cytometry was performed using the BD FACSLyric flow
cytometer (BD Bioscience, Franklin Lakes, NJ, USA) with the
accompanying BD FACSuite software.
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All materials were filtered through a 0.22 pm sterile filter.
Megamix-Plus SSC beads (7803, Biocytex, Marseille, France)
were used to adjust the flow cytometer settings for
standardized MV analysis according to the manufacturer’s
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Characterization of MV. MV were isolated from the plasma of healthy volunteers (CMV), the supernatant of endothelial cell cultures stimulated

with TNFa (100 ng/mL, 24 h; TMV), the plasma of septic patients (SMV), and a plasmapheresis procedure. (A) Protein concentration was determined
using the Pierce™ 660 nm Protein Assay Kit. Data are shown as scatter dots and box plots indicating IQR range, mean, median, and whiskers
extended to 1.5 IQR (n = 4 measurements). (B) MV preparations were analyzed by Western blot for Angiopoietin-2 (Ang-2), Intercellular
Adhesion Molecule 1 (ICAM-1), and Vascular Cell Adhesion Molecule 1 (VCAM-1) protein content. Western blot images showing representative blots

from two experiments.

instructions (Figure 2). MV were stained with Annexin-V APC
(550474, BD Bioscience). MV were defined as Annexin-V
MV-Counting Beads with a
into each MV
quantification. The negative control was performed by adding
Triton X-100.

positive  events. known

concentration were spiked sample for

Pierce protein assay for protein concentration
The protein concentration of MV lysates was determined
using the Pierce 660 nm Protein Assay Kit (#22662, Thermo
Fisher Waltham, USA) the
manufacturer’s protocol, as described (Figure 3A) [20].

Scientific, according to
Standards, samples, and blanks were loaded into 96-well
culture plates and combined with the provided protein
reagent enhanced with the Ionic Detergent Compatible
(IDCR, #22663, Fisher Scientific).

Following a five-minute incubation at room temperature,

Reagent Thermo
absorbance was measured at 660 nm using an iMark
microplate reader (Bio-Rad Laboratories, Hercules, USA).
Protein concentrations were calculated by interpolation
from the standard curve. Subsequently, 40 ug of total
protein from each sample was loaded for SDS-PAGE and
Western blot analysis.

SDS-PAGE Western blotting

MVs lysed wusing RIPA buffer
supplemented with freshly prepared Pierce Protease and
Phosphatase Inhibitor tablets (#A32959, Thermo Fisher
Scientific) as described [20]. The lysates were vortexed and

preparations were

incubated on ice for 1 min to ensure complete EV disruption,
followed by centrifugation at 12,000 x g for 30 min at 4°C.
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Supernatants were collected and combined with 5x Laemmli
buffer, then heated at 95°C for 5 min to denature proteins and
reduce disulfide bonds. Proteins were separated on a 10%
SDS-PAGE gel and subsequently transferred onto a 0.45-pm
PVDF membrane. To minimize nonspecific antibody binding,
membranes were blocked with 1% bovine serum albumin
(BSA) in TBS-T (Tris-buffered saline with 0.1% Tween-20)
for 45 min at room temperature. Membranes were then
incubated overnight at 4°C with primary antibodies.
Primary antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, USA): Angiopoietin 2 (Ang-2;
#sc-74403), ICAM-1 (#sc-107), and VCAM-1 (E10; #sc-
13160). Anti-mouse secondary HRP-conjugated antibody
(m-IgGl BP-HRP; #sc-525408) was purchased from Santa
Cruz Biotechnology, Inc. After washing with TBS-T to
remove unbound antibodies, membranes were incubated
with HRP-conjugated secondary antibodies for 1 h at room
temperature. Following a final series of washes with TBS-T,
bands detected
chemiluminescence (ECL) reagents and imaged with the
Chemi-Doc XRS+ system (Bio-Rad Laboratories, Figure 3B).

protein were using  enhanced

Cardiomyocyte treatment with MV

Human iPSC-CM were incubated with MV or PBS buffer
(control) and experiments were then conducted. To assess
different time points and concentrations, TMV (TNF-a-
and CMV (from unstimulated endothelial
cells) were used. Initially 10° endothelial MV/mL were
added for 1, 3, 6, 16, and 24 h independently to
investigate the time course of MV effects. Then, 3, 6, and
10 x 10° endothelial MV/mL were added for 6 and 16 h to

stimulated)
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fura-2. (B) Enlargement of one Ca?* transient and indication of the time constants 1z and tp derived from sigmoidal and exponential decay fitting

procedures, respectively.

analyze the effect of different MV concentrations. Finally,
SMV (sepsis patients’ MV) and (P)CMV were used and 10’
plasma MV/mL from different patients were added

separately for 16 h.

Functional analysis

Calcium transient acquisition

Spontaneous Ca®* transients were measured using the
ratiometric Ca**-sensitive fluorescent indicator fura-2. Human
iPSC-CM were loaded with 0.75 uM fura-2-AM (F1221, Thermo
Fisher Scientific) diluted in Tyrode’s solution (pH 7.4, solution
composition (in mM): NaCl 140, KCl 5.4, CaCl, 1.8, MgCl, 1.1,
HEPES 10, and glucose 10) for 20 min at room temperature in the
dark. After 10 min of de-esterification, spontaneous Ca** release
activity was recorded using the IonOptix system (IonOptix,
Dublin, Ireland). Cells were exposed to light emitted by a
Xenon lamp passing through rapidly switching filters of
340 nm and 380 nm excitation wavelengths. The ratio of
Ca**-bound (numerator) and unbound (denominator) fura-2
was determined and fluorescence emission was collected at
510 nm. Data were collected using the IonWizard software
and are presented as fura-2 ratio (Fs40/Fsg0)-

Calcium transient analysis

For functional evaluation of spontaneous activity only
regular beating hiPSC-CM were used. Three representative
Ca* transients were analyzed at a steady state. To evaluate
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changes in Ca** release and reuptake activity in the different
experimental groups, parameters were analyzed by assessing the
time constants of Ca®" rise (tg) and Ca®* decay (tp) and the
beating frequency using OriginPro” (Origin Lab Corporations,
Northampton, MA, United States). T was fitted with a sigmoidal
function, whereas tp was fitted with an exponential decay
function (Figure 4). Exclusion criteria for data analysis were
set as Ca** peak below 0.4 F349/F350, Ca®* baseline above 0.6 Fz,0/
Fig9, Time-To-Peak (TTP) above 2000 ms, tp above 4000 ms,
and abnormal transient shapes.

Data and statistical analysis

Experiments were repeated in three rounds with three
different stem cell passages for the HPMEC experiments. “n”
denotes the number of individually analyzed cells (one data
point), whereas “N” designates the analysis number of GBD,
equivalent to three different hiPSC-CM passages for
endothelial MV experiments and 16 different patients for
the plasma MV experiment. Graphic design and statistical
analysis were performed using OriginPro’ (OriginLab
and MV-count

Normality was determined by a Shapiro-Wilk test and

software) calculations using  Excel.
homoscedasticity by the Levens test. To evaluate the effect
that MV may have on the Ca** transient parameters of hiPSC-
CM based on the proposed hypothesis, the non-parametric
Kruskal-Wallis test was conducted to test for differences
™™V SMV-, CMV-, and PBS-treated

between or
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cardiomyocytes, followed by the Dunns post-hoc-test with a
Bonferroni alpha error adjustment to compare two conditions
to each other. Most of the data are illustrated as box plots
representing each data point (dots), mean (black square),
median (centre line), 25th —75th quantiles (box edges), and
standard deviation (SD, whiskers). Data in the results are
presented as mean + SD. Statistical significance is indicated by
* for p < 0.05.

Results

Stimulation of HPMECs with TNFa
concentration of MV in the supernatant by a factor of 5.8

increased the

(difference between means [stimulated vs. unstimulated] +
SEM: 79,097 + 5 455; p < 0.0001; n = 5). The difference
between TMV and CMV was 6.4-fold (difference between
means [TMV-CMV] + SEM: 251,676 + 16,404; p < 0.0001;
n = 4). Plasma from septic patients contained fewer MVs per pL
than the supernatant from TNFa-stimulated HPMECs
(difference between means [SMV-TMV] + SEM: —-169 034 +
26,046; p < 0.001; n = 4). Protein content, on the other hand, was
highest in CMV (Figure 3A). All MV preparations analyzed in
this study consistently contained angiopoietin-2 (Ang-2) as part
of their protein cargo, as confirmed by Western blot (Figure 3B;
Supplementary Figure S3). MV from TNFa-stimulated HPMEC
(TMV) also contained Intercellular Adhesion Molecule 1
(ICAM-1), whereas MV isolated from unstimulated HPMEC
(CMYV), septic patients, or healthy volunteers did not. Vascular
Cell Adhesion Molecule 1 (VCAM-1) was found in all MV
preparations except in MV from septic patients.

After differentiation and metabolic selection of hiPSC-CM,
cells were incubated either with MV isolated from unstimulated
HPMEC (CMV) or from TNFa-stimulated HPMEC (TMV).
PBS-treated cells served as MV-negative control. In time-
course experiments, different incubation times of MV on
hiPSC-CM were evaluated, while in concentration-dependent
experiments, different concentrations of MV were tested at two
different time points. For the functional experiments, hiPSC-CM
were loaded with fura-2 and Ca** transients were recorded over
time. Since the rise and decay of the Ca®" transients are sensitively
regulated processes during the mechanism of excitation-
these
together with the spontaneous frequency of these transients,

contraction coupling, parameters were evaluated,
representative of the beating frequency. Details of the strategy
to analyze Ca®' transients are summarized in Figure 4 and
indicate the time constants of 1z and tp derived from curve
fitting as well as the frequency (F).

In the first set of functional experiments, hiPSC-CM were
incubated with 1 x 10° MV derived from either TNFa-stimulated
or control HPMEC; PBS treatment served as MV-free control.
The protocol of the time course experiment is outlined in

Figure 5A. Ca®* transients were evaluated at five different time
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points. Figure 5B shows the summary of the statistical evaluation
of Tg, Tp, and F derived from the Ca** transients. Data were
normalized to PBS control (raw data are summarized in
Supplementary Figure SI). After 3 h of incubation, TMV-
treated hiPSC-CM showed a faster rise in the Ca*' transients
compared to CMV-treated cells with reduced data variability.
After 6 h of incubation, TMV-treated cells had even shorter T
than PBS controls (indicated by the orange background). While
under these conditions, no difference was detected in the decay
kinetics of the Ca*" transients, and the frequency was
significantly lower after 16 h of TMV-treatment compared to
CMV and PBS (two-sample t-test: P = 0.0224).

To investigate the influence of different MV concentrations,
hiPSC-CM were incubated with three distinct amounts of CMV
or TMV, and the effect on Ca®" transient kinetics were assessed at
two different time points, namely after 6 and 16 h of incubation.
Figure 6A summarizes the experimental strategy for the test of
3 x 10% 6 x 10°% or 10 x 10° MV on Ca?" transient function. The
data for the statistical evaluation of TR, Tp, and F derived from
Ca’" transients are given in Figure 6B (raw data are summarized
in Supplementary Figure S2). Compared to PBS control, CMV-
and TMV-treated hiPSC-CM had faster rises of Ca®" transients at
3 x 10° MV at 6 (CMV and TMV) and 16 h (TMV only) of
incubation. However, this effect was not present at higher MV
concentrations. Longer incubation times had a significant effect
on the decay of Ca** transients. Compared to PBS control after
16 h, CMV- and TMV-treated cells had a smaller tp, indicating
faster return of [Ca*']; to baseline levels. Moreover, the frequency
of spontaneous Ca®" transients was also modified relative to PBS
control, with a shift toward higher frequencies. At 10 x 10° MV
and 16 h, TMV induced a significantly faster beating rate
compared to CMV treatment.

In the last set of experiments, the effect of MV isolated from
sepsis patients was studied. Septic patients were 66.4 + 9.6 years
of age and had a median SOFA score of 11 (6.8; 12). The data are
Table 1. the
experimental flow. In this case, MV were isolated from

summarized in Figure 7A  demonstrates
plasmapheresis samples as negative control ((P)CMV) and
from septic patients (SMV). hiPSC-CM were incubated with
10 x 10° MV for 16 h. Data were again normalized to PBS
controls. The statistical evaluation of Ty, Tp, and F measured
from Ca’" transients did not reveal any significant differences
after treatment of the cells with (P)CMV or SMV relative to
control (Figure 7B).

Discussion

Our study aimed to investigate the potential impact of MV on
the contractility of hiPSC-CM in a novel experimental model for
septic cardiomyopathy. MV can contribute to apoptosis and
inflammation of endothelial cells, which can cause the

endothelial barrier to become leaky [20]. Moreover, as a result
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FIGURE 5

Time course of the effect of control (CMV) and TNFa-induced MV (TMV) from HPMEC on hiPSC-CM. (A) Protocol of the time course
experiments indicating data collection after 1, 3, 6, 16, or 24 h of incubation. (B) Statistical summary of tg, T, and F from hiPSC-CM Ca?* transients
from CMV and TMV treatment. Data are normalized to PBS control. Significances between CMV and TMV are indicated as * for P < 0.05; significances
to PBS control are indicated as orange box. Experiments were repeated on three different hiPSC passages and differentiations. Each data point
summarizes the average of 3 Ca?* transients per cell, with a group size of 30 cells total per group.

of the systemic inflammatory response associated with sepsis,
impaired endothelial function and myocardial dysfunction might
arise, potentially mediated by MV.

Here, we focused on a specific subset of MV derived from
HPMEC, a primary endothelial cell line that closely reflects
cell function of the microvasculature. The study analyzed the
effect of TNFa-derived TMV and SMV from septic patients on
hiPSC-CM. As a functional readout, the temporal kinetics of
Ca’" transients were chosen. Ca**-induced Ca®* release is the
primary mechanism that bridges cardiomyocyte membrane
activation (the action potential) to cell contraction [21, 22].
that affect the contractility of

Therefore, influences
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cardiomyocytes can be reflected in changes in the release
properties of this important intracellular messenger, Ca**.
Particular attention was paid to the rise and decay kinetics
of the Ca’" transients and to the beating frequency of the cells.
Despite isolated significant results in the presented data sets,
the experiments revealed that TMV and SMV did not induce
consistent responses in hiPSC-CM. These experiments
demonstrate that MV have the potential to influence Ca®*
transient kinetics of hiPSC-CM, especially regarding the
frequency of the Ca®' release events. The upregulation of
and intercellular adhesion

pro-apoptotic  molecules

molecules were described in other cells after incubation
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FIGURE 6

Concentration-dependence of the effect of CMV and TMV from HPMEC on hiPSC-CM relative to PBS. (A) Protocol of the dose-dependent
experiments indicating data collection after 6 or 16 h of incubation. (B,C) Statistical summary of 1, Tp, and F from hiPSC-CM Ca?* transients from
CMV and TMV treatment at two different time points, respectively. Data are normalized to PBS control. Significances between CMV and TMV are
indicated as * for P < 0.05; significances to PBS control are indicated as orange box. Experiments were repeated on three different hiPSC
passages and differentiations. Each data point summarizes the average of three Ca?* transients per cell, with a group size of 30 cells total per group.

with TMV [21]. A similar effect might lie behind our findings.
However, the high data variability, which is intrinsic to hiPSC-
CM function, may mask stronger effects and impede the
identification of significances.

Nevertheless, even subtle alterations in Ca®" transient dynamics,
such as changes in amplitude, rise time, or decay kinetics, can
significantly impact EC-coupling in cardiomyocytes. Even minor
changes may translate into impaired systolic contractility, delayed
relaxation, and reduced Ca®" reuptake efficiency, all of which are
hallmarks of septic cardiomyopathy.

Moreover, disturbances in Ca>* handling can promote
arrhythmogenic conditions by destabilizing the membrane

the
context of

potential  and  increasing susceptibility ~ to

the
mitochondrial dysfunction, oxidative stress, and inflammatory

afterdepolarizations. In sepsis, where

mediators are abundant, such minor impairments may become
functionally significant due to reduced cardiac reserve.
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Another possible explanation for the high data variability
could be attributed to the experimental limitations inherent in
our model. While our in vitro model attempted to replicate
constant physiological conditions, it is crucial to acknowledge
that in vitro systems may not fully recapitulate the complex
microenvironment present in vivo. Factors such as cell culture
conditions, the purity and composition of MV preparation, and
the specific characteristics of hiPSC-CM may influence the
outcome of these experiments. Nevertheless, the variability in
the effects of MV in the Ca’* transient analyses likely reflect
genuine biological heterogeneity, which is consistent with
previously reported findings [23, 24].

Furthermore, the heterogeneity of the different MV
populations and their diverse cargo contents add another
layer of complexity to this study. Although MV used in
these experiments were derived from one specific cell type,
the HPMEC, future investigations may benefit from exploring
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TABLE 1 The baseline characteristics of the patients.

Variable Patients

n 16
Age, years 66.4 + 9.6
Male sex, n 11
Sepsis focus Lung 1
Abdominal 11
Urinary 1
Use of mechanical ventilation, n (%) 75
Duration of mechanical ventilation, days 44+63
SOFA score D1 10.0 + 3.4
APACHE II score D1 27.3 + 8.0
ICU length of stay, days 51+£8.0
Hospital length of stay, days 20.7 + 16.7
28-day hospital mortality, n (%) 12.5
MAP (mmHg) 78.2 £ 154
Lactate (mmol/L) 23+13
PCT, ng/mL 10.0 + 16.8
CRP, mg/L? 227.2 + 885
WBC,10"*/L 13.7 £ 9.0

SOFA sequential organ failure assessment score, APACHE acute physiology and
chronic health evaluation, ICU intensive care unit, MAP mean arterial pressure, PCT
procalcitonin, WBC white blood cells, CRP c-reactive protein. Data are presented as
mean + SD or percentage (%).

a broader range of MV populations to elucidate potential
functional differences. This is particularly relevant given that
we observed significant differences in the number, protein
and TMVs. The
inflammatory environment in septic patients is highly

content, and cargo between SMVs

complex, involving a combination of pro-inflammatory
the
response characteristic of sepsis (e.g., IL-1pB, IL-6, TNF-a,

cytokines associated with systemic inflammatory
and interferon-y). For future experiments, it may be
beneficial to use either a defined mix of these cytokines or
plasma from patients in the acute phase of sepsis to better
replicate the in vivo conditions.

