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COMPENDIUM ON INTERORGAN CROSSTALK IN HEART FAILURE AND 6
CARDIOMETABOLIC DISEASES

Emerging Technologies and Future Directions in
Interorgan Crosstalk Cardiometabolic Research
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Norbert Hiibner, Marcus Seldin

ABSTRACT: The heart does not work in isolation, with cardiac health and disease occurring through complex interactions
between the heart with multiple organs. Furthermore, the integration of organ-specific lipid metabolism, blood pressure,
insulin sensitivity, and inflammation involves a complex network of signaling pathways between many organs. Dysregulation
in these communications is now recognized as a key contributor to many manifestations of cardiovascular disease.
Mechanistic characterization of specific molecules mediating interorgan signaling has been pivotal in advancing our
understanding of cardiovascular disease. The discovery of insulin, glucagon, and other hormones in the early 20th century
illustrated the importance of communication between organs in maintaining physiological homeostasis. For example, elegant
studies evaluating insulin signaling and its role in regulating glucose metabolism have shed light on its broader impact on
cardiovascular health, hypertension, atherosclerosis, and other cardiovascular disease risks. Recent technological advances
have revolutionized our understanding of interorgan signaling. Global approaches such as proteomics and metabolomics
applications to blood have enabled the simultaneous profiling of thousands of circulating factors, revealing previously
unknown signaling molecules and pathways. These large-scale studies have identified biomarkers linked to early stages
of heart disease and offered new therapeutic targets. By understanding how specific cells in the heart interact with cells in
other organs, such as the kidney or liver, researchers can identify key pathways that, when disrupted, lead to cardiovascular
pathology. The ability to capture a more holistic view of the cardiovascular system positions interorgan signaling at the
forefront of cardiovascular research. As we continue to refine our tools for mapping these complex networks, the insights
gained hold the potential to not only improve early diagnosis but also to develop more targeted and effective treatments for
cardiovascular disease. In this review, we discuss current approaches used to enhance our understanding of organ crosstalk
with a specific emphasis on cardiac and cardiovascular physiology.
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health and disease occurring through complex

interactions between the heart and multiple organs,
including the liver, kidneys, skeletal muscle, and adipose
tissue. Interorgan signaling pathways participate in lipid
metabolism, blood pressure regulation, insulin sensitivity,
and inflammation, and their dysregulation is now recog-
nized as a key driver of cardiovascular disease (CVD).
For example, adipose tissue releases adipokines affect-
ing cardiovascular function,'? and the liver regulates lipid
profiles, which is critical for heart health. Both endocrine

The heart does not work in isolation, with cardiac

and paracrine mechanisms are important; for instance,
epicardial adipose tissue, with its close proximity to the
heart, exerts striking control over CVD pathobiology.3*
These insights have motivated researchers to focus on
systemic molecular interactions across a broad range of
organs and tissues.

Mechanistic characterization of interorgan signal-
ing molecules has been pivotal in advancing our under-
standing of CVD. The discovery of insulin, glucagon,
and other hormones in the early 20th century illustrated
the importance of organ communication in maintaining
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Nonstandard Abbreviations and Acronyms

AMPK AMP-activated protein kinase
BNP brain natriuretic peptide
CRP C-reactive protein

CVD cardiovascular disease

FGF-21 fibroblast growth factor 21

GDF-15 growth differentiation factor 15

GLP-1 RA  glucagon-like peptide-1 receptor
agonist

GLP-1 glucagon-like peptide-1

MS mass spectrometry

NT-proBNP N-terminal pro-B-type natriuretic
peptide

sORF short open reading frame

TNF-a tumor necrosis factor-alpha

physiological homeostasis. For example, elegant studies
evaluating insulin signaling have not only shed light on
its role in glucose metabolism but also its broader impact
on cardiovascular health, including hypertension, athero-
sclerosis, and other CVD risk factors.>™”

Recent technological advances have revolution-
ized our ability to study interorgan signaling. Global
approaches such as proteomics and metabolomics have
enabled the simultaneous profiling of thousands of cir-
culating factors, revealing previously unknown signaling
molecules and pathways linked to early stages of heart
disease, offering new therapeutic targets. In addition,
single-cell sequencing has facilitated high-resolution
mapping of cellular composition and interorgan commu-
nication. Understanding how specific cells in the heart
interact with cells in other organs, such as the kidney
or liver, has revealed key pathways that, when disrupted,
contribute to cardiovascular pathology.

A more integrated understanding of the cardiovas-
cular system has positioned interorgan signaling at the
forefront of cardiovascular research. As the tools for
mapping these complex networks continue to improve,
the resulting insights hold the potential to improve early
diagnosis and development of more targeted treatments
for CVD. In this review, we discuss current approaches
used to enhance our understanding of organ crosstalk
with a specific emphasis on cardiac and cardiovascular

physiology.