Exosomes from patients with septic shock have been
and mRNAs

inflammatory

described to convey miRNAs related to

pathogenic  pathways, including response,
oxidative stress, and cell cycle regulation [15]. Therefore,
exosomes may represent a novel mechanism for intercellular
communication during sepsis. Since MV could originate from
various cells affected by the pathophysiology of sepsis, their
origin, activation, and the immunological state of the parent
cell most likely influence the content and effects of MV. However,

there is currently no clear evidence regarding quantity, cargo, and
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time course of MV during sepsis progression in patients. Hence,
we based the concentrations used in our in vitro experiments
(3-10 x 10° MV/mL) on prior in vitro studies that demonstrated
functional effects within similar concentration windows.
Additionally, the of
communication mediated by MV warrants consideration.

dynamic nature intercellular
While our experimental setup allowed for the direct exposure
of cardiomyocytes to MV, it is possible that the observed effects
are transient or context-dependent.

Here, we selected the 6-h and 16-h timepoints based on a
combination of practical usability, biological relevance, and
protein expression kinetics in hiPSC-CM. Regarding usability
and cellular viability, timepoints beyond 24 h were associated
with increased cell stress and declining viability in pilot
experiments, limiting the interpretability of downstream
readouts. The 6-16 h window allowed us to capture early and
intermediate cellular responses while preserving cell health and
morphology. With respect to protein expression kinetics, our
primary endpoints included markers of inflammatory response
and functional proteins such as contractile elements and
metabolic regulators. Previous studies, as well as our own
kinetics profiling, suggest that differential protein expression
in hiPSC-CM in
detectable between 6- and 16-h post-exposure. The 6-h

response to inflammatory stimuli is

timepoint captures early signaling events and transcriptional
the 16-h
translational

activation,  while timepoint  reflects  post-

transcriptional and outcomes relevant for
phenotypic changes. While the dynamics of circulating SMV
concentrations in patients vary based on the severity and phase of
sepsis, elevated levels are typically sustained over several hours to
days during the acute phase. Thus, exposing hiPSC-CM to SMV's
for 6 and 16 h reflects clinically plausible exposure durations
within this window, allowing us to model both acute-onset and
sustained exposure scenarios relevant to septic cardiac
dysfunction.

Long-term studies tracking the fate of MV and their effects
on cardiomyocyte function over time could provide valuable
insights into the temporal dynamics of MV-mediated signaling.
A key limitation of this study is the exclusive use of hiPSC-
derived cardiomyocytes (hiPSC-CMs), which, despite their
relevance as a human-based model, do not fully recapitulate
the structural complexity, cellular heterogeneity, and long-term
remodeling responses of native cardiac tissue. In particular, the
absence of multicellular interactions, vascularization, and tissue-
level organization may limit the translational applicability of our
findings. Future studies will incorporate more complex model
systems such as cardiac organoids, engineered heart tissues, or in
vivo models to validate and extend these results under more
physiologically relevant conditions. In addition, longitudinal
studies will be essential to assess the durability and adaptive
nature of the observed responses over time.

Our findings that Ang-2 is present in all MV preparations

analyzed confirm their endothelial origin. Given the established

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10461

Fischer et al.

10.3389/ebm.2025.10461

A ( Preparation of MV from control and septic patients J B 2.5
e 2.0 o
+ PBS Control 1.5 - &
» Plasmapheresis Control: (P)CMV & (e0)
LT - Septic Patients: SMV 1049 @ g ?
054 ©
- - ) o'o 1 1 1
« Ultracentrifugation
*« FACS: Annexin-V 2.0 -
154 o ®
o)
+ 10x10° MV & 104 © @ é
» Ca?* transients: tg, t, andF 054 ®
0.0 T T 1
( ) 1.5 -
> 8
g 1.0 B g
S % &
$ 0.5-
= | (™
e 0.0 T T T
\ 4 PBS (P)CMV SMV
FIGURE 7

Effect of septic MV from patients on hiPSC-CM. (A) Strategy of experimental setup. hiPSC-CM were incubated for 16 h with MV before analysis

of Ca?* transients. (B) Statistical summary of 1z, 1p, and F from hiPSC-CM Ca?* transients from PBS, (P)JCMV, and SMV treatment. Data are hormalized
to PBS control. Experiments were carried out from one hiPSC passage and differentiation. Each data point summarizes the average of 3 Ca®*
transients per cell, with a group size of five (PBS), 14 ((PYCMV)), and 16 (SMV) cells total per group.

role of Ang-2 in endothelial activation and vascular
permeability, its presence in MV could contribute to the
propagation of endothelial dysfunction in inflammatory or
As
endothelial junctions, promote vascular leakage, and amplify

septic  conditions. Ang-2 is known to destabilize
cardiomyocyte
oxygenation, endothelial
dysfunction. In line with the findings of Chatterjee et al, we

also found TNFa to induce the production of MVs that express

inflammation, it may indirectly impair

survival, and function via

markers of cell injury or activation in endothelial cells [25]. We
would have also expected the MV from septic patients to
express ICAM-1 and VCAM-1 as these are typical for
proinflammatory signaling, immune cell recruitment, and
inflammation. Although ICAM-1 and VCAM-1 are well-
known markers of endothelial activation and play central
roles in leukocyte adhesion and inflammation, their absence
in MV derived from septic patients may reflect a selective
that the of
intracellular or membrane-associated proteins involved in

packaging mechanism favors inclusion
vesicle formation, signaling, or stress response—rather than
classical surface adhesion molecules.

Additionally, shedding of MV may occur from endothelial

regions or cellular compartments where ICAM-1 and VCAM-1
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are either not highly expressed or are retained on the parent cell
surface to fulfill their adhesion functions. It is also possible that
under the conditions of severe systemic inflammation,
proteolytic cleavage or internalization of these molecules
limits their availability for incorporation into vesicles.

Finally, MV cargo composition may be influenced by disease
stage, cytokine milieu, or oxidative stress, leading to altered
protein sorting that deprioritizes adhesion molecules in favor
of other proinflammatory mediators (e.g., cytokines, danger
signals, or coagulation-related proteins).

Further identification of the content and the effect of MV
on the heart cells will provide important information for the
use of MV for diagnostic and therapeutic purposes. Both the
the be

independently and thus be used for different purposes and

content and membranes can engineered
applications [9].

In conclusion, while our study did not reveal any
consistent impact of MV on cardiomyocyte contractility
under most of the conditions tested, it is essential to
recognize the complexity of intercellular communication
mediated by MV. Further investigations incorporating
refined experimental models, diverse MV populations, and

longitudinal analyses are warranted to fully elucidate the role
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of MV in modulating cardiac function, especially during
These efforts
understanding of MV biology and may uncover novel

sepsis. will contribute to a deeper

therapeutic avenues for septic cardiomyopathy.
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Abstract

Autophagy of myocardial cells involves the interaction of multiple molecular
signaling pathways, and regulatory factors, while existing methods are difficult
to handle. This study utilized the variational autoencoder (VAE) model to reveal
the characteristic distribution of myocardial cell energy autophagy under
different exercise conditions. First, this paper is based on mass spectrometry
analysis, enzyme-linked immunosorbent assay ELISA (Enzyme-Linked
Immunosorbent Assay) to determine the cardiomyocyte metabolite
concentration data, and RNA-Seq (Ribonucleic Acid-Sequencing) to collect
genes related to cardiomyocyte energy metabolism and autophagy expression
data; in the VAE model, this paper utilizes the full connectivity layer to encode
the data into potential representations, and reconstructs the numerical data
through the numerical data decoder. The loss function is defined as the data
reconstruction error and KL (Kullback-Leibler) scatter, and Adam is used to
optimize the training process; the features are analyzed and the classification
performance is verified under different motion conditions based on RF
(Random Forest); the relationship between the features and metabolite
concentration and gene expression is analyzed by LASSO (Least Absolute
Shrinkage and Selection Operator) regression model to analyze the
relationship between features and metabolite concentration and gene
expression; the features in the latent space are downscaled using t-SNE
(t-distributed Stochastic Neighbor Embedding) to visualize the feature
distribution; finally, CRISPR-Cas9 (Clustered Regularly Interspaced Short
Palindromic  Repeats-Cas9) knockdown experiments to reveal the
importance of AMPK, PGC1A, CPT1B, and SIRT1 in cardiomyocyte autophagy
and energy metabolism, which provide potential targets for future gene-based
therapies.

KEYWORDS

myocardial cell, energy autophagy, Vvariational autoencoder, metabolite
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GRAPHICAL ABSTRACT

Impact statement

This study advances our understanding of myocardial cell energy
metabolism and autophagy, particularly under different exercise
conditions. Using advanced technologies such as RNA sequencing,
mass spectrometry, and machine learning models, the research
identifies key molecular regulators involved in energy metabolism
and autophagy, such as AMPK, PGCIA, CPT1B, and SIRT1. These
findings provide new insights into how these factors interact to
support cardiac function and reveal the importance of autophagy
in maintaining heart cell health. By combining experimental and
computational approaches, this work offers a deeper understanding of
the regulatory networks that govern heart cell energy balance, which is
crucial for developing targeted therapies for heart diseases. The results
suggest that manipulating these key regulators could offer new
therapeutic strategies for treating cardiovascular conditions, thereby
making a significant contribution to the field of cardiovascular
research and providing potential pathways for gene-based treatments.

Introduction

Energy autophagy in cardiomyocytes is a complex and
important biological process that plays a key role in
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maintaining cardiomyocyte function and responding to
metabolic stress. Energy autophagy ensures normal cellular
function by degrading and reusing damaged or excess
intracellular components [I, 2]. The process involves the
interaction of multiple molecular signaling pathways and
regulatory factors [3, 4], and is particularly important in the
pathogenesis of several cardiovascular diseases [5, 6]. Due to the
high-dimensional complexity of the energy autophagy process,
traditional research methods face many challenges in resolving
its dynamic features and mechanisms [7, 8]. The development of
new methods capable of handling high-dimensional data and
revealing complex biological processes is of great research
significance and practical value.

Nowadays, there are extensive studies in cardiomyocyte
energy autophagy. In 2020, Fan Jiamao [9] et al. investigated
the metabolite changes in cardiomyocytes under different
metabolic stresses by enzyme-linked immunosorbent assay.
However, this approach can only deal with data under a
single dimension and cannot fully integrate and parse the
11].
Meanwhile, traditional methods have certain limitations in

complex interactions in multidimensional data [10,

data processing and feature extraction efficiency [12, 13]:
although mass spectrometry analysis can provide detailed
metabolite information, it is less efficient in dealing with
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complex datasets with large data volume and high dimensionality
[14,15].In 2022, Wu Xun [16] et al. attempted to introduce SVM
(Support Vector Machine) model to analyze metabolic data, and
although some progress had been made, it was still deficient in
the generalization and accuracy of high-dimensional data. Most
of the past studies were limited to single-dimensional data
analysis, which could not fully reveal the interactions between
multidimensional data during cardiomyocyte energy autophagy,
and were obviously insufficient for a comprehensive
understanding of the complex mechanisms of the process.

To overcome the challenge of high dimensionality of data, in
recent years, researchers have begun to explore the use of deep
learning techniques to process and analyze complex biological
data. Oriented towards the molecular mechanisms behind basic
mitochondrial autophagy, Godtliebsen Gustav [17] et al
demonstrated that OXPHOS (oxidative phosphorylation)
leaded to

fragmentation through deep learning techniques. Evaluating

induction an increase in  mitochondrial
cardiomyocytes from 289 childhood cancer survivors, Chaix
Marie-A [18] et al. developed a risk prediction model
incorporating genetic and clinical predictors using RF. Using
deep learning for simulation analysis and in vivo validation,
Iborra-Egea Oriol [19] et al. revealed the mechanism of action of
Empagliflozin in Heart Failure with Reduced Ejection Fraction
(HFrEF). In 2024, Liu Shuhui [20] et al. successfully extracted
and analyzed the metabolic features of cancer cells using the VAE
model, demonstrating the powerful ability of VAE in handling
high-dimensional data. By encoding high-dimensional data into
low-dimensional latent representations [21] and reconstructing
the data through a decoder [22], the model effectively captures
the main features and complex interactions in the data [23, 24].
The methods are able to discover hidden patterns and structures
in the latent space while dealing with high-dimensional data [25,
26], effectively avoiding the complexity of directly dealing with
data of
representations of the latent space in order to capture the

high-dimensional by means low-dimensional

main features of the data [27, 28], and have obvious
advantages in dealing with the nonlinear relationships and
complex structures of the data [29, 30]. However, the
application of VAE in cardiomyocyte energy autophagy
characterization and analysis is still relatively rare until now,
and further research and validation are urgently needed.

The application of VAE in extracting energy-autophagy
features of myocardial cells offers unique advantages over
PCA, UMAP, or standard autoencoders. One of the core
features of VAE is its probabilistic encoding capability,
which introduces a probability distribution in the latent
space. This allows VAE not only to learn low-dimensional
representations of the data but also to capture the uncertainty
inherent in the data. Given that biological processes involve
highly dynamic and nonlinear molecular interaction networks,
the data often contain noise and heterogeneity. Through
probabilistic  encoding, VAE smooth

can  generate
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distributions in the latent space, thereby better reflecting the
complex relationships between metabolite concentrations and
gene expression.

Compared with traditional dimensionality reduction methods
like PCA, VAE is capable of capturing nonlinear relationships,
whereas PCA is limited to linear transformations. The energy
metabolism and autophagy processes of myocardial cells involve
multiple nonlinear regulatory pathways (such as interactions among
AMPK, PGClA, CPT1B, and SIRT1), making VAE more suitable
for uncovering these intricate relationships. Unlike UMAP or t-SNE,
which focus primarily on visualization, VAE can not only reduce
dimensionality but also reconstruct the original data through its
decoder, thereby validating the effectiveness of the latent features.
While
dimensionality reduction, they lack the probabilistic constraints
of VAE, potentially leading to discontinuities in the latent space,
which can affect the stability of subsequent analyses.

standard autoencoders can also perform nonlinear

The aim of this paper is to extract and analyze the energy
autophagy characteristics of cardiomyocytes under exercise
conditions using the VAE model. Sixty healthy mice were
selected and randomly divided into six groups, and the
experimental groups were subjected to different types of exercise
interventions, including resting condition, low-intensity exercise,
moderate-intensity exercise, high-intensity exercise, prolonged low-
intensity exercise, and intermittent high-intensity exercise. At the
end of the exercise intervention, cardiomyocytes were isolated and
extracted, metabolites were detected using LC-MS and ELISA, and
gene expression analysis was performed. Cardiomyocyte metabolite
concentrations and gene expression data were processed using the
VAE model, and features were extracted and mapped to a low-
dimensional potential space. The overall features of cardiomyocytes
under different exercise intensities were found to be significantly
different by t-SNE downscaling analysis. The distribution of features
was more concentrated in the resting state and low-intensity
exercise, while the features were more dispersed in the moderate-
and high-intensity exercise groups, suggesting that high-intensity
exercise triggered more metabolic pathways and intracellular state
variability. The LASSO regression model further showed a strong
exercise and metabolite

relationship  between conditions

concentration and gene expression. The contribution of
cardiomyocyte autophagy characteristics was analyzed using PCA
(Principal Component Analysis), and gene knockout experiments
were performed using CRISPR-Cas9 technology to observe the effect

of specific genes on cardiomyocyte energy autophagy.

Materials and methods
Description of experimental data
To obtain cardiomyocyte data in this study, 60 healthy mice,

half male and half female, weighing between 20 and 25 g were
selected. The mice were randomly divided into 6 groups of
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10 mice each and grouped according to exercise conditions as
follows A-F:

A. Resting state group: no exercise intervention.

B. Low-intensity exercise group: mice ran on a low-speed rotor
for 30 min.

C. Medium intensity exercise group: mice ran on a medium
speed rotor for 45 min.

D. High-intensity exercise group: mice are subjected to high-
intensity interval training, which consist of alternating short
bursts of high-velocity running and resting for 20 min.

group:

continuously for 90 min on a low-speed rotor.

E. Prolonged low-intensity exercise mice ran
F. Intermittent high-intensity exercise group: mice are subjected
to high-intensity interval training, with each cycle consisting
of 4 min of high-intensity running and 2 min of low-intensity

slow walking, lasting a total of 24 min.

Measurement of cardiomyocyte
metabolite concentration data

Immediately after the end of the exercise intervention, the
mice were euthanized to ensure tissue sample activity. Mouse
hearts were rapidly collected for cardiomyocyte isolation and
extraction. Cardiomyocytes were washed with saline to remove
blood and other impurities, cell samples were rapidly frozen by
liquid nitrogen and stored in a refrigerator at —80°C to ensure
that the samples did not degrade. The frozen cardiomyocyte
samples were thawed to 4°C, and metabolite extraction was
performed by adding a solvent mixture of methanol/water/
chloroform (2:2:1), vortexing, centrifuging the supernatant,
and collecting the metabolite extracts to avoid interference
from cellular debris.

The extracted metabolites were concentrated and dried and
redissolved in 50% aqueous methanol solution. The different
types of metabolites were detected separately by positive and
negative ion mode using Liquid Chromatography-Mass
Spectrometry (LC-MS). The mass spectrometry data were
acquired into a computer, and peak detection, peak alignment
and normalization were performed using the mass spectrometry
data processing software MetaboAnalyst to obtain the relative
concentration data of the metabolites.