CLINICAL UTILITY OF INTERORGAN
SIGNALING MOLECULES AND POTENTIAL
FOR DISCOVERY

The ability to interrogate the circulome using evolving
technologies has provided a more comprehensive view of
biological networks, facilitating mechanistic hypothesis
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generation and the discovery of clinically relevant bio-
markers. Because blood is easily accessible, interorgan
signaling molecules measurable in plasma or serum hold
strong potential for clinical translation. Discovery typically
begins with preclinical models or omics-based human
cohort studies, followed by mechanistic validation of sig-
naling properties and tissue sources. Interorgan signal-
ing molecules can be translated into clinical applications
in 2 key ways: as circulating biomarkers or therapeutic
targets. Biomarkers may aid in diagnosis, indicating dis-
ease presence, prognosis, predicting disease outcomes,
or risk assessment, estimating the likelihood of develop-
ing a disease. A biomarker may also predict therapeutic
response, serve as a monitoring tool for treatment effi-
cacy, act as a surrogate end point in clinical trials, or help
distinguish disease subtypes.

Translating biomarkers into clinical use is a lengthy
process, with only a few omics studies successfully
advancing to clinical tests. Identifying a circulating marker
in preclinical models or human cohorts is only the first
step. Clinical utility requires evidence from prospective
studies assessing the generalizability of the biomarker
across diverse populations, the availability of therapies
that modify the biomarker, and rigorous analytical vali-
dation, such as accuracy, calibration, discrimination, pre-
cision, sensitivity, and specificity. In addition, reference
limits must be defined based on population characteris-
tics, and biomarkers must demonstrate independent and
incremental value over existing clinical models.® Other
considerations include analytical standardization, repro-
ducibility, and both technical and biological variability,
such as fluctuations due to circadian rhythms or fasting
states. Practical considerations, such as cost, feasibility
of clinical assays, and the need for point-of-care testing,
also influence successful clinical translation.

Predating the availability of comprehensive high-
throughput omics technologies, several circulating inter-
organ signaling metabolites and proteins have been
identified as key mediators of biologic pathways integral
to health and disease, with varying degrees of evidence
supporting their clinical utility as biomarkers. Some
examples include hormones such as insulin, thyroid hor-
mone, and cortisol; cytokines such as interleukins and
tumor necrosis factor; eicosanoids such as prostaglan-
dins; adipokines such as adiponectin; myokines such as
FGF-21 (fibroblast growth factor 21); and growth factors
such as insulin-like growth factor (Table).

One of the earliest and most impactful interorgan bio-
markers is glucose. First described in the early 1900s,
the Cori cycle shows how lactate produced by anaero-
bic glycolysis in muscles circulates to the liver, where it
can be recycled and converted to glucose, which is then
returned to the muscle where it is metabolized to lac-
tate.?® This cycle enables metabolic adaptation to energy
demands. Clinically, glucose serves as a diagnostic for
diabetes, a risk predictor for its development, a prognostic
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Table. Key Focal Factors Mediating Organ Communication in Cardiometabolic Homeostasis and Disease
Factor Tissue of origin Target tissue(s) Target action Condition References
GLP-1 Intestine Heart, pancreas, liver, | Protective: reduces oxidative stress, blood Heart failure, insulin Lincoff et al,
and kidney pressure, and triglyceride levels resistance, and 2023°
hypertension
FGF-21 Liver Heart, adipose, Protective: inhibits cardiomyocyte apoptosis, Heart failure and Tucker et al,
pancreas, and kidney | oxidative stress, and cardiac hypertrophy metabolic dysfunction 2023
GDF-15 Cardiomyocytes Heart, adipose, Pathological: elevates inflammation, fibrosis, HFpEF and fibrotic Lewis et al,
pancreas, and kidney | and oxidative stress cardiomyopathy 2022"
Adiponectin Adipose Heart, skeletal Protects against endothelial dysfunction and Hypertension and insulin | Zhao et al,
muscle, pancreas, hypertension resistance 2021
and liver
BNP Heart Heart and kidney Regulator: increases ventricular wall stress Heart failure (HFrEF and | Rerth et al,
due to volume or pressure overload in heart HFpEF) 2020'®
failure
TNF-a Macrophages Cardiomyocytes, Proinflammatory: increases apoptosis, Inflammatory Rolski et al,
immune cells, and fibrosis, and oxidative stress cardiomyopathy, 2020™
endothelial cells atherosclerosis, and
heart failure
CRP Liver Cardiomyocytes, Proinflammatory: enhances oxidative stress Chronic inflammation, Nagai et al,
macrophages, and mitochondrial dysfunction atherosclerosis, and 2011
immune cells, and heart failure
adipocytes
Troponin Heart Regulator: impairs calcium-mediated cardiac Myocardial injury Jia et al,
muscle contraction 2019'°
miR-212/132 Cardiomyocytes, Pathological: suppresses calcium handling, Cardiomyopathy Ucar et al,
endothelial cells, and | contractility, and autophagy 20127
neurons
miR-182 Immune cells Cardiomyocytes and Pathological: increases cardiomyocyte Cardiac hypertrophy and | Li et al,
macrophages hypertrophy and angiogenesis fibrotic cardiomyopathy 2016'®
MOTS-c Skeletal muscle Heart, adipose, liver, Protective: enhances metabolic homeostasis, | Cardiometabolic disease | Li et al,
and kidney reducing oxidative stress and promoting 20241
cardioprotection
Ketones and FFA Heart Metabolic shift: in patients with heart failure Heart failure and Voros et al,
with reduced ejection fraction and aortic cardiometabolic disease | 2018%°
stenosis, the heart takes up more ketone and
FFA
Long-chain Heart Energy metabolism: in patients with heart Cardiomyopathy Pal et al,
acylcarnitines failure with aortic stenosis and hypertrophic 2019%
cardiomyopathy, the heart takes up more
long-chain acylcarnitines
Ketones, lactate, Heart Metabolic shift: in patients with heart failure Heart failure and Murashige et

and amino acids with reduced ejection fraction, the heart takes | cardiometabolic al, 2020%
up more ketones, lactate, glutamate, and dysfunction
acetate

Bile acids Multiple tissues Endothelial cells Dysregulated lipid metabolism: bile acid Cardiovascular disease Bae et al,
releases across 10 organs under Western and obesity 20242

diet feeding and low-density lipoprotein
receptor deficiency

Branched-chain Adipose, liver, and Heart Disrupted BCAA homeostasis: in Heart failure, ischemia, McGarrah et
amino acids skeletal muscle cardiovascular disease, impaired BCAA insulin resistance, and al, 2023%
catabolism leads to their accumulation in vascular dysfunction
circulation, increasing cardiovascular risk
Gilucose and Heart Exercise adaptation: increases cardiac uptake | Exercise physiology and Gertz et al,
lactate of lactate and glucose cardiac efficiency 1988%
Lactate, pyruvate, Lung Metabolic shift: in patients with acquired Cardiomyopathy Harris et al,
and glucose heart disease, the lung takes up more lactate, 19632
pyruvate, and glucose
Gilucose, lactate, Heart Metabolic shift: in myocardial ischemia, the Cardiomyopathy and de Jong et
and inosine heart takes up glucose and releases less ischemic heart disease al, 1977

lactate and inosine

BCAA indicates branched-chain amino acid; BNP, brain natriuretic peptide; CRP, C-reactive protein; FFA, free fatty acid; FGF-21, fibroblast growth factor 21; GDF-15,
growth differentiation factor 15; GLP-1, glucagon-like peptide-1; HFpEF, heart failure with preserved ejection fraction; HFrEF heart failure with reduced ejection fraction;
miR, microRNA; MOTS-c, mitochondrial ORF of the 12S rRNA type-C; and TNF-a, tumor necrosis factor-alpha.
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marker for incident cardiovascular events, a monitoring
tool for insulin therapy, and a surrogate or intermediate
end point in diabetes studies. A more recent example
of an interorgan signaling molecule that has widespread
clinical utility is BNP (brain natriuretic peptide) and
related NT-proBNP (N-terminal pro-B-type natriuretic
peptide). BNP and NT-proBNP are secreted by cardiac
ventricles and have systemic effects, including inducing
natriuresis, diuresis, and renin-angiotensin-aldosterone
system inhibition in the kidneys; producing vasodilation in
blood vessels; reducing aldosterone secretion in adrenal
glands; inhibiting sympathetic tone in the brain; relieving
congestion in the liver; and decreasing pulmonary pres-
sures in the lungs.? Clinically, BNP and NT-proBNP are
widely used to diagnose heart failure, predict incident
cardiovascular events, and monitor therapeutic response
to diuretic therapy.

Recent large-scale discovery efforts such as pro-
teomics have identified interorgan signaling molecules
with clinical utility as both biomarkers and therapeutic
targets. Examples include FGF-21 and GDF-15 (growth
differentiation factor 15). FGF-21, a hepatokine, was first
identified as a novel metabolic regulator through a phe-
notypic screen testing novel secreted proteins for their
ability to enhance glucose uptake in mouse adipocytes.®
Subsequent studies showed that FGF-21 exerts meta-
bolic protective effects through multiple target tissues,
including the brain, liver, adipose tissue, pancreas, car-
diac tissue, muscle, intestines, and vasculature®' Find-
ings from large-scale meta-analysis studies in humans
found that serum FGF-21 is linked to type 2 diabetes,
metabolic dysfunction—associated steatotic liver disease,
atherosclerosis,®*? and heart failure.?¥3 However, its prog-
nostic value for incident cardiovascular events® remains
unclear, as studies have produced conflicting results
independent of traditional risk factors. While some CVD
studies have evaluated the discriminative and prognostic
utility of FGF-21 beyond obesity and metabolic dysfunc-
tion—associated steatotic liver disease, further large-
scale studies are necessary to validate the clinical utility
and diagnostic or prognostic thresholds.