At the same time, pre-treatment and sample preparation
based on ELISA were performed: a series of standard samples
with  different the
establishment of concentration standard curves of metabolites,

concentrations were prepared for
and cardiomyocyte samples and standard samples were loaded
into the wells of ELISA plates pre-coated with antigens,
respectively. Specific enzyme-labeled antibodies were added to
bind to the antigen and washes were performed to remove non-

specific binding material. Substrate was added to produce a color
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FIGURE 1

Differential expression of autophagy related genes in
myocardial cells.

reaction and absorbance was measured using an enzyme marker
to determine metabolite concentration.

Cardiomyocyte energy metabolism,
autophagy-related gene expression data
Collection

The same cardiomyocyte samples were collected as those for
metabolite analysis, and total RNA was extracted using TRIzol
reagent to ensure the integrity and purity of the RNA samples,
and the concentration and quality of the RNA were assessed
using NanoDrop and Bioanalyzer (RNA Integrity Number >7).

Ribosomal RNA from total RNA was removed using the
rRNA (Ribosomal RNA) Removal Kit to obtain mRNA
(Messenger RNA). Using the mRNA-Seq (Messenger RNA
Sequencing) Library Construction Kit to reverse transcribe the
mRNA into ¢cDNA (Complementary DNA), which was
fragmented, spliced, and amplified by PCR (Polymerase Chain
Reaction) to construct an RNA-Seq sequencing library.

The constructed RNA-Seq library was sent to NovaSeq, a
high-throughput sequencing platform, for sequencing. The raw
data obtained from sequencing was collected and quality
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FIGURE 2
Statistics of changes in metabolic product concentration and gene expression in myocardial cells.

controlled using FastQC (Fast Quality Control) to remove low-
quality reads and splice contamination.

High-quality sequencing reads were compared to the
reference genome based on HISAT2 (Hierarchical Indexing
for Spliced Alignment of Transcripts 2), and the results were
quantified using FeatureCounts comparisons to get the read
counts for each gene, which DESeq2 normalized to
normalization to obtain the expression TPM of each gene
under different exercise conditions.

The research design divided 60 mice into 6 groups (a
resting state group and 5 exercise intervention groups),
detected the gene expression data of myocardial cells in
each group through RNA-Seq technology, and used a
volcano plot to visualize the differentially expressed genes
between each experimental group (Groups B-F) and the
resting group (Group A). The results of visualizing the
gene variance analysis based on the volcano map are shown
in Figure 1.

The horizontal axis in Figure 1 represents Fold Change,
while the vertical axis represents the negative logarithmic
value of statistical significance (- logl0 (P-value)). Each
data point represents a gene, and the fold-change and
significance P-value of the data points are measures of
difference. Top20 genes were selected as the focus of the
study. The mean values of metabolite concentrations and
gene expression changes in mouse cardiomyocytes under
the corresponding experimental groups are shown in Figure 2.

Experimental Biology and Medicine

In Figure 2, Condition 1-6 corresponds to experimental
groups A-F. The upper graph demonstrates the changes of
metabolite concentrations under different exercise conditions,
the horizontal axis indicates different metabolites, and the
vertical axis indicates product concentrations (unit: mmol/L).
The lower graph shows the changes of gene expression under
different exercise conditions, the horizontal axis indicates
different genes, and the vertical axis indicates gene expression
(unit: TPM/Transcripts Per Million).

Among them ATP, ADP, AMP are the core molecules of
intracellular energy metabolism [31, 32]. NADH, NAD+, NADP
are important coenzymes in redox reactions and energy
metabolism [33]. Glucose, Lactate, Pyruvate are the key
products of glucose metabolism, which are associated with the
provision of energy supply by cardiomyocytes [34]. Citrate,
Malate, Succinate, Fumarate, Isocitrate, Alpha-Ketoglutarate
are key intermediates in the citric acid cycle and are involved
in energy production and metabolic pathways [35]. Among the
gene expression types, genes such as Pgcla, Atg5, Ldh, Ucp2,
Cptlb, Ampk, Foxol, Pdk4, Ppara, Ppargclb, Mtor, Sirtl, and
Hifla are associated with the processes of energy metabolism,
autophagy, and oxidative stress. Cox1, Cox2, Cox3, Mfn2, Drpl,
Pinkl and other genes are involved in mitochondrial function,
apoptosis and mitochondrial dynamics processes [36, 37].

Genes such as AMPK, PGC1A, CPT1B, and SIRT1 play
central regulatory roles in cellular metabolism and autophagy
mechanisms. They interact through complex signaling networks
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VAE model design

to collectively maintain energy homeostasis and autophagic
balance in cardiomyocytes. AMPK acts as a cellular energy
sensor, becoming activated when ATP levels decrease. It
promotes catabolic pathways (such as fatty acid oxidation and
glycolysis) by phosphorylating downstream targets to restore
energy supply while inhibiting anabolic processes. Additionally,
AMPK can directly or indirectly regulate the expression of
autophagy-related genes (e.g., Atg5), thereby enhancing
autophagic activity to respond to energy crises. PGCIA is a
key regulator of mitochondrial biogenesis and function, working
synergistically with various transcription factors (e.g., Ppara and
Foxol) to modulate the expression of genes associated with fatty
acid oxidation, the electron transport chain, and oxidative
phosphorylation, such as Coxl, Cox2, and Cptlb, optimizing
the energy production efficiency of cardiomyocytes. CPT1B is the
rate-limiting enzyme for long-chain fatty acids entering
mitochondria for PB-oxidation, whose expression is regulated
by PGCIA and Ppara, directly influencing the ability of
cardiomyocytes to utilize fatty acids. SIRT1 is an NAD+-

85

dependent deacetylase that senses changes in the intracellular
NAD+/NADH ratio to regulate downstream target genes closely
related to energy metabolism and autophagy (e.g., Pgcla and
Foxol). Under stress conditions, it enhances autophagy pathway
activity through deacetylation modifications. These genes not
only play critical roles in their respective functional modules but
also form tightly interconnected networks through cross-
regulation. For example, AMPK can activate SIRT1 activity,
while SIRT1 can reciprocally regulate the AMPK signaling
pathway. This bidirectional feedback mechanism ensures the
adaptive response capability of cardiomyocytes under different
exercise conditions.

The overall design for the VAE model is shown in .
The numerical data encoder receives cardiomyocyte metabolite
concentration data and gene expression data as input. The
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features are gradually extracted through multiple fully connected
layers to capture the complex correlations of the data and map
the input data into a low-dimensional joint potential space. A
symmetric decoder structure is designed to match the encoder to
accurately reconstruct the original data, and the decoder
parameters are optimized by back propagation algorithm to
minimize the reconstruction error.

Before inputting high-dimensional omics data into the VAE
model, preprocessing of transcriptomic and metabolomic data
was performed to ensure data quality and compatibility for
this
transformation was applied to the metabolite concentration

subsequent  analyses. In study, a logarithmic
data to mitigate the impact of its skewed distribution, which
commonly occurs in metabolomic datasets due to the wide
of This

transformation not only stabilizes the data variance but also

dynamic  range metabolite  concentrations.
reduces the dominance of highly abundant metabolites, resulting
in a more balanced representation of the data. For the gene
expression data, z-score normalization was used to standardize
the expression values across different genes.

To correct for batch effects, the widely used empirical Bayes
framework, ComBat was employed. This method adjusts for
batch-specific biases while preserving biological variability,
thereby enhancing the reliability and reproducibility of
downstream analyses. Additionally, statistical methods such as
principal component analysis (PCA) and hierarchical clustering
were utilized for outlier detection to identify and exclude samples

that deviate significantly from the overall data distribution.

Numerical data encoder design

The numerical data encoder adopts a deep neural network

structure, and its inputs are cardiomyocyte metabolite

concentration data x and expression-based data y,
ie, x e R™" y e R™, where n denotes the number of
samples, and m, and m, denote the metabolite and gene
dimensions, respectively.

The encoder objective is to map the input data to a Gaussian
distribution parameter (y, logo?) in the latent space, where
and ¢ are the mean and standard deviation vectors of the latent
space, and the encoder structure denoted as show in Equation 1:

s 108 o = fencoder (X, y; Gencoder) (1)

Here, fencoder denotes the mapping function of the encoder
and Oencoder denotes the encoder parameters. The encoder uses a
multilayer neural network structure, where the output 4; of layer i

denoted as show in Equation 2:
h; = U(Wi [hH, X, )/] + bi) (2)

Among them, W; and b; denote the weights and bias
parameters of the ith layer respectively, o denotes the
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activation function, and [h;_;,x, y] denotes connecting the
output of the previous layer with the input data. The final
encoder achieves efficient coding of the input data by
Gaussian  distribution

mapping the input data to the

parameters in the latent space.

Numerical data decoder design

The numerical data decoder aims to decode the latent
representation z into raw data. The goal of the decoder is to
generate a conditional probability distribution p(t|u) of the
raw data given the latent variable u, where ¢ represents the raw
data. To approximate this conditional distribution, the
decoder maps latent variables u to reconstructed data t' =
fdecoder (U3 Odecoder) in the data space, where fgecoder denotes
the decoder mapping function and Ogecoder denotes the
decoder parameters.

The decoder uses a deep neural network structure and the
computation of its output ¢’ is represented by Equations 3, 4:

H;=0(Whi, +b)
t' = sigmoid(W'hy, + b')

3)
(4)

Here, H; denotes the hidden state of the decoder, W' and b’
denote the weight and bias parameters of the last layer, hj
denotes the hidden state of the last layer of the decoder and
sigmoid denotes the activation function.

By optimizing the parameters, the decoder accurately
reconstructs the input data.

Joint potential space construction

A shared joint latent space is formed by combining the latent
representations of the encoder and decoder for information
transfer and exchange. The joint latent variable z is
introduced and its conditional distribution is represented in

Equation 5:

a(z

Among them,

®)

% y) =N (Z | Hencoder (X, y)’ Zencoder (X’, y))

Pencoder (X ) and Zencoder (%, ¥) denote the
mean vector and covariance matrix of the latent variables output
by the encoder, respectively. To realize the information transfer
between the encoder and decoder, the variational inference
technique is introduced to decompose the joint latent variable
into the output of the encoder and the input of the decoder,
i€, Z=leoder (X5 ¥) + €O Oencoder (X, ), Where € denotes a
random variable that obeys a standard normal distribution,
and © denotes an element-by-element multiplication.

The training process is defined by maximizing the variational
lower bound, as shown in Equation 6, to optimize the model

parameters.
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Model iteration process.

L=E,(|uyllogp(x'12)] - D[q(2]x y)|p(2)]  (6)

Where, the first term is the reconstruction loss, which
measures the difference between the reconstructed data x’ and
the original data x, and the second term is the KL scatter, which
measures the difference between the distribution of latent
variables in the output of the encoder q(z|x,y) and the a
priori distribution p(z).

Effective information transfer and joint potential space
construction between the encoder and decoder is achieved by
the
representation and reconstruction of the input data.

optimizing variational lower bound for effective

Model training process

During the model training process, the cardiomyocyte
metabolite concentration data and the gene expression data were
paired to form a joint dataset so that the encoder and decoder could
process both types of data simultaneously. Defining the loss function
to supervise the model training process, which consists of
2 components: data reconstruction error and KL scatter.

The Root Mean Square Error (RMSE)
reconstruction error is calculated using Equation 7.

I¢ /
Reconstruction Loss = |~ Z (x; - xi)2
\n
i=1

Here, 1 denotes the number of samples, and x; and x; denote

measure of

™

the original and reconstructed data of the ith sample, respectively.
The KL dispersion is calculated according to Equation 8.
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k
D1, [q(zlx,y)"p(z)] = (o7 +y? —logo? -1)  (8)
=1

Among them, k denotes the dimension of the latent variable,
and y; and o; denote the mean and standard deviation of the
latent variable output by the encoder, respectively. During the
training process, the model parameters are updated to minimize
the loss function using the Adam optimizer, which is an adaptive
learning rate optimization algorithm that adaptively adjusts the
learning rate according to the parameter gradient to accelerate
the model convergence process. The gradient of the loss function
with respect to the model parameters is calculated by the back-
propagation algorithm, and the Adam optimizer is used to
update the model parameters, which makes the loss function
decrease gradually, so that the VAE model learns effective data
representation and reconstruction laws. The process is shown
in Figure 4.

In Figure 4, the VAE model is shown in 500 iterations, with
the number of iterations on the x-axis and the loss values on the
y-axis. The model converges after 400 iterations and remains
constant after 477 iterations. The similarity in the trend of loss
values in the training and validation sets indicates that the
model has good generalization ability during training. The
operational efficiency and complexity of the model’s
encoding and decoding were further validated, with results
shown in Table 1.

Table 1 shows the operational efficiency and complexity of
the model’s encoding and decoding. It can be seen that the
computation time for the numerical data encoder is only 0.85 s
per epoch, with 12.5 million parameters and a memory usage of
6.2 GB. The input dimension is (n X m_x + n x m_y), which is
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TABLE 1 Model encoding and decoding efficiency.

10.3389/ebm.2025.10489

Index Numerical data encoder Numerical data decoder Joint latent space construction
Computation Time (seconds/epoch) 0.85 1.2 0.45
Number of Parameters (millions) 12.5 15.3 8.7
Memory Usage (GB) 6.2 7.8 4.5
Data Dimensionality (Input — Output) (nxm_x+nxm_y) — (nxk) (n xk) = (n x m_x +n x m_y) (n x k)
TABLE 2 Classification results of energy autophagy characteristics of exercise myocardial cells.
Experimental group Accuracy Precision Recall F1 score

A 0.85 0.90 0.90 0.90

B 0.94 0.94 0.92 0.93

C 0.89 0.90 0.94 0.92

D 0.96 0.87 0.88 0.87

E 0.90 0.85 0.90 0.87

F 0.88 0.83 0.83 0.83

mapped to alow-dimensional latent space (n x k), demonstrating
its high efficiency in handling dimensionality reduction of high-
dimensional data. On the other hand, the numerical data
decoder, which needs to reconstruct the low-dimensional
latent representation (n x k) back into high-dimensional
original data (n x m_x + n x m_y), has an increased
computation time and memory usage to 1.2 s per epoch and
7.8 GB respectively, with the number of parameters reaching
15.3 million, indicating a higher demand for computational
resources during the decoding process. The construction of
the joint latent space, however, exhibits higher efficiency, with
a computation time of just 0.45 s per epoch, 8.7 million
parameters, and a memory usage of 4.5 GB. It also maintains
alow-dimensional output (n x k). By integrating and transferring
information through a low-dimensional latent space, it effectively
reduces complexity and ensures a balanced overall performance
of the model.

Feature extraction and analysis

Random Forest classifier is used to analyze the features in
different sports conditions by constructing multiple decision
trees and synthesizing the results for classification. The
accuracy, precision, recall, and F1 score are calculated to
quantify the effectiveness of the features for distinguishing
different sports conditions, and the results are shown in Table 2.

As can be seen from Table 2, the model reaches high
classification performance for different experimental groups
(A-F), with all indicators above 0.83, indicating that the

Experimental Biology and Medicine

energy autophagy features of exercising cardiomyocytes have a
high degree of differentiation under different exercise intensities.
The features in the potential space of the VAE model are
downscaled by the t-SNE algorithm. Setting the perplexity
degree to 30, which makes the local structure more
prominent, ie., the clustering between similar samples is
better; the number of iterations is 1000, to ensure that the
algorithm has enough time to converge to a stable layout. The
two-dimensional feature distribution map in potential space was
obtained to observe the feature distribution of cardiomyocyte
energy autophagy and its change trend under different exercise
conditions, as shown in Figure 5.

Figure 5 uses t-SNE, UMAP, and lactate concentration
methods the
metabolism and autophagy characteristics of cardiomyocytes

overlay  visualization to display energy
under different exercise conditions. The t-SNE results clearly
distinguish the distribution patterns of each experimental group,
the of

experimental group F under high-intensity exercise, reflecting

particularly  highlighting significant  separation
its unique metabolic and autophagic state. UMAP further
optimizes the presentation of global structure, emphasizing
the especially
showing smoother cluster distributions in moderate-intensity
exercise groups (such as B, C, and D). The t-SNE plot with

lactate concentration overlay reveals a gradient change in lactate

boundaries between experimental groups,

levels as exercise intensity increases, with high-lactate regions
concentrated in experimental group F, indicating significantly
enhanced anaerobic metabolism during high-intensity exercise.

In this study, the determination of the L1 regularization
parameter value of 0.01 was based on the need to balance model

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2025.10489

Chen and Yang

t-SNE Dimension 2

(X

Q.

-0

Q.

Q.

0.