Despite biological significance, some interorgan sig-
naling molecules that initially showed promise for clinical
use ultimately failed to translate into viable biomarkers.
TNF-a (tumor necrosis factor-alpha), an inflammatory
cytokine produced by immune cells and adipose tissue,
has effects on endothelial cells, hepatocytes, cardiomyo-
cytes, and neurons, triggering inflammatory responses,
promoting insulin resistance and vascular dysfunction.
Early studies linked circulating TNF-a levels to heart
failure®® and suggested its potential as a biomarker
based on changes observed with heart failure thera-
pies®” However, TNF-a ultimately was not adopted for
clinical use due to its nonspecificity for CVD, complex
role in cardiac function, high biological variability, and
discrepancies between circulating and tissue expression
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levels. Similarly, adipokines, which mediate adipose tis-
sue signaling with the liver and cardiovascular system,
have faced challenges in clinical translation. For example,
adiponectin exhibits high variability in measurements and
overlaps with metabolic syndrome biomarkers, limiting its
utility as a cardiometabolic disease biomarker? Given
the well-established roles of validated CVD biomarkers
such as troponin*® NT-proBNP, and CRP (C-reactive
pro‘[ein),39 the threshold remains high for introducing
new biomarkers into clinical application. Nonetheless,
advancements in high-throughput discovery platforms
continue to accelerate the identification of interorgan
signaling molecules with potential clinical utility.

Beyond biomarker discovery, these technologi-
cal advances also yield new therapeutic targets, either
through the development of novel pharmaceutical agents
or repurposing of existing drugs. These targets may
involve circulating interorgan signaling molecules that
drive disease when dysregulated or pathological interor-
gan communication pathways that can be therapeutically
modulated. For example, targeting cytokine signaling has
shown effective in autoimmune diseases, while target-
ing metabolic pathway modulation has become a key
approach in diabetes therapeutics. For instance, FGF-
21 has not only shown promise as a clinical biomarker
but also as a therapeutic target. Over the past decade,
several FGF-21 derivatives and FGF-21 receptor ago-
nists have been developed and tested as therapeutic
agents for various metabolic disorders including type 2
diabetes, obesity, and metabolic dysfunction—associated
steatotic liver disease.*® Perhaps, the most transforma-
tive therapeutics to date in cardiometabolic diseases are
those targeting interorgan signaling molecules. GLP-1
RAs (glucagon-like peptide-1 receptor agonists), origi-
nally developed as antiglycemic agents, mimic GLP-1
(glucagon-like peptide-1), a hormone secreted by the
intestine that has interorgan effects on the heart, liver,
kidney, and adipose tissue, regulating glucose metabo-
lism, appetite, gastric emptying, and cardiovascular func-
tion. GLP-1 RAs have shown cardiometabolic benefits
in both patients with diabetes and without diabetes and
have shown efficacy across a wide variety of CVDs.*!

It is important to note that the ability of a circulating
biomarker to show clinical utility as a diagnostic, prog-
nostic, or disease-related biomarker does not directly
translate into serving as an efficacious therapeutic tar-
get. Biomarkers may fail as therapeutic targets due to
several reasons, including being a by-product of the dis-
ease or related risk factor, and, thus, not causal for the
disease itself; pleiotropic effects leading to an imbalance
of adverse to beneficial effects; off-target drug toxicities;
or nonspecific effects with diverse downstream effects.
As a case in point, therapies targeting the previously
mentioned TNF-o. showed both pathological and pro-
tective effects in CVD. *?The potential reason for this is
thought to be related to the complex role of TNF-ain the
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cardiovascular system, with mixed effects depending on
different TNF receptor interactions. For instance, exces-
sive inhibition of TNF-a may disrupt TNFR2 signaling,
which has cardioprotective functions.*®

TECHNOLOGICAL ADVANCES TO
DECONVOLUTE ORGAN SIGNALING

Recent technological advances have expanded our abil-
ity to map the circulating circulome, revealing the intricate
network of factors that signal and exchange between
organs. For example, mass spectrometry (MS)-based
quantification of organ exchange expands our knowl-
edge of organ communication beyond a static snapshot
to active functions. These innovations hold significant
potential for unraveling complex metabolic pathways
and understanding their influence on health and disease.
Tracing metabolites across organs not only reveals sys-
temic responses to dietary interventions but also deepens
our comprehension of metabolism in conditions such as
CVD (Table).** For instance, CVD often stems from arte-
rial blockages caused by metabolites such as oxidized
cholesterol, which are metabolized by organs such as the
liver, intestines, adipose tissue, and skeletal muscles.*®
This highlights the vital interplay among these organs
and emphasizes the importance of exploring metabolite
exchange between the heart and other tissues.*® Deci-
phering these dynamics further can illuminate how meta-
bolic dysregulation and disrupted interorgan crosstalk
drive CVD, paving the ways for therapeutic innovations.

Organ Crosstalk in Cardiometabolic Health

To effectively prevent the accumulation of metabo-
lites that contribute to CVD risk, it is crucial to identify
the organs primarily responsible for their production and
consumption and to determine their quantitative contri-
butions. Traditional omics approaches, such as transcrip-
tomics, proteomics, and metabolomics, are limited in this
regard as they provide static snapshots of metabolite
levels rather than dynamic fluxes that capture rates of
metabolite release and uptake by organs.*” Arteriove-
nous measurements have an advantage in their ability
to infer organ-specific metabolic flux by elucidating the
metabolite net uptake or release of each organ (Fig-
ure 1). Enhanced by recent revolutionary technological
advancements in MS, arteriovenous metabolomics now
enables simultaneous measurement of hundreds to thou-
sands of metabolites, offering comprehensive insights
into cross-organ metabolic disruptions underlying CVD
processes. For example, studies by Voros et al?® and Pall
et al?' have revealed distinct metabolic patterns in condi-
tions such as aortic stenosis and hypertrophic cardiomy-
opathy, including increased free fatty acid and long-chain
acylcarnitine utilization by the heart. Using arteriovenous
metabolomics in human patients, measurements of over
270 metabolite fluxes have revealed the preference of
the heart for fatty acid utilization in healthy individuals.
However, during heart failure, there is a shift toward
increased consumption of ketones and lactate.® By
leveraging large animal models that recapitulate human
CVD pathophysiology, researchers have further applied
arteriovenous metabolomics to simultaneously measure
metabolic fluxes across multiple organs. For instance,

Large Blood Metabolite LC-MS Inter-organ metabolite
animal models sampling extraction analysis crosstalk analysis
Head (Brain) L J
=)
Ear (Skin) "
Left I Lung Right =P —
Ventricle Ventricle
Human patients Aorta I Heart IS
Kidney 7 .
< S 4
3 s » i
-% Bladder 5 Arterio-venous metabolomics | — 2
2 = 58
< Spleen 2
@
(Small) Intestine
Colon 7
Liver 7
Femoral
Artery A V1 >0, net release
W Leg (Muscle) L°92(2)<0: net uptake

Figure 1. Arteriovenous metabolomics reveals interorgan flux.

The workflow of arteriovenous metabolomics involves using large animal models, such as pigs, or human patients. Venous and arterial

blood samples collected from sites representing different organs are extracted for metabolite measurement by liquid chromatography-mass
spectrometry (LC-MS). By comparing metabolite levels in arterial (A) and venous (V) blood, the net production or consumption of metabolites
by each organ can be assessed. A higher venous concentration (V>A) indicates net metabolite release by the organ, whereas a lower venous
concentration (V<A) signifies net metabolite uptake. Metabolite exchange between organs can be visualized on the right, with numbers
highlighting significant exchanges for each organ.
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using pig models, researchers have identified disrupted
metabolite distributions and hormonal signaling across
10 organs under Western diet feeding and low-density
lipoprotein receptor deficiency?®* These discoveries
underscore the complex interorgan metabolic interac-
tions that drive CVD pathophysiology.

Beyond interorgan fluxes, advancing cardiovascular
health also requires deciphering interorgan metabolism
and the roles of circulating factors in specific cells and
tissue regions, and their involvement in signaling path-
ways and homeostasis. In this context, arteriovenous
metabolomics provides only net fluxes (production minus
consumption) across a target organ, without the ability
to distinguish intraorgan fluxes (eg, gluconeogenesis
in the kidney cortex versus glycolysis in the medulla) or
region-specific activities (eg, femoral vein blood from
skeletal muscle, adipose tissue, bone, and skin). Recent
technological innovations address these gaps with tools
such as stable isotope tracing, combined with arterio-
venous measurements and mathematical modeling, to
quantify intraorgan gross fluxes.*” Single-cell metabolo-
mics offers granular insights, and advances in cell isola-
tion methods enhance its utility.*® Imaging MS, such as
matrix-assisted laser desorption/ionization imaging MS,
further maps metabolite distributions spatially.*® Integrat-
ing these approaches enables a deeper understanding of
metabolic fluxes at the cellular and regional levels, offer-
ing critical insights into CVD mechanisms and potential
therapeutic targets.

Building on the growing recognition of the importance
of the circulating milieu, the exploration of unannotated
short open reading frames (sORFs) has gained momen-
tum.? Only recently have we been able to map sORFs
outside of cells, which are typically <100 amino acids,
encoded within untranslated regions of protein-coding
mRNAs and long noncoding RNAs. A pivotal advance-
ment in this field has been the development of ribosome
profiling, a technique that precisely identifies actively
translated regions of the transcriptome.®' By sequencing
ribosome-protected RNA fragments, this method pro-
vides a high-resolution snapshot of translation, reveal-
ing the exact positions of ribosomes on RNA transcripts.
Recent studies using this technology have identified
hundreds of translated sORFs across human organs,
including the heart, kidney, brain, and liver.>?=* Many of
these human sORFs display organ- and species-specific
translation®®° are dysregulated in conditions such as
heart failure® and play roles in metabolic pathways such
as oxidative phosphorylation and mitochondrial func-
tion,?2%457°€0 emphasizing their potential relevance to
CVD.

While ribosome profiling is a powerful tool for detecting
active sORF translation, it does not directly identify their
encoded protein products. Complementary proteomics
approaches, such as liquid chromatography-tandem
MS, selected reaction monitoring, and parallel reaction
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monitoring, provide direct evidence of protein synthesis
from whole-cell or selected sORFs.°"%? The integration
of ribosome profiling with MS-based methodologies has
proven to be an effective strategy for identifying stable
microproteins by helping to define the search translated
space, % including potential elements that circulate in
the bloodstream (Figure 2). For instance, MS analysis of
purified extracellular vesicles has detected microproteins
within these vesicles, suggesting novel mechanisms for
intercellular communication.” Furthermore, MS-based
analysis under various physiological and dietary condi-
tions in mice has revealed 33 microproteins present in
the secretome of adipose tissue, these microproteins
often being coexpressed with key metabolic genes.®® In
addition, MS-based methods can be used to predict the
functionality of products encoded by sORFs. For instance,
the protein interaction screen on the peptide matrix pro-
vides a scalable solution for characterizing protein-protein
interactions, facilitating high-throughput mapping of pro-
tein interactomes. This method has demonstrated func-
tional roles for small peptides as short as 5 amino acids,
highlighting their capacity to engage in significant bio-
logical processes by interacting with larger protein com-
plexes and modulating cellular functions such as mRNA
splicing, endocytosis, and translation regulation.®®