Experimental Biology and Medicine

10.3389/ebm.2025.10489

Lactate Concentration

2D t-SNE Visualization UMAP Visualization 2D t-SNE with Lactate Concentration Overlay
60 o  Experimental group A 60
e Experimental group B 9
e  Experimental group C 15
40 e  Experimental group D 40 8
Experimental group E
Experimental group F
20 T 10 ol 20 4
§ - o o  Experimental group A =
q > 2 o  Experimental group B | .2
v & . . a 6
! 8 4 g e  Experimental group C té
0 8 "y a 5 o Experimental groupD | & 0
b f i g Experimental group E %’4 5
v 5 Experimental group F A
-20 - ? : j.';:'gj H =20 4
g 0 R
1 ) Ly R 3
-40 e {x 40
2
=5
-60 —60
-100 =50 0 50 100 =5 0 5 10 15 -100 0 100
t-SNE Dimension 1 UMAP Dimension 1 t-SNE Dimension 1
FIGURE 5
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Regression coefficients between each exercise condition and metabolite concentration, gene expression. (A) Resting state group. (B) Low-
intensity exercise group. (C) Moderate-intensity exercise group. (D) High-intensity exercise group. (E) Prolonged low-intensity exercise group. (F)
Intermittent high-intensity exercise group.
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performance and sparsity. Multiple experiments were conducted
on the training dataset, and cross-validation was used to evaluate
the impact of different regularization parameter values (e.g.,
0.001, 0.01, 0.1,
regularization parameter value was too small (e.g., 0.001), the

1) on model performance. When the

model failed to effectively perform feature selection, resulting in
the retention of too many irrelevant or redundant features, which
increased model complexity and the risk of overfitting.
Conversely, when the regularization parameter value was too
large (e.g, 0.1 or 1), too many feature coefficients were
compressed to zero, oversimplifying critical information and
leading to underfitting. After systematic comparison, it was
found that when the regularization parameter value was set to
0.01, the model could maintain a high prediction accuracy while
selecting features closely related to exercise conditions,
metabolite concentrations, and gene expression.

The LASSO regression model was further used to explore the
relationship between exercise conditions and changes in
metabolite concentrations and gene expression characteristics.
Feature selection and model sparsification were achieved by
penalizing larger coefficients through the introduction of an
L1 regularization term. The regularization parameter was set
to 0.01 in the study and the model was fitted using the training
dataset. After the fitting was completed, the regression
coefficients between each exercise condition and metabolite
concentration and gene expression were obtained to reveal the
extent and direction of the effect of exercise conditions on the
target variables in the experimental group, and the results are
shown in Figure 6.

In Figure 6, six subgraphs represent different experimental
groups (A-F), with the concentration of each metabolite and gene
expression characteristics in the horizontal direction, and the
regression coefficients of the model in the vertical direction. ATP,
as an important carrier of energy, is closely related to the
activation/inhibition of metabolic pathways with the change of
its concentration under different exercise conditions. Exercise
condition B significantly increased the concentration of ATP
(0.26), indicating that this condition increased energy demand
and promoted the synthesis of energetic substances. In contrast,
exercise condition D showed a significant decrease in ATP
concentration (—0.48), reflecting increased energy expenditure
and accelerated ATP catabolism due to high-intensity prolonged
exercise. Changes in gene expression also provided insight into
how exercise affected intracellular homeostasis. Pgcla showed
higher expression levels (0.26) under exercise condition A, which
correlated with enhanced mitochondrial function and increased
efficiency of energy production, which in turn adapted to the
changes in energy demand brought about by exercise.

At the same time, the interactions between metabolites and
gene expression do not exist in isolation but constitute a complex
network. The concentration of Lactate decreases (-0.31)
accompanied by an increase in the expression of Pgcla (0.22)
under exercise condition C, suggesting that the reduction of
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lactate stimulates mitochondrial biogenesis and increases the
efficiency of oxidative phosphorylation in response to the
energy demands of the hypoxic conditions. The relatively high
expression level of Hifla (0.14) under exercise condition E, when
ATP concentration is low (—0.41), reflects the fact that cells in a
hypoxic environment promote adaptive responses including an
increase in glycolytic activity by up-regulating Hifla to meet
energy demands. Exercise can remodel metabolic pathways over
time by regulating gene expression to adapt to different
physiological demands.

The autophagy characteristics of exercising cardiomyocytes
from different experimental groups were analyzed using PCA to
the the
Top10 results are shown in Figure 7.

calculate feature contribution, and statistical
Figure 7 demonstrates the effects on the autophagy profile of
cardiomyocytes under six different exercise conditions, i.e., from
resting to high-intensity interval training, and the top
10 metabolites and gene expression changes contributing most
to the autophagy profile were extracted by PCA in each group. In
the resting state of group A, the 0.061 contribution of NADH as a
key coenzyme in the electron transport chain reveals that energy
metabolism in resting cardiomyocytes is dependent on oxidative
phosphorylation, whereas the high contributions of Mtor (0.053)
and Pgcla (0.052) imply important regulatory roles for protein
synthesis and mitochondrial biogenesis, respectively. With
changes in exercise intensity and duration, such as low-
intensity exercise in group B and prolonged low-intensity
exercise in group E, the significant contributions of Pdk4
(0.058 and 0.054) and Cptlb (0.056 and 0.054) reflect
activation of the fatty acid oxidation pathway, a hallmark of
adaptive metabolic regulation. In group C moderate-intensity
exercise, the higher contribution of Pyruvate (0.050) reveals the
balancing role of glycolysis and pyruvate oxidation in energy
supply. In high-intensity exercise in group D and intermittent
high-intensity exercise in group F, the high contribution of Sirtl
(0.051) and Pink1 (0.045) demonstrates the close association of
exercise-induced autophagy with mitochondrial quality control
mechanisms. The high contribution of AMP (0.058) and ADP
(0.048) under high-intensity exercise suggests activation of the
AMPK signaling pathway during increased energy demand,
which is consistent with the physiological effects of exercise in
enhancing energy metabolism and promoting autophagy.

Biological validation

Gene knockdown experiments were performed using
CRISPR-Cas9 technology to observe the effects of specific
genes on energy autophagy in cardiomyocytes. Based on
previous studies and comprehensive analysis, several key genes
closely related to the regulation of energy autophagy were
selected for the experiments, including AMPK, PGCIA,
CPT1B, and SIRTI.
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FIGURE 7

Characteristics of the top 10 contributors in the (A—F) experimental group.

This study utilized neonatal rat cardiomyocytes as the
experimental model due to their wide applicability and
biological relevance in energy metabolism and autophagy
research. To ensure the efficiency of gene knockdown or
knockout, changes in mRNA and protein levels of the target
genes were verified using qPCR and Western blot, respectively.
Functional experiments, such as measuring the LC3-II/LC3-I
ratio and p62 degradation, were further conducted to confirm
alterations in autophagic activity. During the CRISPR-Cas9
editing process, strict negative controls (cells not transfected
with sgRNA) and positive controls (cells with known loss-of-
function gene knockouts) were established to exclude non-
specific effects and validate the reliability of the experimental
system. Additionally, by optimizing the transfection method, it
was ensured that sgRNA and Cas9 protein could efficiently enter
the cells and form the CRISPR-Cas9 complex in the nucleus,
thereby accurately cleaving the target gene sequence. The
confirmation of gene knockout efficiency relied on the
significant reduction in target gene expression levels detected
by qPCR and Western blot, while also combining the results of
functional experiments to verify their impact on autophagy and
energy metabolism in cardiomyocytes.

For each selected gene, a gene editing design tool was used to
design specific sgRNA sequences to ensure that they accurately
recognize and cleave the target gene sequence. Healthy

Normalized Contribution
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Normalized Contribution

cardiomyocytes were cultured in cell culture medium and
divided into different experimental groups. For each gene
knockdown the sgRNA
cotransfected with Cas9 protein into cardiomyocytes. The

experiment, designed was
optimized transfection method ensures that sgRNA and
Cas9 can effectively enter the cell and form CRISPR-Cas9
complexes in the nucleus. Changes in autophagic activity of
exercising cardiomyocytes were assessed by LC3-II/LC3-I ratio
and p62 protein expression levels in knockout-positive and
control cells, as Changes in the
concentration of metabolites, including ATP, ADP, AMP, etc.,

were determined in knockout-positive and control cells. The

shown in

metabolite levels were compared under different conditions to
assess the effect of knockdown on energy metabolism in
cardiomyocytes, and the results are shown in

presents the changes in autophagic activity in
knockout-positive cells versus control cells, using the LC3-II/
LC3-I ratio and p62 protein expression level as the main
assessment indicators. The data show that cardiomyocytes
with knockout genes B, C, D, E, and F exhibit significantly
different autophagic activities compared to experimental
group A. In group B, the LC3-II/LC3-I ratio increases from
0.05 to 0.08, whereas the p62 protein expression level decreases
from 0.08 to 0.06. This trend is also seen in groups C, D, and F,
where the LC3-II/LC3-I ratios increases to 0.12, 0.15, and 0.14,
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TABLE 3 Changes in the autophagy activity of myocardial cells.

Experimental group

LC3-1I/LC3-I ratio

10.3389/ebm.2025.10489

P62 protein expression level

TABLE 4 Changes in metabolite concentration.

A 0.05 0.08
B 0.08 0.06
[} 0.12 0.04
D 0.15 0.03
E 0.10 0.05
F 0.14 0.02

Experimental group ATP ADP AMP NADH NAD+
(umol/L) (umol/L) (umol/L) (umol/L) (umol/L)
B 22 14 6 23 21 11
C 25 12 7 20 22 12
D 27 10 8 18 25 13
E 24 13 6 22 23 11
F 26 11 7 21 24 12

respectively, while the p62 protein expression level decreases to
0.04, 0.03, and 0.02, indicating that deletion of these genes
significantly enhances autophagic activity in cardiomyocytes.
However, the data for group E are slightly different, with the
p62 protein expression level remaining relatively stable at 0.05,
despite the elevation of the LC3-II/LC3-I ratio to 0.10.

Table 4 further demonstrates the changes in metabolite
concentrations in cardiomyocytes after knockdown, including
ATP, ADP, AMP, NADH, NAD+, and NADP. Comparing the
different
metabolite levels are observed, directly reflecting the state of
energy metabolism. The concentrations of NADH, NAD+, and
NADP show different levels of fluctuations in group A and

experimental groups, significant differences in

experimental groups B through F, suggesting changes in redox
state and energy conversion efficiency. ATP is present in
experimental group A at a concentration of 20 umol/L,
whereas this value fluctuates in the knockout experimental
group, with ATP concentrations of 22 pmol/L, 25 umol/L,
27 pmol/L, 24 pumol/L, and 26 pumol/L in groups B, C, D, E,
and F, respectively, suggesting that the gene knockout facilitates
energy production. Changes in the concentrations of ADP and
AMP reveals adjustments in the balance of energy supply and
demand, with the ADP concentration being 15 umol/L in
experimental group A and generally decreasing in the
knockout experimental group to 10 umol/L in group D,
reflecting an increase in the efficiency of energy utilization.
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In Table 3, this paper evaluates the impact of gene knockout
on autophagic activity in cardiomyocytes through changes in the
LC3-II/LC3-I ratio and p62 protein expression levels. To
determine whether cardiomyocytes with knocked-out genes B,
C, D, E, and F exhibit significantly different autophagic activity
compared to Group A, a paired t-test was used to compare the
mean differences between the two groups and assess their
statistical significance. The results are shown in Table 5.

In Table 4, this paper presents changes in metabolite
concentrations in cardiomyocytes after gene knockout,
including key metabolites such as ATP, ADP, AMP, NADH,
NAD+, and NADP. To determine significant differences across
all experimental groups, ANOVA was used to comprehensively
evaluate the overall significance of differences between different
experimental groups, as shown in Table 6.

The paired t-test results in Table 5 show that all experimental
groups (B-F) exhibit significant differences compared to Group A
in terms of the LC3-II/LC3-I ratio and p62 protein expression
levels (p < 0.05), indicating that knocking out the genes
significantly enhanced autophagic activity in cardiomyocytes.
Meanwhile, the ANOVA results in Table 6 reveal that all
metabolites (ATP, ADP, AMP, NADH, NAD+, NADP)
demonstrate statistically significant concentration changes
across different experimental groups (p < 0.05), suggesting
knockout
metabolism state of cardiomyocytes. To further validate the

that gene significantly impacted the energy
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TABLE 5 Paired t-test results.

10.3389/ebm.2025.10489

Experimental LC3-II/LC3-I ratio (experimental p-value p62 protein expression level (experimental
group group vs. A) group vs. A)
B 0.08 vs. 0.05 0.012 0.06 vs. 0.08 0.015
C 0.12 vs. 0.05 <0.001 0.04 vs. 0.08 <0.001
D 0.15 vs. 0.05 <0.001 0.03 vs. 0.08 <0.001
E 0.10 vs. 0.05 0.008 0.05 vs. 0.08 0.045
F 0.14 vs. 0.05 <0.001 0.02 vs. 0.08 <0.001

TABLE 6 ANOVA results.

Metabolite Group C Group D Group E Group F F-value

ATP (umol/L) 20 22 25 27 24 26 12.87 <0.001
ADP (umol/L) 15 14 12 10 13 11 9.45 <0.001
AMP (pmol/L) 5 6 7 8 6 7 632 0.002
NADH (pmol/L) 25 23 20 18 22 21 8.12 <0.001
NAD+ (pumol/L) 20 21 22 25 23 24 10.76 <0.001
NADP (umol/L) 10 11 12 13 11 12 548 0.004

effects of gene knockout on autophagy activity and energy
this
multiple autophagosome flux markers (p62 degradation, ATG

metabolism in cardiomyocytes, study incorporated
expression) and mitochondrial function indicators (OCR, ECAR,
and mitochondrial membrane potential). Below are the results
comparing the control group A with experimental groups B-F
(gene knockout groups):

The data in Table 7 reveal that gene knockout significantly
enhances autophagy activity in cardiomyocytes, as evidenced by
increased p62 degradation rates and elevated ATG5 expression
levels across experimental groups B-F compared to control group
A. Notably, group D exhibits the most pronounced effect, with a
p62 degradation rate of 54.6% and an ATG5 expression level
reaching 1.83, suggesting that the gene knockout in this group
may have promoted autophagosome formation by upregulating
ATGS5 expression. Additionally, OCR values, which reflect
mitochondrial phosphorylation  capacity,
significantly higher in groups B-F than in group A, indicating

oxidative are
that gene knockout enhances mitochondrial respiratory function.
Group D shows the highest OCR value at 247.6 pmol/min,
underscoring its substantial impact mitochondrial
ECAR values, which

glycolytic activity, are elevated in all knockout groups, with

on

performance.  Similarly, indicate
group D again showing the most significant increase at
34.7 mpH/min, shift toward glycolytic

metabolism. The absolute values of mitochondrial membrane

highlighting a

potential decrease in groups B-F compared to group A, with
group D exhibiting the lowest value at —91.8 mV. This reduction
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in membrane potential may be linked to enhanced autophagy
activity and mitochondrial turnover. Overall, the results in
Table 7 demonstrate that gene knockout significantly boosts
autophagy activity and improves mitochondrial function,
consistent with findings from Tables 3 and 4. These findings
further confirm the critical roles of AMPK, PGC1A, CPT1B, and
SIRT1 in regulating energy metabolism and autophagy in
cardiomyocytes, providing important insights for future gene-
based therapeutic strategies.

The dynamic changes of cardiomyocyte metabolism and
autophagy at different time points were further analyzed, and
the results are shown in Table 8.

The time-series data in Table 8 reveal the dynamic regulatory
mechanisms of energy metabolism and autophagy in
cardiomyocytes after exercise. High-intensity exercise (Group
D) exhibited significant metabolic stress immediately after
(0 h), with a 28% in ATP levels,
accompanied by activation of autophagy (a 200% increase in
the LC3-II/LC3-I ratio), consistent with the highly dispersed
feature distribution observed in the VAE model. After 24 h, ATP
levels partially recovered (714%), and AMPK activity decreased
(114%), suggesting that cells initiated energy compensation

exercise decrease

mechanisms. By 72 h, autophagic activity returned to baseline
levels (the LC3-II/LC3-1 ratio decreased to 1.6 times that of the
control group), indicating the completion of short-term adaptive
repair. The continuous downregulation of SIRT1 expression (a
30% decrease at 72 h compared to 0 h) may reflect long-term
suppression of NAD+-dependent signaling. These results
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TABLE 7 Autophagosome flux markers and mitochondrial function test results.

Experimental p62 degradation ATGS5 expression level Mitochondrial membrane
group rate (%) (relative value) potential (mV)
A 9.8 1 1483 19.6 ~1214
B 247 1.28 179.5 243 -110.7
C 39.2 1.57 208.9 29.8 -101.2
D 54.6 1.83 247.6 347 -91.8
E 29.5 1.39 187.3 27.5 ~114.3
F 489 1.68 228.4 32.1 -96.5

TABLE 8 Dynamic changes in metabolism and autophagy of cardiomyocytes at different time points.

Time point LC3-II/ p62 AMPK activity (relative SIRT1 expression
LC3-1I (ng/mg) value) (TPM)
Immediately after A 20.1 1.2 0.05 + 0.01 0.08 + 0.02 0.85 + 0.05 42+03

exercise (Oh)

D 163 + 1.5] 0.15 + 0.02] 0.03 + 0.01] 1.42 + 0.087 6.8 + 057
24h after exercise A 19.8 + 1.0 0.06 + 0.01 0.07 + 0.02 0.88 + 0.04 43+ 04
D 187 + 1.37 0.12 + 0.02] 0.04 +0.01] 121 + 0.06] 5.9 + 0.4]
72h after exercise A 20.3 + 1.1 0.05 + 0.01 0.08 + 0.02 0.86 + 0.05 41+03
D 19.5 + 1.4] 0.08 + 0.01] 0.06 + 0.02] 0.98 + 0.07] 47 +04]

Note: T indicates a significant increase compared to the previous time point (p < 0.05); | indicates a significant decrease (p < 0.05). Group A is the control group, and Group D is the high-

intensity exercise group.

support the ability of the VAE model to capture metabolic

heterogeneity and provide experimental evidence for

optimizing the timing of exercise interventions.

Discussion

By integrating the VAE model with multi-omics and
this  study the
understanding of exercise-mediated energy autophagy in

experimental  validation, advances
cardiomyocytes, bridging gaps in existing research. While
prior studies have established autophagy’s role in maintaining
cardiac homeostasis under stress [38, 39], the dynamic interplay
between exercise intensity, metabolic reprogramming, and
autophagic regulation remains incompletely characterized. Our
findings align with and extend previous observations that
that

mitochondrial quality control is critical for cardiac adaptation.

exercise modulates autophagy bidirectionally and
By employing VAE to decode high-dimensional data, we provide
a computational framework to dissect complex interactions
between metabolites and genes, addressing limitations of
traditional reductionist approaches.