As our understanding of these overlooked elements of
the genome continues to expand, their involvement in key
signaling pathways and tissue homeostasis holds prom-
ise for novel therapeutic strategies targeting multiorgan
disorders. One promising example is MOTS-c (mitochon-
drial ORF of the 12S rRNA type-C), a 16-amino amino
acid microprotein encoded by mitochondrial DNA that
plays a critical role in regulating insulin sensitivity and glu-
cose metabolism.*® Circulating in the bloodstream as a
mitochondrial-derived peptide hormone, MOTS-c primarily
influences skeletal muscle and heart tissues by activating
AMPK (AMP-activated protein kinase) and maintaining
metabolic balance. In mouse models, MOTS-c treatment
enhances insulin sensitivity under high-fat diet conditions,
reduces obesity risk, and prevents lipid accumulation in
the liver. The discovery and characterization of additional
sORF-encoded microproteins and small peptides, thus,
have the potential to unveil novel regulatory mechanisms
with implications for cardiovascular health.

Despite promising bench-side discoveries through
advanced technologies, not all biomarkers successfully
translate into clinical practice. For example, branched-
chain amino acids, although closely linked to cardiometa-
bolic risk,>* have not been adopted clinically due to limited
prospective validation, assay complexity, high costs, and
unclear therapeutic relevance. Conversely, CRP has
successfully become a clinical biomarker because of
robust validation in large-scale epidemiological trials (eg,
JUPITER [Justification for the Use of Statin in Preven-
tion: An Intervention Trial Evaluating Rosuvastatin]™),
widely accessible assays (eg, ELISA [Enzyme-Linked
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Figure 2. Detection of microproteins and small peptides.

Simplified workflow for detecting microproteins and small peptides from human samples. The focus is on the translatome, which reflects all
actively translated RNA sequences, studied through ribosome profiling. This technique captures ribosome-protected RNA fragments, enabling the
identification of actively translated regions, including novel short open reading frames (sORFs). These sORFs, found in untranslated regions of
mRNAs and long noncoding RNAs (IncRNAs), can be validated as encoding microproteins and small peptides through proteomic analyses. This
combined approach of ribosome profiling and proteomics facilitates high-throughput detection of new potential circulating microproteins and small

peptides.

Immunosorbent Assay]), and well-defined therapeutic
implications. Thus, translating novel technologies into
clinical use requires strong validation, assay accessibility,
affordability, and clear therapeutic pathways.

LEVERAGING DIFFERENCES BETWEEN
INDIVIDUALS TO DEFINE ORGAN
CROSSTALK

Over the past 2 decades, an explosion of new resources
encompassing multiomic data has been generated,
enabling the development of analysis-based tools focused
on studying how organs communicate. These bioinformatic
tools provide a powerful framework for understanding inter-
organ crosstalk by leveraging genetic and cardiometabolic
variation across individuals and environmental settings.
Initial approaches arose from the concept that variation
in plasma omics data presents strong predictive value for
disease progression. This concept was further supported
by the paralleled accessibility of human blood and con-
tinuous cost reductions with assaying genomic variation,
enabling a rapid expansion of associations between the
genome and circulating proteins (protein quantitative trait
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loci or metabolites). Several intriguing approaches have
been used to refine these associations in the context of
CVD, including Mendelian randomization,”" colocalization
of plasma associations with tissue-specific expression
QTLs,™ and personalized-risk scores based on circulating
associations.” The vast number of resulting associations
and potential causal mechanisms of human CVD gave
rise to questions about the mechanism of action. When
an association between a circulating factor in the blood
occurs is this a direct or indirect association? Furthermore,
is the association due to a dysregulated ability to produce
or resistance to actions?

Systematic analyses explicitly focused on mecha-
nisms of organ crosstalk are required to address these
questions. An initial key approach to narrow relevant
mechanisms of organ communication in CVD applied a
network-based aggregation approach, weighted gene
coexpression network analysis, to refine a multitissue
coexpression to discrete models of communication.™
The intuition for this approach was simple that individual
covariation of gene expression networks in a population
was sufficient to partition tissue communication circuits
into discrete functional modules. Modules of shared tis-
sue coordination could be further refined by integrating