The observed stability of metabolic and autophagic features

under low-intensity exercise versus the dispersion seen in
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moderate-to-high intensity conditions underscores the dose-
dependent role of exercise in cardiac stress adaptation. This
aligns with reports that excessive autophagy may exacerbate
cardiac injury, while optimal activation supports energy
provision and organelle renewal [40, 41]. Notably, our
identification of hypoxia-inducible factor la (HIFla) and
lactate dynamics as key metabolic sensors resonates with
studies linking exercise preconditioning to ischemia-hypoxia
tolerance via autophagy. These findings collectively suggest
that exercise-induced metabolic stress primes cardiomyocytes
for adaptive responses, a mechanism potentially harnessed in
therapeutic strategies.

The LASSO regression analysis revealed tight coupling
between PGCla, ATP
reinforcing PGCla’s central role in mitochondrial biogenesis

levels, and autophagy markers,
and energy homeostasis [13, 42]. The inverse relationship
between AMPK/SIRT1 activity and p62 accumulation further
validates their regulatory roles in autophagic flux, consistent with
their established functions in nutrient sensing and stress
resistance. By contrast, the decline in ATP under HIFla
upregulation  highlights a
adaptation and oxidative stress—a balance critical for cell

trade-off between glycolytic

survival under metabolic duress [43, 44]. These insights refine

existing models of exercise-mediated cardioprotection,
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positioning autophagy as both a stress response and a
prophylactic mechanism.

CRISPR-Cas9-mediated knockout of AMPK, PGCla,
CPT1B, and SIRT1 confirmed their non-redundant roles in
autophagy regulation, corroborating their established functions
in preclinical models [45, 46]. The LC3-II/I ratio and
p62 dynamics observed here mirror findings from ischemia-
reperfusion studies, where autophagy mitigates mitochondrial
dysfunction. Notably, our work advances the field by
integrating these molecular insights with systemic exercise
responses, offering a roadmap for gene-based therapies
targeting metabolic disorders. For instance, modulating
CPT1B—a key enzyme in fatty acid oxidation—could
enhance exercise capacity in heart failure patients, while
SIRT1 agonists may bolster stress resistance in aging
cardiomyocytes.

Future studies should explore how VAE-derived latent space
features correlate with clinical outcomes, leveraging multi-
domain modeling to predict individualized exercise regimens.
Additionally, cross-validation with extracellular vesicle (EV)
profiling could unveil novel paracrine mechanisms linking
autophagy to systemic metabolic health. By merging
computational and experimental approaches, this work lays a
foundation for precision medicine strategies targeting autophagy
in cardiovascular disease.

Conclusion

In this paper, we utilized the VAE model to efficiently
process high-dimensional metabolite concentration and gene
expression data to reveal the dynamic changes of energy
metabolism and autophagy process in cardiomyocytes under
different exercise conditions. Exercise intensity was found to
significantly affect cardiomyocyte energy metabolism and
autophagy activity, with high-intensity exercise triggering
more extensive metabolic stress and injury, activating more
metabolic pathways, and leading to high intracellular state
variability. Through LASSO regression modeling, the tight
and metabolite
clarified,
adapted to  different
physiological demands by regulating autophagic processes.
Gene knockdown experiments verified the key roles of
AMPK, PGC1A, CPT1B and SIRT1 in autophagy and energy
metabolism in cardiomyocytes, which provided a new idea for

connection between exercise conditions

concentration and gene expression  was

demonstrating  how  exercise

gene-targeted therapy.

While this study provides valuable findings, limitations such as
small sample size and model generalizability remain. Future
research will expand the sample size, optimize the model, and
explore additional genes associated with energy autophagy in
cardiomyocytes. Furthermore, time-course analyses will be
incorporated to characterize both transient and sustained effects
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of exercise on cardiac metabolism and autophagy. These efforts
aim to deepen our understanding of the complex mechanisms
underlying exercise-mediated cardioprotection and support the
development of precision medicine strategies targeting autophagy-
related cardiovascular diseases.
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Abstract

Open burning and open detonation (OB/OD) of explosive and hazardous
wastes creates various toxic waste products, including particulate matter,
that is released into the atmosphere and capable of generating significant
health impacts upon exposure. The last commercially run OB/OD thermal
treatment facility in operation in the United States is located near the rural
community of Colfax in central Louisiana. To evaluate the community’s
concerns about the potential health impacts from air pollution due to the
facility’s regular open burning of explosive and hazardous wastes, we examined
the disease burden in Colfax compared to the surrounding parish and state. In a
cross-sectional study, we analyzed hospitalizations and mortality (2000-2018)
where a primary or secondary disease code was associated with cardiovascular,
respiratory, thyroid and skin disease. After adjusting for age, sex and race,
morbidity and mortality due to cardiovascular and respiratory diseases were
significantly higher in Colfax compared to the surrounding areas. In addition,
comparing age-adjusted rates across geographies, stratified by race and sex,
revealed place-based differences within sub-populations. The higher estimated
prevalence of disease conditions is consistent with long-term particulate matter
exposure and suggests a need for comprehensive exposure studies within the
community. Our data further stress the need for enhanced epidemiological
studies and tailored statistical methods to address exposures and environmental
health impacts in rural populations, with fewer than 2,500 individuals, like
Colfax.
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Impact Statement

This study investigates the health impacts associated with
the last remaining commercial open burning/open detonation
(OB/OD) facility in the United States, located in the rural
town of Colfax, Louisiana. The facility’s ongoing open burning
of explosive and hazardous waste has raised significant
concern among residents about long-term exposure to
particulate matter and other toxic byproducts.We present a
cross-sectional analysis of hospitalization and mortality data
(2000-2018) for cardiovascular, respiratory, thyroid, and skin
diseases in Colfax, comparing these rates to the surrounding
parish and the state. This study was driven by residents citing
various respiratory, cardiovascular, dermal, and thyroid
disorders, in addition to cancers. Our findings demonstrate
significantly elevated rates of cardiovascular and respiratory
diseases, consistent with long-term exposure to airborne
pollutants from OB/OD activities. Importantly, we also
highlight disparities within subpopulations when stratifying
by race and sex, underscoring the necessity of context-specific
public health interventions. This work provides a rare and
timely evaluation of pollutant exposure and health outcomes
in a rural, underserved community. Moreover, it emphasizes
the urgent need for robust epidemiological methods tailored
to small populations that often fall outside the scope of
traditional environmental health surveillance.We believe
our study offers critical insights into the environmental
justice implications of hazardous waste disposal practices
and the value of integrating community concerns into
scientific investigation.

Introduction

Thermal treatment of explosives and other hazardous
wastes by open burning and open detonation (OB/OD)
results in incomplete combustion of the wastes and the
dispersal of residual hazardous constituents into the air.
Thus, people may be exposed to hazardous constituents by
inhalation of contaminated air, ingestion of contaminated
water and food, and/or dermal contact and absorption.
While the residual constituents released depend on the
compounds processed by the OB/OD facility, studies of
military burn pits with explosive waste streams have
identified emissions of respirable particulate matter (PM)
along with associated environmentally persistent free
radicals, which act as precursors to dioxins and furans,
polycyclic aromatic hydrocarbons, metals, and volatile
organic compounds [1-6]. In addition to irritation of the
respiratory tract, eyes, and skin, human exposure to these
substances have been associated with increased cancer rates
and respiratory, cardiovascular, endocrine, and neurologic
diseases [7-10].
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Colfax is a rural town in the state of Louisiana and is the seat
of Grant Parish (the state’s equivalent to counties). According to
the U.S. Census Bureau’s American Community Survey (2022), it
has a population of about 1600 people and a higher percentage of
Black residents (66%) than Grant Parish (15%) and Louisiana
(32%). A larger percentage of the Colfax population lives below
poverty level (38%) compared with Grant Parish (15%) and
Louisiana (19%) [11] (Table 1).

A thermal treatment facility operated by Clean Harbors,
LLC is located about five miles north of the Colfax town limits
(Figure 1). Operational since 1985, it is the only commercially
operating OB/OD facility for the thermal treatment of
hazardous wastes in the country. Clean Harbors, LLC is
one of three sites monitored by the U.S. EPA’s Toxic
Release Inventory (TRI) program in Grant Parish, and the
only one within the Colfax ZIP code (Figure 1). It produced
over 99% of TRI-catalogued pollutants released to the land in
the parish (shown for 2015 as an example, but relative
proportions are similar for other years) (Table 2). Air
releases are declared in the TRI to be zero for Clean
Harbors Colfax, indicating that declared releases are
landfilled after thermal treatment. Its operations include
daily OB/OD of munitions from various sources, which has
been noted by the community to cause consistent smoke
plumes and noise disturbances [12]. The thermal treatment
of explosives is known to generate various toxic byproducts
[13], including environmentally persistent free radicals, an
emerging class of pollutants associated with particulate matter
(PM) that can persist for years in the environment [14, 15].
Three air monitoring samples collected by the Louisiana
Department of Environmental Quality (LDEQ) in 2016 also
showed that acrolein-a common cardio-, neuro-, nephro-,
respiro- and hepato-toxin [16] - levels in the area were above
the EPA’s risk-based screening levels [17]. A subsequent
cancer risk assessment report by Louisiana Department of
Health (LDH) found a higher incidence of colorectal cancer in
the census tract that includes Colfax and respiratory cancers
in Grant Parish [18].

The thermal treatment facility is a focus of community
with
cardiovascular,

various
gastric, thyroid,
disorders, in addition to cancers [12]. However, no current

concern, residents  citing respiratory,

dermal, and other
surveillance data are available at the municipal level that can
be used to assess the community’s health concerns. Here, we
have used an innovative method aggregating 19 years of
hospitalization data to estimate the disease burden in the
Colfax ZIP code relative to other areas in Grant Parish and
the state using inpatient discharge and mortality records from
LDH. The prevalence of respiratory and cardiovascular
diseases was estimated based on the inclusion of specific
disease codes associated with all-cause hospitalization and
mortality. All data were temporally aggregated over 19 years
(2000-2018) to preserve patient confidentiality and improve
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TABLE 1 Comparison of American Community Survey 5-year estimates (2022) for Louisiana, Grant Parish, Colfax town, ZIP code 71417 (which
includes Colfax and is defined as Colfax for this study), and other ZIP codes in Grant Parish.

Characteristics Louisiana ZIP code 71417 All other Grant Parish ZIP
(Colfax)* codes®

Total population 4,640,546 22,185 4,943 18,434

% Age <18 years 23% 21% 21% 20%

% Age =65 years 16% 15% 18% 15%

% Female 51% 43% 44% 43%

% All non-White races (% Black or African-American = 41% (32%) 21% (15%) 32% (31%) 17% (11%)

alone)

% Hispanic or Latino 6% 5% 1% 6%

% Below Poverty Level 19% 15% 21% 12%

% Without health insurance® 8% 10% 7% 11%

% Covered by Medicaid alone” 23% 29% 31% 27%

“Data pertain to ZIP Code Tabulation Areas (ZCTAs), which are the closest geographic approximation of ZIP codes. As ZCTAs can cross state and parish boundaries, the sum of the
population by ZCTA may not equal to the census population data for the parish.

"Data pertain to civilian, non-institutionalized population only.

“Includes ZIP codes 71404, 71407, 71423, 71432, 71454, 71467.
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FIGURE 1

Map from EPA’s Toxic Release Inventory (TRI) showing the location of the thermal-treatment plant at Clean Harbors Colfax, LLC and two other

TRl sites in Grant Parish, LA (shown in green). Purple dots show TRI sites with their relative sizes indicating the relative amount of toxic land release in
pounds in 2015. Air release is declared to be 0 pounds at the Clean Harbors Site.
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TABLE 2 Toxic Release Inventory (TRI) Land Release data in Colfax (ZIP code 71417) and Grant Parish (2015). Note that Air Release data are listed as 0 in

the TRI.
Characteristics
Number of TRI-reporting facilities within boundaries
Total chemical release (Ib)
Lead and lead compounds (Ib)
Dioxin and dioxin-like compounds (Ib)
Copper and copper compounds (Ib)
Mercury compounds (Ib)

Nitroglycerin (Ib)

rate stability, considering the small size of the Colfax
population. Using these data, we tested the hypothesis that
the community of Colfax has a disproportionately high
burden of respiratory and cardiovascular diseases compared
to the surrounding areas, based on the current literature on
the health hazards of exposure to residual hazardous
constituents from thermal treatment of explosive and other
hazardous wastes.

Materials and methods
Population data

Decennial census data for 2000 and 2010 were obtained from
the United States Census Bureau (USCB) for the state of Louisiana,
Grant Parish, and Grant Parish’s ZIP Code Tabulation Areas
(ZCTA; the closest geographic approximation of a ZIP code). As
intercensal population estimates are unavailable at the ZCTA-level
from USCB for the entire study period, the population for years
2001 through 2018 was extrapolated based on the average annual
rate of change in the population for each geography between
2000 and 2010. These individual years of population estimates
were then summed for the individual ZCTAs, Grant Parish and
the state to create the cumulative population estimate for the 19-year
study period.

Inpatient discharge and mortality records

Based on availability of data when the study was conceived,
statewide hospital inpatient discharge and mortality data for the
years 2000-2018 were obtained from LDH. Inpatient discharge
reporting data often lags by a year; thus, data from 2019 onwards
could not be included due to disruptions in the regular reporting
system in 2020 due to COVID-19. The 19-year study period was
selected to maximize the study size given the small population of
Colfax (Table 1). SAS Enterprise Guide® 7.1 was used to extract
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Grant Parish

1 3
63,507.5 64,030.8
27,185 27,708
0 0.166

11,392 11,392
72.5 72.5
24,858 0

hospitalization and mortality counts from the respective
databases using recorded diagnosis/mortality codes from the
(ICD). the
United States, the transition from using ninth-edition (ICD9)
to tenth-edition (ICD10) diagnosis codes began in the fourth
quarter of 2015; therefore, both ICD9 and ICD10 codes were
utilized for this study period. The ICD9 codes used were
390-459 circulatory  diseases;
460-519 for respiratory diseases; 240-246 for thyroid diseases;
and 690-698 for skin inflammation. The ICD10 codes used were
100-199 for cardiovascular and circulatory diseases; J00-J99 for
respiratory diseases; E00-E07 for thyroid diseases; and L20-L30
for skin inflammation. Specific diseases considered included

International Classification of Diseases In

for cardiovascular and

asthma, chronic obstructive pulmonary disease (COPD), lung
cancer, respiratory tract infection, hypertension, ischemia, and
arrhythmia (Supplementary Material S1). Diseases were selected
based on the current evidence of health impact associated with
PM exposure as well as community concerns [19, 20]. Estimated
prevalence for all disease conditions were calculated from the
inpatient discharge data by extracting all records where any of the
ICD codes of interest were recorded as a primary or secondary
diagnosis code, thus identifying current and underlying
respiratory, cardiovascular, thyroid and inflammatory skin
diseases among all hospitalized patients. A similar protocol
was applied to the mortality data; cases were extracted that
recorded the of
respiratory) as one of the causes of death. Thyroid and

disease interest (cardiovascular and
inflammatory skin disorders were excluded from the mortality
assessments due to low case counts. Each case was then
categorized by the diseases they represented and assigned a
geography based on the patient’s ZIP code of residence.

Crude rates of hospitalization and mortality with the diseases
of interest were calculated by dividing the number of cases in
each geography by the total population and multiplying by a
factor of 10,000. These were then adjusted for age, sex assigned at
birth (male/female) and race (Black/White) to the 2000 U.S.
Standard Population. Age groups used for age-adjustment

included 0-11 months, 1-17 years, 18-59 years, 60-74 years
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TABLE 3 Estimated prevalence of cardiovascular, respiratory, thyroid and inflammatory skin diseases among hospitalized residents of Colfax (ZIP
code 71417), other ZIP codes in Grant Parish, and Louisiana, adjusted for age, sex and race (2000—2018). Age-adjusted rates also presented
stratified by race and sex, except for diseases with <=20 cases in Colfax that yielded unstable estimates due to low number of cases.

Health condition ZIP code 71417 (Colfax) Other Grant Parish ZIP codes Louisiana
Age, sex, race-adjusted rates per 10,000 population

All Cardiovascular*® 477 434 364
Arrhythmia®* 100 121 92
Ischemia® 170 176 120
Hypertension*" 363 343 285
All respiratory™® 254 243 182
Asthma” 35 38 27
COPD® 78 83 57
Lung Cancer™” 10 7 7
Respiratory Tract Infections™® 114 105 66
Thyroid disorders® 84 79 62
Skin inflammation 7 6 6
Age-adjusted rates per 10,000 Black residents

All cardiovascular™® 546 341 463
Arrhythmia®® 103 87 82
Ischemia™® 177 142 121
Hypertension*" 467 301 392
All respiratory™® 232 200 203
Asthma™® 59 46 41
COPD* 46 65 52
Respiratory Tract Infections™® 106 87 72
Thyroid disorders™” 53 31 42
Age-adjusted rates per 10,000 White residents

All cardiovascular™® 473 434 354
Arrhythmia® 102 126 96
Ischemia® 174 184 123
Hypertension” 350 334 272
All respiratory™® 262 242 181
Asthma® 30 34 25
COPD® 85 87 59
Respiratory Tract Infections™ 118 107 66
Thyroid disorders” 88 81 65
Age-adjusted rates per 10,000 Female residents

All cardiovascular™® 549 465 400
Arrhythmia®* 102 124 88
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TABLE 3 (Continued) Estimated prevalence of cardiovascular, respiratory, thyroid and inflammatory skin diseases among hospitalized residents of
Colfax (ZIP code 71417), other ZIP codes in Grant Parish, and Louisiana, adjusted for age, sex and race (2000-2018). Age-adjusted rates also presented
stratified by race and sex, except for diseases with <=20 cases in Colfax that yielded unstable estimates due to low number of cases.

Health condition ZIP code 71417 (Colfax) Other Grant Parish ZIP codes Louisiana
Ischemia® 159 152 104
Hypertension*® 442 367 321
All respiratory” 271 269 202
Asthma™® 58 49 42
COPD"* 65 94 58
Respiratory Tract Infections® 119 116 71
Thyroid disorders"™ 109 120 84
Age-adjusted rates per 10,000 Male residents
All cardiovascular™® 514 415 426
Arrhythmia 119 128 113
Ischemia® 214 219 164
Hypertension*" 389 309 330
All respiratory™® 262 223 202
Asthma 24 24 21
COPD® 88 82 64
Respiratory Tract Infections™ 119 101 77
Thyroid disorders” 48 42 37

*Colfax rate significantly higher than the rate for other ZIP codes in Grant Parish (P < 0.05).

"Colfax rate significantly higher than the statewide average (P < 0.05).

“Colfax rate significantly lower than the rate for other ZIP codes in Grant Parish (P < 0.05).

and 75 years and older [21]. These age groups were selected based Results

on the differing immunological states of infants, children, young
adults and older adults [22, 23]. Other assigned sex and race
could not be considered due to very low case counts. Rates were
determined for the Colfax ZIP code (71417), Grant Parish
excluding the Colfax ZIP code and the state of Louisiana. In
order to evaluate differences in cardiovascular and respiratory
health outcomes by race and sex, age-adjusted rates were
stratified by race (Black and White) and assigned sex (female
and male). Certain diseases, including thyroid, skin, asthma and
arrhythmia, were excluded from the mortality data analysis due
to low case counts. Relative rates were calculated by dividing the
Colfax rate by a reference value (i.e., the rate for Grant Parish
excluding Colfax or Louisiana). Calculations were conducted
using the unconditional maximum likelihood method (‘Wald’)
using the epitools package (version 5-10.1) in R (4.3.1). All 95%
CI for adjusted and relative disease rates were calculated using
normal approximation. Differences in disease rates were
considered statistically significant if the 95% confidence
intervals (CI) of the groups did not overlap). Relative rates
where the 95% CI did not include the value of 1.0 was
considered statistically significant.
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Estimated prevalence of cardiovascular,
respiratory and other diseases among
hospitalized Residents of Colfax, LA

The rate for presence of cardiovascular disease among
hospitalized Colfax residents (2000-2018), adjusted for age,
sex and race, was 1.30 times the state average (95% CIL:
1.27-1.35; p < 0.0001) and 1.10 times that of Grant Parish
excluding Colfax (95% CIL: 1.06-1.13; p < 0.0001) (Table 3;
2A.B). Of the
examined, hypertensive and ischemic disorders followed a

Figures specific cardiovascular diseases
similar trend, though the estimated prevalence of ischemia
was comparable across all ZIP codes of Grant Parish, and
only significantly elevated in Colfax relative to the state
average. A contrasting trend was observed for arrhythmia,
whose estimated prevalence in Colfax was significantly lower
compared to surrounding areas of Grant Parish, though slightly
elevated relative to Louisiana.

The rates for the presence of respiratory disease among

hospitalized Colfax residents (2000-2018) were similarly
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FIGURE 2

Rates (A,C,E) and rate ratios (B,D,F) for hospitalizations with cardiovascular (A,B), respiratory (C,D), thyroid and skin (E,F) diseases, adjusted for

age, sex and race. Statistically significant differences between Colfax and a comparing geography at a = 0.05 are marked with an asterisk (*). CVD,
Cardiovascular diseases; ARRY, Arrhythmias; ISCH, Ischemia; HTD, Hypertensive disorders; RESP, Respiratory diseases; ASTH, Asthma; COPD,
Chronic Obstructive Pulmonary Disease; LCAN, Lung cancer; RTI, Respiratory Tract Infections; THY, Thyroid diseases; SKIN, Skin diseases.

elevated compared to surrounding areas, after adjusting for
age, sex and race (Table 3; Figures 2C,D). The Colfax rate for
the study period was 1.40 times the state rate (95% CI:
1.34-1.45; p < 0.0001), and approximately 5% higher than
the parish rate excluding Colfax (p < 0.047). The four
specific respiratory diseases evaluated (asthma, COPD,
lung cancer and respiratory tract infections) followed a
similar trend where the Colfax rate was 27%-73% higher
than the state rate, but similar to the parish rate
excluding Colfax.

After adjusting for age, sex and race, rates for thyroid
disorders among hospitalized residents of Colfax was slightly
but not significantly higher than that of other residents of
Grant Parish; however, it was significantly higher than the
statewide average by 36% (P < 0.0001). No significant
difference was noted regarding skin disorders between
residents of Colfax and other areas of the parish or the
state (Table 3; Figures 2E,F).

Age-adjusted rates for all diseases were also stratified by race
and sex to identify disparities among subgroups (Table 3). The
burden of cardiovascular and respiratory diseases overall
remained higher in Colfax regardless of race or sex (Figure 3).
However, when individual disease rates were examined by race,
Black residents of Colfax exhibited a higher burden of disease
relative to Black population elsewhere in Grant Parish whereas
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rates were often comparable for White persons across all ZIP
codes in Grant Parish (Supplementary Figure SI). Some
differences were noted by sex, as well. Differences in overall
respiratory disease prevalence between Colfax and other areas of
Grant Parish was noted among males but not females (Figure 3).
However, a difference in asthma prevalence between Colfax and
other areas of Grant Parish was noted among females and not
males (Supplementary Figure S1).

Estimated mortality resulting from
cardiovascular and respiratory diseases
among Residents of Colfax, LA

The cardiovascular mortality rate in Colfax (2000-2018),
adjusted for age, sex and race, was 2.44 times the state rate
(95% CI: 2.24-2.64; p < 0.0001), and 1.17 times the parish
rate excluding Colfax (95% CI: 1.07-1.29; p = 0.0009)
(Table 4, Figures 4A,B). Of the specific cardiovascular
diseases examined, mortality rates with hypertension and
ischemic events were significantly higher than those of
Deaths Colfax,
hypertension was recorded as a cause of death, was
1.34 times that of the rest of Grant Parish (95% CI:
1.11-1.62; p = 0.002) and 2.34 times that of the state (95%

surrounding  regions. in where
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FIGURE 3

Age-adjusted rates of hospitalizations with any cardiovascular (CVD) or respiratory (RESP) disease, stratified by race (A,B) and assigned sex (C,D).
Race categories shown include Black (A) and White (B); other groups could not be examined due to small sample sizes. Sexes apart from female (C)
and male (D) that may have been assigned also could not be assessed for the same reason. Statistically significant differences between Colfax and a
comparing geography at a = 0.05 are marked with an asterisk (*). Error bars represent the 95% confidence interval.

CI: 1.99-2.75; p < 0.0001). Similar trends were observed for
ischemia as well.

The mortality rate in Colfax for all respiratory disease
conditions was 2.36 times the state rate (95% CI: 2.08-2.68;
p < 0.0001) (Table 4, Figures 4C,D). This pattern was
consistent for the individual respiratory health conditions
examined from the mortality records, including COPD,
lung cancer and respiratory tract infections. No major
differences were observed for Colfax relative to other Grant
Parish ZIP codes.

Age-adjusted mortality rates in Colfax were also examined
stratified by race, and compared for people of the
corresponding race residing in surrounding areas and the
state. Among Black Colfax residents (Table 4, Figures
5A.B), the mortality rate with cardiovascular disease was
2.48 times the state rate for Black individuals (95% CI:
2.19-2.80; p < 0.0001), and 1.64 times the rate for Grant
Parish excluding Colfax (95% CI: 1.35-1.99; p < 0.0001).
Among White individuals (Table 4, Figures 5C,D), the age-
adjusted mortality rate with cardiovascular disease was
2.43 times the state rate for White persons (95% CI:
2.20-2.69; p < 0.0001) and 1.22 times the rate for White
residents of other areas of Grant Parish (95% CI: 1.003-1.265;
p = 0.0443). The respective trends for Black and White
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individuals were noted for hypertension and ischemia when
examined specifically as well.

Age-adjusted mortality rate, with respiratory disease as a
cause of death, among Black Colfax residents was 2.63 times
the state rate for Black individuals (95% CI: 2.15-3.21; p <
0.0001) and 1.41 times the rate for Grant Parish excluding
Colfax (95% CI: 1.04-1.90; p = 0.0269) (Table 4, Figures
5A.B). The mortality rate with respiratory disease for
White individuals in Colfax was 2.34 times the state rate
for White Louisianans (95% CI: 2.01-2.739; p < 0.0001) but
not significantly different from White residents of other parts
of Grant Parish. The respective trends by race were consistent
when examined for the specific respiratory health conditions:
COPD, lung cancer, and respiratory tract infections (Table 4,
Supplementary Figure S2).

Similar results were observed when stratified by sex as well.
the with
cardiovascular disease was 2.56 times the statewide rate for
females (95% CI: 2.28-2.87; p < 0.0001) and 1.20 times the
rate for other Grant Parish ZIP codes (95% CI: 1.04-1.37; p =
0.0093) (Table 4, Figures 5C,D). The rate ratios for mortality with
cardiovascular disease remained comparable in the male
(Table 4, 5C,D). When
specifically, trends for ischemia were similar to that of

Among females, age-adjusted mortality rate

population Figures examined
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TABLE 4 Estimated mortality adjusted for age, sex and race, where cardiovascular and respiratory diseases were recorded as a cause of death, in
Colfax (ZIP code 71417), other ZIP codes in Grant Parish and Louisiana (2000—2018). Age-adjusted rates also presented stratified by race and sex.
Diseases with <20 cases in Colfax, LA excluded as they yielded unstable estimates due low case counts.

Cause of death ZIP code 71417 (Colfax) Other Grant Parish ZIP codes Louisiana
Age, sex, race-adjusted rates per 10,000 residents

All Cardiovascular*® 63 54 26
Ischemia®® 28 22 10
Hypertension*® 12 16 7
All respiratory” 27 27 11
COPD® 11 12 4
Lung Cancer” 6 7 3
Respiratory Tract Infections® 17 19 7
Age-adjusted rates per 10,000 Black residents

All cardiovascular™® 81 49 32
All respiratory™® 30 21 11
Age-adjusted rates per 10,000 White residents

All cardiovascular™® 62 55 25
All respiratory® 27 28 12
Age-adjusted rates per 10,000 Female residents

All cardiovascular™” 61 51 24
Ischemia™ 23 18 8
Hypertension” 15 12 7
All respiratory® 25 25 10
COPD® 9 12 4
Lung Cancer” 5 5 2
Respiratory Tract Infections® 16 18 6
Age-adjusted rates per 10,000 Male residents

All cardiovascular™® 75 57 31
Ischemia®® 37 26 13
Hypertension™” 20 12 8
All respiratory” 31 30 14
COPD® 12 15 5
Lung Cancer® 9 10 4
Respiratory Tract Infections® 20 23 9

“Colfax rate significantly higher than the rate for other ZIP codes in Grant Parish (P < 0.05)

*Colfax rate significantly higher than the statewide average (P < 0.05)

cardiovascular diseases overall. However, mortality due to
hypertension was only elevated significantly among male
residents of Colfax relative to other male population of Grant
Parish; no difference was noted for females (Supplementary
Figure S2).

Significant difference in mortality due to
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respiratory diseases were noted only between Colfax and
Louisiana for both males and females, where the Colfax rate
was about twice the state rate for the corresponding population
(p < 0.0001). This trend remained consistent for all specific
respiratory diseases examined.
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FIGURE 4

Rates (A,C) and rate ratios (B,D) for mortality, where a cardiovascular (A,B) and respiratory disease (C,D) was recorded as a cause of death,
adjusted for age, sex and race. Statistically significant differences between Colfax and a comparing geography at a = 0.05 are marked with an asterisk
(*). CVD, Cardiovascular diseases; ISCH, Ischemia; HTD, Hypertensive disorders; RESP, Respiratory diseases; COPD, Chronic Obstructive Pulmonary
Disease; LCAN, Lung cancer; RTI, Respiratory Tract Infections. Rates for arrhythmia- and asthma-related mortality were unstable due to small

counts; hence not shown.

Discussion

In this study, we evaluated the association between residency
near a hazardous waste OB/OD facility and hospitalization for
cardiovascular, respiratory, thyroid, or skin disease along with
mortality from cardiovascular or respiratory disease. This is the
first study to examine the impact of living in the 71417 ZIP code
(i.e, the community of Colfax, LA) on specific causes of
morbidity and mortality. After adjusting for age, sex and race
for the study period (2000-2018), our study found a significant
increase in cardiovascular and respiratory diseases as a primary
or secondary diagnosis at discharge among hospitalized patients
in Colfax, LA compared to residents of other ZIP codes of Grant
Parish. In addition, residents of Colfax experienced higher
mortality with cardiovascular diseases, including ischemia and
hypertension. Residents of Colfax were also more likely to have
respiratory diseases, like lung cancer and respiratory tract
infections, recorded as a diagnosis code, compared to
residents of other ZIP codes of Grant Parish. Mortality rates
due to respiratory diseases were higher in Colfax than the
statewide rate but were similar across Grant Parish (Figures 2, 4).

Since Colfax has a higher proportion of Black residents
compared to surrounding areas in Grant Parish, and it is well
known that Black Americans tend to face worse cardiovascular
and respiratory health outcomes than White Americans [24-26],
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we compared health outcomes across geographies normalized by
race. This analysis revealed disproportionately higher rates of
cardiovascular and respiratory diseases overall among both Black
and White Colfax residents who were hospitalized, compared to
the corresponding population residing elsewhere in the parish
(Figure 3). Mortality resulting from cardiovascular diseases was
also elevated among Colfax’s Black and White residents
compared to residents of the respective race elsewhere in the
This indicates that residents of Colfax,
regardless of their race, may be affected by environmental

parish (Figure 5).

factors specific to the area of residence that are not
experienced by people living elsewhere in Grant Parish. The
data further suggested that Black residents of Colfax experienced
greater prevalence and mortality relative to Black people residing
elsewhere in Grant Parish, whereas health outcomes were more
similar for all White residents across all ZIP codes of Grant
Parish (Supplementary Figures S1, S2). Due to the low Black
population in other ZIP codes of Grant Parish except Colfax (ZIP
code 71417), further investigation is warranted to evaluate
potential interactions in place- and race-based disparities for
specific disease states in Grant Parish.

Study limitations are balanced by insights gained from our
analyses. Hospitalization rates are presented adjusted for age, sex
and race at the individual level in an attempt to isolate place-
based differences in health outcomes. It is important to
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Age-adjusted mortality rate due to any cardiovascular (CVD) or respiratory (RESP) disease, stratified by race (A,B) and assigned sex (C,D). Race
categories shown include Black (A) and White (B); other groups could not be examined due to small sample sizes. Sexes apart from female (C) and
male (D) that may have been assigned also could not be assessed for the same reason. Statistically significant differences between Colfax and a
comparing geography at a = 0.05 are marked with an asterisk (*). Error bars represent the 95% confidence interval.

emphasize that children and older adults represent particularly
vulnerable subpopulations in the context of environmental
exposures. Due to their developing or aging physiological
systems, these groups are more susceptible to the adverse
health effects of airborne pollutants and contaminated water,
such as those associated with open burning of hazardous wastes
[27, 28]. Children inhale more air per body weight and have
immature detoxification systems, while older adults often have
pre-existing health conditions that can be exacerbated by
environmental stressors [29]. Future studies should prioritize
evaluating health outcomes in these age groups to better
the of
environmental exposures in rural communities like Colfax.

understand and  mitigate long-term  impacts
Age-adjusted rates are also stratified by race and sex to show
differences across geographies within each sub-population.
However, we note that hospital discharge data likely
underreports the true disease burden, as it only cites data
from hospitals within the state and cannot account for either
individuals who were not hospitalized at any point during the 19-
year study period or those who sought care out-of-state. Our
method of estimating disease burden relied on hospital staff
recording not just primary but also secondary diagnosis codes for
the disease conditions evaluated. Hospital reporting to the state

varies annually, potentially causing the database to miss some
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inpatient encounters. Though many of these limitations (e.g.,

could result in an

underestimation of morbidity and mortality, it is expected

underreporting and missing data)

that most sources of error would be consistent across the state
and therefore the relative difference between geographies would
remain unaffected. Even if underreporting were more severe in
rural areas, our detection of differences between the Colfax ZIP
code and the state would only be an underestimation. In other
words, the differences between Colfax and the state of Louisiana
would be even larger if urban-rural effects on data quality were
removed. This speaks to the strength of our approach to
geographic comparison involving rural areas in the absence of
having a sufficiently large sample population for estimating
exposure-response relationships.

High spatial resolution is essential in environmental health
disparities studies to effectively identify correlations between
pollution, health outcomes, and demographic characteristics.
[30]. The rural nature of Colfax required use of the entire
71417 ZIP code to protect the identity of individuals included
in the hospital database. The 71417 ZIP code is 365 km” in area,
and the OBOD facility is 25 km from the southeast corner of the
ZIP code. Moreover, the meteorological characteristics of the
area are often stable, with high humidity and calm wind
conditions 48% of the time over the study duration. Winds
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flow from the south 24% of the time, and winds emanate from all
other directions with roughly equal frequency over the remaining
28% of the time [31]. As a retrospective community health study,
we did not collect air pollution surface measurements, as
attributing spatially resolved exposures to health outcomes
the 71,417 detailed
information on individuals’ residential history, occupational

among residents would require
exposures, and other relevant factors. Although lack of
environmental data and coarse resolution are limitations,
comparison with the remainder of Grant Parish and with the
remainder of the State of Louisiana allowed for some exploration
of the role of source proximity in exposures among different
population subgroups. This more coarse resolution was still
sufficient to detect a statistically significant effect.