Circulation Research. 2025;136:1494-1506. DOI: 10.1161/CIRCRESAHA.125.325515
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other data such as traits (eg, circulating LDL-C [low-
density lipoprotein (LDL) cholesterol]). This approach
was refined by constructing Bayesian network models
and asking which genes showed the strongest centrality
to shared tissue models, thus prioritizing potential media-
tors of communication.””" More recent elegant expan-
sions of this intuition have provided new frameworks to
study organ signaling, such as analyses of conservation
of associations across human and mouse diversity, and
have unveiled new mechanisms of CVD.”®" Specifically,
von Scheidt et al”™® compiled a database of all genes in
mice, where genetic ablation impacts atherosclerosis
development.™ This list of genes was integrated with
mouse and human diversity of gene expression and
phenotypic responses using the Mergeomics®® frame-
work to pinpoint the core molecular underpinnings of
atherosclerosis. The intuition that mechanisms of organ
crosstalk could be easily identified through analyses of
covariation between tissues in a population has led to
the development of new methods to leverage variation
for the discovery of tissue communication mechanisms.
For example, our groups showed that systematic sur-
veys of correlation structure from multitissue sequencing
data were sufficient to elucidate new proteins involved
in organ communication®# The intuition behind this

Organ Crosstalk in Cardiometabolic Health

approach is simple in that molecules mediating signaling
between organs, as well as mechanisms of action, show
individual differences and, therefore, appear as strongly
significant outcomes when surveying global correlation
structure (Figure 3). For example, Cao et al® searched
for mechanisms of liver-heart communication leverag-
ing global correlation structure and defined a new role
for factor Xl as a liver-derived mediator of heart function
in models of heart failure with preserved ejection frac-
tion.®® This concept has been used similarly for single-
cell sequencing data sets (compared and reviewed in the
study by Wilk et al® and Dimitrov et al®), whereby meth-
ods enable users to look at changes in known ligand-
receptor pairs in the context of relevant comparisons
such as differential expression between conditions. The
recent development of multiorgan single-cell data sets
has enabled the expansion of this approach across tis-
sues.®® Additional methods have since been developed to
search for mechanisms of organ crosstalk using models
that focus on centrality or literature-based mining.8"-8°
Context-dependent interactions between organs using
population-based approaches present an exciting new
area to focus these tools. In this issue, Strocchi et al®
leverage mouse and human diversity alongside sequenc-
ing data from heart failure with preserved ejection fraction

Inter-Individual
Differences in
Organ and
Phenotype Data

™M1

Computational
Modeling

New Mechanisms
of Organ Crosstalk

' afn s

Liver-Heart Crosstalk

o

Network-Based Modeling  Statistical Modeling

=

Association Mapping

Machine Learning

Figure 3. Population-based
approaches for discovery of organ
crosstalk mechanisms.

In a population where heterogeneity of
organ-level omic data (eg, RNA-seq or
proteomics) is observed (top), these
differences can be analyzed using network-
based or statistical modeling approaches
(middle) to uncover new modes of tissue
communication (bottom).
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to identify cross-organ pathways and signals conserved
across species®® Recent models have adopted this
framework to target organ coordination mechanisms,
which defer depending on other contexts such as aging®
or sex differences.®? Undoubtedly, continuous refinement
of population-based models focused on organ crosstalk
will help to understand how tissue signaling is altered in
disease states and prioritize new therapeutic candidates.

Beyond the identification of specific signaling circuits
and contexts influencing organ crosstalk, circulating fac-
tors, such as proteins or metabolites, present significant
potential as personalized predictors of disease. Specifi-
cally, several studies have highlighted the utility of these
biomarkers in identifying individual-specific disease risks,
offering a window into the systemic effects of localized
dysfunction. In a key study that sets a strong founda-
tion for plasma profiling to personalize our understanding
of the disease, Chen et al*® performed deep multiomic
profiling in patients to develop personalized signatures
for pan-disease predictions.®® Since then, many stud-
ies have validated and refined this approach to leverage
the vast amount of high-throughput data in plasma to
individualize disease prediction.®*% Examples include
stratifying plasma protein levels by severity of heart fail-
ure outcomes,® as well as integrating mouse and human
diversity panels to understand mechanisms spanning
individual differences®” In a general sense, the poten-
tial of detailed multiomic and analytical applications in a
single individual across time and diverse exposures pres-
ents significant appeal in understanding how changes in
these markers relate to disease progression. These types
of analyses also have the appeal of escaping complexi-
ties associated with the highly variable nature of data
derived from interindividual differences, where contextu-
alizing the relative genetic, environmental, and interac-
tions influencing variance remains incredibly challenging.

FUTURE DIRECTIONS IN INTERORGAN
SIGNALING RESEARCH

Advancements in high-throughput technologies, large-
scale cohort studies, and computational tools have
allowed unprecedented insights into interorgan signaling.
However, only a small fraction of the interactome mediat-
ing complex cardiometabolic homeostasis has been elu-
cidated, requiring continued revolutions in system-level
approaches to translate multiomics research into clinical
applications. Efforts such as the UK Biobank® and All
of Us® have pioneered new templates to leverage inter-
individual differences to the heterogeneity of disease,
but a considerable limitation remains in the ability to
define direct genotype-to-phenotype relationships. Nota-
bly, these resources present a definitive lack of organ-
specific functional and molecular measures. Although
plasma proteomics has advanced biomarker discovery
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and several computational approaches have emerged
to classify organ-specific signatures of biomarkers2"'%°
they still lack the critical resolution necessary to define
precise organ contributions to disease pathology. Future
efforts should focus on developing resources that provide
measures from the same organs or cellular-resolved pan-
organ data similar to the Genotype-Tissue Expression
resource, which has revolutionized our understanding
of organ-specific contributions to disease, empowering
other researchers in using these data."