Other study limitations involve the lack of available data
surrounding genetic or lifestyle factors (e.g., smoking, exercise),
most social determinants of health (e.g., poverty status, housing
and food insecurity, and preventative healthcare access), indoor/
outdoor environmental exposures arising from industrial or
agricultural activities, and length of time lived in the specified
area of residence at the time of hospitalization—all of which can
affect hospitalization and mortality rates, especially in rural areas
[32]. Combined with the retrospective ecological design and lack of
contemporaneous local air pollutant data or exposure assessments
in the area, no correlation or causal inference studies could be
performed between the disease burden and known anthropogenic
sources of fine PM pollution in the region (e.g., biomass burning
for land management [33]). Despite the limitations, it is apparent
that Colfax, LA suffers a disproportionate disease burden
compared to the rest of Grant Parish and the state. We
speculate that exposure to hazardous air pollutants contributes
to the disease burden in Colfax, which is consistent with the
previously observed increased cancer rates [18] and acrolein levels
reported by LDH [34]. Future studies analyzing long-term
longitudinal pollutants present in the area and further
investigation into potential underlying causes of the increased
cardiovascular and respiratory disease burden would greatly
benefit the community.

Further, we emphasize the need to develop rigorous methods
for analyzing the effects of localized pollution sources for
similarly small and potentially at-risk locations like Colfax,
LA. Future studies need to focus on geocoding street
addresses to a particular point location, possibly combined
with population survey and interview data (ie., mixed
methods approaches), to be able to conduct epidemiological
studies at smaller scales in rural places, while protecting
patient privacy. Use of newer technology may help to identify
places that are comparable to Colfax in terms of socioeconomic
and demographic characteristics but dissimilar in terms of its
environmental characteristics, which could then help to isolate
the attributable fraction of the environment on the observed
disease burden. Additional resources should be devoted to
designing and implementing prospective cohort studies in the

Experimental Biology and Medicine

109

10.3389/ebm.2025.10710

area, in collaboration with the community members. By carefully
documenting individual health metrics, exposures, potential
tracking  health
longitudinally, it is more likely that causal inference can be

confounding factors and outcomes
drawn. In the meantime, greater efforts need to be made to
ensure at-risk community members have the resources to
manage their underlying health conditions. Finally, use of
artificial intelligence and machine learning may help public
health and research professionals test possible interventions as
simulations conducted on synthetic populations that then help to
identify specific interventions that can improve health outcomes

in the area.

Conclusion

By calculating the estimated prevalence from the inpatient
discharge database, we report a higher burden of cardiovascular
and respiratory diseases in the rural community of Colfax,
Louisiana (2000-2018), after adjusting for age, sex and race.
Mortality associated with these conditions was also significantly
higher in Colfax compared to other areas of Grant Parish and
Louisiana. These data demonstrate the need for more in-depth
studies to understand the differences in rates of hospitalizations
and mortality associated with living in the Colfax ZIP code
(71417) and to determine if these health impacts are
associated with air pollution emitted from the nearby open
burning of hazardous wastes. This study also highlights the
importance of developing novel methods to estimate disease
prevalence in rural regions where low population density leads
to data exclusion due to privacy concerns, low statistical power,
and data instability, thereby hindering precise prevalence
Further, the lack of
consistent, long-term environment and health measurements
additional

environmental health disparities in small, rural populations.

measurements. infrastructure for

pose challenges  specific ~ to  addressing
Overcoming these challenges will require innovative statistical

solutions that help to make “no community. . .invisible” [35].
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Abstract

The relationship between the systemic immune-inflammation index (SIl) and
the risk of developing cardiovascular disease (CVD) over the next 10 years in the
United States is largely unknown. The aim of this study is to assess the
association between Sl and 10-year CVD risk. This population-based cross-
sectional study included 9901 participants aged between 30 and 74 from the
National Health and Nutrition Examination Survey (NHANES) 1999-2018. The
10-year CVD risk was calculated using the Framingham cardiovascular risk
score (FRS). The Pearson test, generalized linear model (GLM) and restricted
cubic splines (RCS) were used to analyze the associations between Sl and the
FRS. Based on the total population, the Pearson test and GLM revealed that
there were positive relationships between Ln-transformed SlI (Ln (SIl)) and the
FRS. After adjusting for confounding factors, the odds ratio (OR) for the FRS was
1.52 (95% confidence interval [Cl]: 1.12-2.06) per unit increment in Ln (SIl) (P =
0.009). Compared to the lowest quartile (Q1) of Ln (Sll), the OR for the FRS in the
highest quartile (Q4) was 1.89 (95% CI: 1.20-2.98; P = 0.007). RCS revealed that
there was a linear association between Ln (SlI) and the FRS (P for non-linearity =
0.972). As Ln (Sll) increased, the value of FRS rose gradually (P for overall
trend <0.001). However, the relationship between Ln (Sll) and FRS showed
ethnic heterogeneity. In conclusion, Sl exhibits significant associations with 10-
year CVD risk as assessed by the FRS. However, this association varies across
ethnic groups, necessitating cautious application and further validation.

KEYWORDS

systemic immune inflammation index, cardiovascular disease, framingham
cardiovascular risk scores, 10-year cardiovascular disease risk, inflammation
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Impact statement

This study investigated the relationship between systemic
immune-inflammation index (SII) and cardiovascular disease
(CVD) risk. The 10-year CVD risk was calculated by
Framingham cardiovascular risk scores (FRS). We found that
there was a positive significant association between SII and 10-
year CVD risk. Therefore, SII is expected to become an effective
metric for identifying the 10-year CVD risk of human, providing
well preventive strategies and improving risk stratification.

Introduction

Cardiovascular disease (CVD) is one of the most significant
public health problems threatening human life. In recent years, it has
remained the leading cause of death and disability worldwide in
addition to being the leading cause of disease burden in the
United States [1]. A report from the American Heart Association
suggested that the prevalence of CVD is 48.6% in adults
aged >20 years. Moreover, in 2020 the number of cardiovascular
deaths worldwide was 19.05 million, which amounted to an increase
of nearly one-fifth since 2010 [2]. Dyslipidemia, hypercoagulability,
insulin resistance, hypertension, and inflammatory responses are the
risk factors for the pathogenesis of CVD [3]. Based on several sex-
specific multivariable risk factors, the Framingham Heart Study
developed the first CVD risk equations, which were used to quantify
risk and guide preventive care [4]. The Framingham Risk Score
(FRS) is a widely used predictive tool that can be applied to relatively
healthy individuals to estimate their probability of having a fatal or
non-fatal cardiovascular event over the next decade [5, 6], and it has
been used in several studies [6-8]. In addition, in recent years,
inflammatory cytokines have shown promise as diagnostic tools for
coronary heart disease, heart failure (HF), and other CVDs [9, 10].

With the in-depth study of chronic systemic inflammation, it
has been found that inflammatory responses are connected to
many different diseases [11-14]. Several immune cell types and
inflammatory mediators have been implicated in the progression
and pathogenesis of CVD [15, 16]. Mounting evidence suggests
that
cardiovascular risk. The Systemic Immune-Inflammation Index

chronic inflammation substantially ~contributes to
(SI), which is calculated using platelet, neutrophil, and
lymphocyte counts, is a comprehensive biomarker that reflects
both local immune responses and systemic inflammation [17].
Mechanistically, SII captures key inflammatory processes across
atherogenesis. In the early phase, hemodynamic stress and lipid
abnormalities appear to trigger inflammatory activation in
endothelial cells, facilitating monocyte recruitment through
adhesion molecules [18]. In the advanced phase, macrophage-
derived inflammatory mediators promote extracellular matrix
degradation via matrix metalloproteinases, increasing plaque
vulnerability [19, 20]. Although SII has been established as an

independent predictor of cancer, CVD and all-cause mortality
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[21-26], its association with the FRS — a key CVD risk assessment
tool — remains unclear.

Previous studies on SIT and CVD risk have several limitations.
First, existing analyses have primarily assumed linear relationships,
potentially overlooking complex nonlinear associations between
SII and CVD outcomes. Second, there has been insufficient
lifestyle particularly
comprehensive adjustment for physical activity patterns and
dietary factors. Third, the integration of SII with established
clinical risk prediction tools like the FRS remains unexplored in

consideration of key confounders,

population-based studies. To address these limitations, our study
specifically: (1) employs restricted cubic splines (RCS) to
characterize potential non-linear relationships, (2) incorporates
enhanced adjustment for objectively measured lifestyle factors
including device-based physical activity and dietary intake, and
(3) evaluates the relationship between SII and the FRS in a
nationally representative sample. This study was based on the
National Health and Nutrition Examination Survey (NHANES) to
assess the association of SII with the FRS.

Materials and methods
Data and sample source

The NHANES is a cross-sectional survey conducted by the
National Center for Health Statistics (NCHS) in the United States.
The NCHS and the Centers for Disease Control and Prevention
(CDC) conducted the survey. The NCHS’ Research Ethics Review
Board evaluated and approved the NHANES study protocol. The
study protocol was approved by the NCHS Ethics Review Board,
and all participants provided informed consent. For further
confirmation, please refer to the link to the NCHS ethics
approval document for the NHANES data'. Briefly, the
NHANES uses a stratified and multistage probability approach,
which surveys approximately 5,000 participants annually. The data
data,
laboratory data, examination data and limited access data.

There were a total of 101,316 participants included in the
NHANES from 1999 to 2018 Of those,
62,568 participants because their age was younger than 30 or older

collected includes demographic questionnaire data,

we excluded
than 74; 3,676 subjects were excluded due to imponderable total
cholesterol (TC); 2 individuals were excluded due to imponderable
high-density lipoprotein (HDL); 17,935 were excluded due to missing
glucose; 655 participants were excluded due to imponderable blood
pressure; and 58 individuals were excluded due to imponderable SII. Of
1,692 participants with CVD,448 were excluded for using NSAIDs and
statins; 4,381 subjects with arthritis and thyroid disease were excluded.
Finally, 9901 participants were included in this study (Figure 1).

1 www.cdc.gov/nchs/nhanes/irba98.htm
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62,568 participants were excluded because age was younger than 30 or
older than 74

| N=38,748 |

'I 3,676 subjects were excluded due to imponderable TC |

| N=35.072 |

»| 2 participants were excluded due to imponderable HDL |

I N=35,070 |

={ 17,935 subjects were excluded due to missing glucose |

| N=17,135 |

-{ 655 participants were excluded due to imponderable blood pressure |

| N=16,480 |

» 58 subjects were excluded due to imponderable SII |

I N=16,422 |

-I 1,692 participants with CVD |

I N=14,730 |

q| 448 participants using NSAIDs and statins l

| N=14,282 |

'I 4,381 participants with arthritis and thyroid disease |

I N=9,901 |

FIGURE 1

Flowchart showing the selection of participants from the NHANES from 1999 to 2018. Abbreviations: NHANES, National Health and Nutrition
Examination Survey; TC, total cholesterol; HDL, high-density lipoprotein; SlI, systemic immune-inflammation index; CVD, cardiovascular disease.

Systemic immune-inflammation

The SII is based on a complete blood count. Standardized
protocols for measuring blood counts (platelets, lymphocytes, and
neutrophils) were provided by the NHANES Laboratory Procedures
Manual. More details can be found at>. In the present study, the
following equation was utilized to calculate the SII (SII = platelet
count x neutrophil count/ lymphocyte count) [17]. The SII data
were unevenly distributed and skewed to the right. Natural
logarithmic transformation converts absolute differences into
proportional changes. For clinical interpretation, Ln-transformed
SII (Ln(SID)) values can be back-transformed to the original scale. A
one-unit increase in Ln (SII) corresponds to an e-fold (=2.72-fold)
multiplicative change in the original SII values. Based on this, the SII
data need to be Ln-transformed. Supplementary Figure S1 shows the
distributional characteristics and normality assessment of SII values.
(A) The histogram of the raw SII values showed extreme right-

2 https://www.cdc.gov/nchs/nhanes/biospecimens/serum_plasma_
urine.htm

Experimental Biology and Medicine

skewness. (B) The quantile-quantile plot confirmed severe non-
normality (Anderson-Darling A = 617.20, P < 0.001). (C) The
histogram of Ln (SII) showed substantial improvement, although
with residual skewness. (D) The quantile-quantile plot of the
transformed values demonstrated a persistent deviation from
normality (A = 6.62, P < 0.001). The red lines represent
theoretical normal distributions.

FRS

The FRS is a general 10-year risk estimate for CVD, which
was developed using a Cox model based on the Framingham
Heart Study [4]. In the present study, the FRS was calculated
using sex, age, TC, HDL, systolic blood pressure (SBP), treatment
for hypertension, smoking and diabetes. The FRS was Ln-
transformed to reduce the effects of non-normality. To
eliminate the potential contribution of neighborhood
clustering by age and sex on neighborhood-level variance, the
outcome variable used in the analysis was the normalized
residual of the Ln-transformed FRS regressed on age and sex.
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Low 10-year CVD risk was defined as FRS <10%; FRS >10% was
considered intermediate or high 10-year CVD risk.

Covariates

The baseline characteristics included demographic factors (age,
sex (men or women), education (high school or below and college
graduate or above), marital status (married/Living with a partner,
never married and widowed/divorced/separated), poverty income
ratio (PIR) (2, 2-4 and 4) and ethnicity (Mexican American,
Other Hispanic, Non-Hispanic White, Non-Hispanic Black, and
Other  Ethnicity), behavioral (smoking,  alcohol
consumption, physical activity (PA), and energy intake), and low-
density lipoprotein (LDL). The metabolic equivalent (MET)
represents the rate of oxygen uptake required to maintain the

factors

body’s basic metabolic processes while at complete rest. In line
with World Health Organization (WHO) recommendations, we
used MET values of 3.3 for walking, 4 for moderate activities, and
8 for vigorous activities [27]. PA was valued by total MET-
minutes/week. Vigorous activity was defined as accumulating at
least 3,000 MET-minutes/week, while moderate activity
required a minimum of 600 MET-minutes/week. Individuals
who met neither criterion were classified into the light activity
category. Energy intake was estimated using the dietary intake
data from the 24-h period before the interview. Body mass
index (BMI) was calculated by dividing weight in kilograms by
the square of height in meters. Participants were categorized
into four BMI groups according to WHO criteria: underweight
(BMI <18.5 kg/m?*), normal weight (BMI 18.5-24.9 kg/m?),
overweight (BMI 25.0-29.9 kg/m?), and obese (BMI >30.0 kg/
m?). The diagnosis of CVD was determined by self-reported
physician diagnoses obtained during interviews using a
standardized questionnaire. subjects were asked, “Has a
doctor or other health expert ever informed you that you
have angina/congestive heart failure/coronary heart disease/
heart attack (myocardial infarction)/stroke?” If the answer was
“yes” to any of the above questions, the subjects were
considered to have CVD.

Statistical analysis

Participants were stratified into four groups according to Ln
(SI)
characteristics were presented as mean + standard deviation

quartiles.  Continuous and categorical baseline
(SD) and number (percentage), respectively. Differences in the
distribution of variables were compared using a weighted one-
way analysis of variance (ANOVA) test for continuous data and a
weighted chi-square test for categorical data, respectively.

The Pearson test was used to analyze the correlation between
Ln (SII) and the FRS. Two models were developed to assess

associations of Ln (SII) and the FRS or 10-year CVD risk level by
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using weighted GLM: the crude model was not adjusted; the
adjusted model was adjusted for education, marital status, PIR,
ethnicity, alcohol consumption, PA, energy intake, BMI, and
LDL. To rigorously assess the robustness of our results, we
performed a subgroup analysis to investigate potential
modifying effects based on ethnicity.

Furthermore, weighted RCS were used to explore non-linear
relationships between Ln (SII) and FRS or 10-year CVD risk level.
Knot placement and model specification were implemented using
Harrell’s rms package. Interior knots were positioned at clinically
relevant percentiles of the Ln (SII) distribution following established
conventions: the 10th, 50th, and 90th percentiles were used for the
optimal 3-knot configuration, which was determined by comparing
Akaike Information Criterion (AIC) across 3 to 6 knot models.
Boundary knots were automatically anchored at the observed
minimum Ln (SII)value of 2.47.

All statistical analyses were performed using R version 4.2.2,
with a significance threshold of P < 0.05, and all statistical tests

were two-sided.

Results
Study population characteristics

A total of 9901 subjects were included in the study, among
whom 53.27% were men, and 46.73% were women. The number
of participants who were judged as having an intermediate or
high 10-year CVD risk was 1,438 (14.52%). The demographic
characteristics of the subjects by Ln (SII) quartiles are shown in
Table 1. The results suggest statistically significant differences in
age, gender, marital status, ethnicity, smoking status, treatment
for hypertension, BMI, PA, TC, FRS, and 10-year CVD risk level
(all P < 0.05). The demographic characteristics of the subjects
after weighting are shown in Supplementary Table S1.

Associations of Ln (SIl) with the FRS

A Pearson correlation analysis was performed to examine the
correlation between Ln (SII) and the FRS, along with other
continuous variables. There was a positive relationship found
between Ln (SII) and the FRS, with a corresponding correlation
coefficient of 0.09 (P < 0.001). Except for energy intake and PA, there
were positive relationships between the other factors and the FRS. The
results of the Pearson correlation coefficient are shown in Figure 2.

Associations of Ln (Sll) and Ln (Sll) quartiles
with the FRS

Table 2 suggests the results of the association between Ln (SII)
and Ln (SII) quartiles and the FRS in the crude model and adjusted
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TABLE 1 Demographic characteristics of subjects (n = 9901) in the NHANES 1999-2018.

Variables Q1 (N = 2,476) Q2 (N = 2,475) Q3 (N = 2,475) Q4 (N = 2,475) Total (N = 9901)

Age (year) (mean * SD) 48.02 £ 12.10 47.55 £ 12.22 46.99 + 11.69 46.82 + 12.15 47.34 + 12.05 0.002

Gender (%) <0.001
Men 1,500 (60.58) 1,404 (56.73) 1,275 (51.52) 1,095 (44.24) 5,274 (53.27)
‘Women 976 (39.42) 1,071 (43.27) 1,200 (48.48) 1,380 (55.76) 4,627 (46.73)

Education (%) 0.940
High school or below 1,190 (48.06) 1,181 (47.72) 1,170 (47.27) 1,183 (47.80) 4,724 (47.71)
College graduate or above 1,285 (51.90) 1,291 (52.16) 1,303 (52.65) 1,291 (52.16) 5,170 (52.22)

Marital status (%) 0.002
Married/Living with partner 1710 (69.06) 1726 (69.74) 1714 (69.25) 1,605 (64.85) 6,755 (68.23)
Never married 423 (17.08) 444 (17.94) 431 (17.41) 526 (21.25) 1824 (18.42)
Widowed/Divorced/Separated 322 (13.00) 275 (11.11) 303 (12.24) 315 (12.73) 1,215 (12.27)

PIR (%) 0.569
<2 982 (39.66) 943 (38.10) 941 (38.02) 958 (38.71) 3,824 (38.62)
2-4 635 (25.65) 602 (24.32) 623 (25.17) 636 (25.70) 2,496 (25.21)
>4 646 (26.09) 722 (29.17) 706 (28.53) 673 (27.19) 2,747 (27.74)

Ethnicity (%) <0.001
Mexican American 459 (18.54) 542 (21.9) 528 (21.33) 489 (19.76) 2018 (20.38)
Other Hispanic 213 (8.60) 242 (9.78) 243 (9.82) 230 (9.29) 928 (9.37)
Non-Hispanic White 690 (27.87) 952 (38.46) 1,062 (42.91) 1,178 (47.60) 3,882 (39.21)
Non-Hispanic Black 778 (31.42) 465 (18.79) 403 (16.28) 373 (15.07) 2019 (20.39)
Other Ethnicity 336 (13.57) 274 (11.07) 239 (9.66) 205 (8.28) 1,054 (10.65)

Smoke (%) <0.001
No 1,459 (58.93) 1,427 (57.66) 1,397 (56.44) 1,256 (50.75) 5,539 (55.94)
Yes 1,017 (41.07) 1,048 (42.34) 1,078 (43.56) 1,219 (49.25) 4,362 (44.06)

Alcohol consumption (%) 0.567
No 1709 (69.02) 1730 (69.90) 1734 (70.06) 1710 (69.09) 6,883 (69.52)
Yes 568 (22.94) 566 (22.87) 574 (23.19) 595 (24.04) 2,303 (23.26)

Treatment for hypertension (%) 0.034
No 2060 (83.20) 2033 (82.14) 2082 (84.12) 2009 (81.17) 8,184 (82.66)
Yes 416 (16.80) 442 (17.86) 393 (15.88) 466 (18.83) 1717 (17.34)

T2DM (%) 0.356
No 1,232 (49.76) 1,244 (50.26) 1,250 (50.51) 1,291 (52.16) 5,017 (50.67)
Yes 1,244 (50.24) 1,231 (49.74) 1,225 (49.49) 1,184 (47.84) 4,884 (49.33)

116

(Continued on following page)

‘1e 12 buep

¥0£07'G202°'W93/68¢¢ 0T


https://doi.org/10.3389/ebm.2025.10704

aupIpay pue Abojolg jeyuswiiadxy

aupIpap pue Abojoig jeyusawiadxy Joy A}a100S

s1anuo.4 Ag paysnand

TABLE 1 (Continued) Demographic characteristics of subjects (n = 9901) in the NHANES 1999-2018.

Variables

Q1 (N = 2,476)

Q3 (N = 2,475)

Q4 (N = 2,475)

Total (N = 9901)

BMI (kg/m2) (mean + SD) 27.98 + 5.67 28.28 + 5.79 28.78 + 6.19 29.07 + 6.80 2853 + 6.14 <0.001
Underweight 34 (1.37) 36 (1.45) 28 (1.13) 39 (1.58) 137 (1.38) <0.001
Normal weight 742 (29.97) 714 (28.85) 677 (27.35) 671 (27.11) 2,804 (28.32)

Overweight 612 (24.72) 570 (23.03) 559 (22.59) 526 (21.25) 2,267 (22.90)
Obese 1,068 (43.13) 1,147 (46.34) 1,195 (48.28) 1,209 (48.85) 4,619 (46.65)

Energy intake (kcal) (mean + SD) 2,154.30 + 945.14 2,152.5 + 860.88 2,137.35 + 924.32 2,137.03 + 898.14 2,145.27 + 907.38 0.859

PA (MET-minutes/week) (mean + SD) 4,286.55 + 8,987.26 3,658.71 * 6,222.36 3,848.23 + 15,673.21 2,993.56 + 8,034.72 3,700.21 * 10,367.76 0.001
Vigorous 625 (25.24) 673 (27.19) 731 (29.54) 799 (32.28) 2,828 (28.56) <0.001
Moderate 742 (29.97) 750 (30.30) 719 (29.05) 700 (28.28) 2,911 (29.40)

Light 666 (26.90) 606 (24.48) 561 (22.67) 490 (19.80) 2,323 (23.46)

TC (mg/dL) (mean # SD) 198.76 + 40.91 199.81 + 40.89 200.95 + 39.55 201.96 + 41.91 200.37 + 40.84 0.035

HDL (mg/dL) (mean + SD) 53.79 + 16.46 5297 + 16.01 53.18 + 16.24 53.64 + 16.24 53.40 + 16.24 0.249

LDL (mg/dL) (mean + SD) 119.43 + 35.18 12031 + 35.86 120.32 + 33.9 120.32 + 3524 120.09 + 35.05 0.779

SBP (mm Hg) (mean + SD) 123.09 + 18 122,61 + 17.71 122.53 + 17.87 122.68 + 18.23 122.73 + 17.95 0.695

Ln (SIT) (mean + SD) 546 + 0.32 5.96 + 0.09 6.28 + 0.10 6.78 + 0.28 6.12 + 0.53 <0.001

FRS (mean + SD) 504 + 8.12 521 + 7.89 529 + 8.26 578 + 8.61 533 + 8.23 0.011
Low 10-year CVD risk 2,136 (86.27) 2,118 (85.58) 2,136 (86.30) 2073 (83.76) 8,463 (85.48) 0.032
Intermediate and high 10-year CVD risk 340 (13.73) 357 (14.42) 339 (13.70) 402 (16.24) 1,438 (14.52)

Abbreviations: SD, standard deviation; PIR, poverty income ratio; SBP, systolic blood pressure; T2DM, type 2 diabetes mellitus; BMI, body mass index; PA, physical activity; MET, metabolic equivalent; TC, total cholesterol; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; Ln (SII), Ln-transformed SII; SII, systemic immune-inflammation index; FRS, framingham cardiovascular risk score; CVD, cardiovascular disease.
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FIGURE 2

-1

Correlation analysis. Pearson correlation coefficients between Ln (Sll) with the FRS and the factors that were computed for the FRS. The
correlation coefficients are shown as numbers and colors. Blue indicates a positive correlation and red indicates a negative correlation. A flatter circle
represents a stronger correlation. *indicates p < 0.05; **indicates p < 0.01; ***indicates p < 0.001. Abbreviations: BMI, body mass index; PA, physical
activity; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SBP, systolic blood pressure; Ln (Sll), Ln-transformed

SlI; Sll, systemic immune-inflammation index; FRS, Framingham cardiovascular risk score.

model. In the crude model, Ln (SII) was analyzed as a continuous
variable. The odds ratio (OR) for FRS was 2.18 [95% confidence
interval (CI): 1.57-3.02] per unit increment in Ln (SII). Compared to
the lowest quartile (Q1) of Ln (SII), the OR (95% CI) for Q2, Q3, and
Q4 were 1.22 (0.76-1.96), 1.86 (1.15-3.01), and 3.06 (1.90-4.93),
respectively (P for trend <0.001). In the adjusted model, the OR
(95% CI) for FRS was 1.52 (1.12-2.06) for a per-unit increment in Ln
(SIT). Compared to the Q1 of Ln (SII), the OR (95% CI) for Q2, Q3,
and Q4 were 1.19 (0.73-1.92), 149 (0.95-2.35), and 1.89
(1.20-2.98), respectively (P for trend = 0.004).

The non-linear association between Ln
(SIl) and the FRS

A non-linear relationship was explored between Ln (SII)
and the FRS by RCS. Figure 3 shows that a linear association
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was found between Ln (SII) and the FRS (P for non-linearity =
0.972). As Ln (SII) increased, so did the value of FRS (P for
overall trend <0.001).

The relationship between Ln (Sll) and 10-
year CVD risk

Supplementary Table S2 shows the results of the association
between Ln (SII) and Ln (SII) quartiles and 10-year CVD risk in
the crude model and adjusted model. After adjusting for the
potential confounders, all associations became non-significant
1.03-1.13, P > 0.05 for all comparisons).
Supplementary Figure S2 shows a linear association between
Ln (SII) and 10-year CVD risk (P for non-linearity = 0.541). With
the Ln (SII) increasing, 10-year CVD risk gradually increased (P
for overall trend <0.001).

(OR  range:
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TABLE 2 Associations of Ln (SIl) and Ln (Sll) quartiles with the FRS, as estimated by weighted generalized linear models.

Factor Crude model Adjusted model
95%CI P value 95%CI P value

Ln (SID) 218 1.57-3.02 <0.001 1.52 1.12-2.06 0.009
Stratified by Ln (SII) quartiles 1.47 1.26-1.71 <0.001 1.24 1.07-1.43 0.004

Q1 Ref Ref

Q2 1.22 0.76-1.96 0.417 1.19 0.73-1.92 0.488

Q3 1.86 1.15-3.01 0.013 1.49 0.95-2.35 0.086

Q4 3.06 1.90-4.93 <0.001 1.89 1.20-2.98 0.007

The crude model was not adjusted;

The adjusted model was adjusted for education, marital status, PIR, ethnicity, alcohol consumption, PA, energy intake, BMI, and LDL.

Abbreviations: Ln (SII), Ln-transformed SIT; SII, systemic immune-inflammation index; FRS, framingham cardiovascular risk score; OR, odds ratio; Ref, reference; PIR, poverty income
ratio; PA, physical activity; BMI, body mass index; LDL, low-density lipoprotein.

Overall P <0.001

P for nonlinear = 0.972

The association between Ln(SII) and the FRS (B, 95%CI)

4 6 8 10
Ln(SIT)

FIGURE 3

RCS curve of the association between Ln(Sll) and the FRS. The results were adjusted for education, marital status, PIR, ethnicity, alcohol
consumption, PA, energy intake, BMI, and LDL. Abbreviations: RCS, restricted cubic splines; Ln (Sll), Ln-transformed SlI; SlI, systemic immune-
inflammation index; FRS, Framingham cardiovascular risk score; PIR, poverty income ratio; PA, physical activity; BMI, body mass index; LDL,
low-density lipoprotein.

Subgroup analysis CVD risk level. After fully adjusting for education, marital
status, PIR, alcohol consumption, physical activity, energy

Supplementary Tables S3-S12 present ethnicity-stratified intake, BMI, and LDL, we observed distinct ethnicity-
analyses of the association between Ln (SII) (as both associated patterns: No significant associations were found
continuous and quartile variables) and the FRS and 10-year among Mexican American patients (OR range: 0.84-1.75, all

Published by Frontiers
Experimental Biology and Medicine Society for Experimental Biology and Medicine
119


https://doi.org/10.3389/ebm.2025.10704

Yang et al.

P > 0.05), Other Hispanic subjects (OR range: 0.34-1.39, all P >
0.05), or Non-Hispanic Black subjects (OR range: 0.98-2.34, all
P >0.05). In the Non-Hispanic White group, higher Ln (SII) was
associated with an increased FRS (per-unit OR = 1.72, 95% CI:
1.13-2.60; Q4 vs. Q1 OR = 2.30, 95% CI: 1.27-4.16; P for trend =
0.007), but it was not associated with 10-year CVD risk (OR
range: 1.05-1.18). Conversely, the Other Ethnicity group
exhibited an inverse 10-year CVD risk association (per-unit
OR = 0.46, 95% CI: 0.27-0.79; Q3 vs. Q1 OR = 0.41, 95% CI:
0.19-0.90), whereas no significant association was observed for
the FRS (OR range: 0.48-0.86).

Discussion

It is increasingly recognized that systemic inflammation
initiates and exacerbates the pathological processes of chronic
diseases. Many inflammatory predictors associated with CVD
risk have been identified [28]. The present study showed that
the FRS increased with the increase of SII. Both the Pearson
correlation analysis and RCS revealed a significant positive
association between Ln (SII) and the FRS. Therefore, SII may
serve as a useful biomarker for assessing 10-year CVD risk in
the general population. SII could be used to quickly identify
high-risk subjects with a 10-year risk of CVD at a
relatively low cost.

Several studies have supported the finding of a positive
relationship between SII and the CVD risk [24, 25, 29].
Another study suggested that an elevation of SII level would
be obvious in almost all subtypes of CVD, including ischemic
stroke, hemorrhagic stroke, myocardial infarction, and
peripheral arterial disease [30]. Furthermore, SII was found to
be associated with poor short-term prognosis in atrial fibrillation
patients with ischemic stroke [31]. Meanwhile, SII levels were
also elevated in patients with ST-segment elevation myocardial
infarction [32, 33]. Based on these, a close relationship was found
to exist between SII and CVD risk. These results also provide
sufficient evidence that chronic inflammation in the healthy
population greatly increases the risk of developing CVD.

The underlying mechanisms of SII relating to the FRS can be
attributed to several factors. First, chronic systemic inflammation
can cause abnormal platelet aggregation, allowing them to adhere to
the surface of endothelial cells, causing hypoxia, ischemia and
microthrombus formation, leading to local tissue death [34, 35].
Second, long-term aberrant decrease of lymphocyte counts indicates
excessive lymphocyte death in the human body, leading to reduced
immune system capacity and immune dysfunction. Subsequently,
lymphocyte death could further lead to endothelial dysfunction,
abnormal aggregation of platelets, and thrombosis after platelet
activation [24]. Third, monocytes and neutrophils can also
promote abnormal coronary plaque status by activating and
generating inflammatory responses, inducing atherosclerotic
plaque rupture and thrombosis, thereby increasing the risk of
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adverse cardiovascular events [36]. As a complex inflammatory
index, SII could effectively and comprehensively reflect the
inflammatory state and immune system state of the body. The
cumulative effect of the interaction between the three different cell
lines synergistically enhances the association between systemic
inflammation and the 10-year CVD risk assessed by the FRS.
Therefore, the interaction between platelets, neutrophils, and
lymphocytes may represent a potential therapeutic target for
chronic inflammation in patients with high FRS.

Subgroup analyses revealed complex heterogeneity in the
relationship between Ln (SII) and the FRS: significant positive
associations were observed in Non-Hispanic Whites, whereas null
effects were found in the Mexican American, Other Hispanic, and
Non-Hispanic Black groups. In contrast, the Other Ethnicity group
exhibited a negative relationship between Ln (SII) and 10-year CVD
risk. These differential patterns likely reflect the interplay between
ethnicity, SII and CVD. The findings in the Mexican American/
Hispanic/Other Ethnicity groups may reflect the “health paradox”
phenomenon [37, 38]. The reason for the different relationships
between different ethnic groups likely originates from three
interconnected mechanisms: First, racism generates population
health disparities through the propagation of beliefs, attitudes,
and treatment of group members by both individuals and
institutions [39]. Second, some research suggests that Black
individuals in the United States experience premature death from
a variety of causes, including multiple diseases [40, 41]. Second, the
immigrant health advantage has always played a critical role in this
situation. Several studies have shown lower mortality rates [42], and
fewer chronic conditions [43] in immigrants than in US-born
subjects. Third, current ethnic classifications inadequately capture
heterogeneity, while undifferentiated pan-ethnic labels mask critical
variations in nativity and phenotype [44].

It is important to emphasize the limitations of the present study.
First, the NHANES had a cross-sectional design, which limits its
ability to establish causality. Specifically, simultaneous SII and FRS
measurements prevent determining whether inflammation precedes
or results from subclinical CVD; influencing factors (e.g., occult
infections, undiagnosed autoimmune disorders) may independently
influence both SIT and CVD risk. Furthermore, single-time-point in
front sampling cannot capture how the relationship between SII and
CVD risk evolves over time. Considering the large sample size of the
NHANES and its complex, multi-stage, probabilistic sampling design,
the results still indicated stability in the relationship between SIT and
10-year CVD risk. Second, due to missing information in the data set,
excluded participants with incomplete data may introduce bias into
the analysis. Third, hematological parameters were assessed at a single
time point (a limitation inherent to the NHANES protocol), while the
substantial sample size provides sufficient statistical power to detect
meaningful population-level associations. Large-scale epidemiological
single
measurements of inflammatory biomarkers retain = significant

investigations have consistently ~demonstrated that
predictive value for long-term cardiovascular risk stratification in

adult populations. In addition, utilizing the NHANES database
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inevitably introduces the possibility of imprecise data capture and
recall bias.

Conclusion

The results demonstrate a significant positive association
between SII and the FRS, supporting the potential of SII as an
effective biomarker for identifying 10-year CVD risk. Nonetheless,
variations in the relationship between SII and the FRS among
different ethnic groups underscore the importance of careful
application. Further studies with larger and more diverse cohorts
are required for comprehensive validation.
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