Current resources for studying interorgan signaling
rely on genetic diversity or individual heterogeneity to
uncover underlying mechanisms. Developing multiorgan
resources that incorporate these variables will be essen-
tial for advancing analyses of organ crosstalk. While this
approach presents strong validity, it can overlook tempo-
ral dynamics, environmental variables, or complex inter-
actions such as gene-by-diet effects, all of which are
known to shape how organs communicate. For example,
a recent comparative analysis of diverse inbred strains
and dietary responses demonstrated the importance of
considering gene-by-diet interactions in insulin action on
cardiometabolic organs.' In this light, genetic reference
panels, such as those from rodent models or human cell
lines, enable the same genetic background to be stud-
ied under varying environmental or temporal exposures,
enabling quantification of shifts in interactions in the
context of cell or organ signaling. Recent advancements
in the availability of single-cell sequencing have also led
to the development of computational tools, which investi-
gate ligand-receptor interactions in single-cell databases,
discussed above. While these frameworks could easily
be repurposed to explore interorgan signaling, heavy
reliance on the use of annotated ligand-receptor pairs
remains, limiting the quality, generalizability, and context
dependence of predictions. Many existing databases rely
on pathway references, yeast-2-hybrid assays, and cross-
linked protein-protein interaction data from cells.'93-"°
However, newer approaches are being developed to
enable direct evaluation of protein and chemical inter-
actions across cells or native tissue environments,'°6-108
thus opening up new avenues for exploration of discrete
signaling mechanisms in relevant physiological contexts.

Refinement of tools and assays used to measure
molecules mediating communication will further provide
key insight as to which factors or conditions are more
relevant and selective for cardiometabolic disease. The
expansion of MS methods to trace and quantify metabo-
lites and proteins mentioned above presents thousands
of new windows to explore mechanisms of organ cross-
talk. In addition to these methods, sequence-based
refinement elucidating how the genome is regulated will
lead to the characterization of new signaling molecules.
For example, usage of long-read sequencing, computa-
tional models, and new experimental model systems have
identified novel isoforms or even transcriptional products,
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which could serve as new signaling molecules.'®"'"2 For
instance, growing areas of interest include extracellular
vesicles,'"® micropeptides,'™ microRNAs,'™ brown adi-
pose tissue-derived adipokines (batokines),''® and gut
microbiome-derived metabolites such as short-chain
fatty acids."'” Extracellular vesicles have also emerged
as carriers of cargo, which can communicate between
cells and are altered in CVD.""®""® While comprehensive
characterization of extracellular vesicle signaling remains
limited due to technical constraints,'?>'?? studies on
these molecules further present exciting opportunities.
Despite significant advances, translating findings on
interorgan crosstalk in CVD into clinical practice remains
challenging due to hurdles related to validation, techno-
logical feasibility, and economic constraints. Many promis-
ing biomarkers identified through preclinical studies fail to
consistently demonstrate clinical relevance in larger, more
diverse patient populations, limiting their clinical transla-
tion.'?® Advanced technologies introduced in this review,
including MS, single-cell sequencing, ribosome profiling,
and various multiomic platforms, also encounter difficul-
ties in standardization, complexity, and reproducibility. Eco-
nomic factors further restrict translation, as the high costs
and specialized nature of these assays make routine clini-
cal adoption difficult. Overcoming these barriers involves
developing standardized assays and scalable, cost-effective
technologies that can be readily adopted by clinical labo-
ratories. In addition, extensive clinical validation studies are
essential, 124125 along with clearly demonstrating the thera-
peutic value and practical implications of these preclinical
findings to inform and enhance clinical decision-making.
Computational modeling, Al, machine learning, and
network-based approaches have opened up new fron-
tiers in precision medicine and transformative health care.
In particular, tools that simultaneously model genetics and
multitissue data will serve to define relevant pathways for
CVD. An elegant example is Mergeomics® that enables
researchers to query genetic multitissue data, pharmaco-
logical interactions, and key drivers. Similar powerful and
accessible tools will assist in the deconvolution of organ
communication relevant to CVD and other conditions.
Machine learning will continue to play a key role in these
approaches; however, the ability to test the replication,
validity, and utility of machine learning models must be
a key consideration in these developments. For example,
AlphaFold, developed by Google, uses Al to predict the
3-dimensional structures of proteins with a high degree
of accuracy,'® facilitating small molecule development.
A growing arsenal of druggability databases enables
researchers to assess the suitability of a new protein as a
target for drug development. With emerging technologies
and expanding data sets to survey molecules and pinpoint
key players in CVD pathophysiology across genetic and
environmental differences, the future of interorgan signal-
ing research holds immense potential for translating dis-
coveries into clinical impact. These efforts combined with

Circulation Research. 2025;136:1494-1506. DOI: 10.1161/CIRCRESAHA.125.325515
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collaborative team science, an iterative cycle of bench-
to-bedside, and a culture of data sharing will advance the
evaluation of tissue sources, mechanisms, and clinical
utility to benefit public health.
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