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Volatilome is Inflammasome- and Lipidome-dependent in Ischemic Heart
Disease
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Abstract: Ischemic heart disease (IHD) is a pathology of global interest because it is widespread
and has high morbidity and mortality. IHD pathophysiology involves local and systemic chang-
es, including lipidomic, proteomic, and inflammasome changes in serum plasma. The modula-
tion in these metabolites is viable in the pre-IHD, during the IHD period, and after management
of IHD in all forms, including lifestyle changes and pharmacological and surgical interventions.
Therefore, these biochemical markers (metabolite changes; lipidome, inflammasome, proteome)
can be used for early prevention, treatment strategy, assessment of the patient's response to the
treatment, diagnosis, and determination of prognosis. Lipidomic changes are associated with the
severity of inflammation and disorder in the lipidome component, and correlation is related to
disturbance of inflammasome components. Main inflammasome biomarkers that are associated
with coronary artery disease progression include IL-14, Nucleotide-binding oligomerization do-
main-like receptor family pyrin domain containing 3 (NLRP3), and caspase-1. Meanwhile, the
main lipidome biomarkers related to coronary artery disease development involve plasmalogen
lipids, lysophosphatidylethanolamine (LPE), and phosphatidylethanolamine (PE). The hypothe-
sis of this paper is that the changes in the volatile organic compounds associated with inflam-
masome and lipidome changes in patients with coronary artery disease are various and depend
on the severity and risk factor for death from cardiovascular disease in the time span of 10 years.
In this paper, we explore the potential origin and pathway in which the lipidome and or inflam-
masome molecules could be excreted in the exhaled air in the form of volatile organic com-
pounds (VOCs).
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1. INTRODUCTION

Ischemic heart disease (IHD) is the pathology of the cen-
tury in terms of mortality, morbidity, and costs [1]. Under-
standing the mechanism of the development of cardiovascu-
lar disease and the related systemic changes is a challenging
issue. The proper evaluation of the molecular biopathophys-
iology is the cornerstone for the prevention and early diag-
nosis and thereafter, timely treatment of this disease.

The changes in the breath analysis in patients with is-
chemic heart disease are associated with the systemic endog-
enous changes that occur in these patients. Therefore, the
development of a systemic strategy for analyzing the chang-
es in the organism is essential to accurately evaluate the en-
dogenous sources of the volatile organic compounds (VOCs)
in the exhaled breath analysis. One of the well-studied
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changes in patients with ischemic heart disease are the lip-
idome and inflammasome changes.

The hypothesis that stands behind ischemic heart disease
is atherosclerosis formation. The main pathological issues
that occur in the development of atherosclerosis are
dyslipidemia, high shear stress due to arterial hypertension,
and chronic mild inflammation. Examination of the changes
in the level of the lipidome and inflammasome can be used
as a potential tool for early detection of cardiovascular dis-
ease or risk evaluation for the development of cardiovascular
disease, including ischemic heart disease. Additionally,
changes in the lipidome and inflammasome can be correlat-
ed, and a regression model can be built to identify if the
changes in the exhaled breath analysis are correlated or not
with the lipidome and inflammasome levels.

Coronary artery disease development is primarily due to
atherosclerosis. According to a recent study, atherosclerosis
development is inversely associated with the nitric oxide
level in the exhaled breath [2]. This indicates a potential
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application of nitric oxide for the determination of coronary
artery disease severity by detecting the size of the atheroscle-
rosis and further the stenosis of the coronary arteries [2].
However, challenges emerge during the localization of ath-
erosclerosis, such as peripheral artery disease in the extremi-
ties or the carotid arteries, as well as the large vessels [2].
These changes in the exhaled nitric oxide are inversely asso-
ciated with triglyceride levels and glycosylated hemoglobin
as well as plasma glucose levels [2].

Inflammation and dyslipidemia are two components
strongly related to each other and directly involved in the
development of coronary artery disease (CAD). Several bi-
omarkers of inflammation have been seen to be related to
CAD. Simultaneously, an elevation in some lipid biomarkers
has been seen in CAD victims. Recent papers suggested that
using the lipidome biomarkers as a novel pathway for evalu-
ating the risk of developing cardiovascular disease can be of
clinical value [3-6]. Additionally, a recent paper applied
machine learning-based approaches to evaluate cardiovascu-
lar risk by analyzing the results of the lipidome biomarkers

[3].

This paper provides an update on VOCs as a non-
invasive method that can hold the key to detecting early
metabolic pathway changes in ischemic heart disease devel-
opment.

2. INFLAMMASOME CHANGES IN CORONARY
ARTERY DISEASE

The disbalance between anti-inflammatory and pro-
inflammatory substances characterizes CAD. The inflam-
masome is a complex of inflammation biomarkers that ap-
pears in the blood circulation after infection or tissue damage
[7]. The inflammasome proteins complex is activated in two
stages and involves the activation of the interleukins-1p and
-18 [8]. Inflammasome is a wide term used to describe the
inflammation biomarkers [7].

One of the well-studied proinflammatory agents is IL-1f,
which is produced after cholesterol crystal phagocytosis by
phagocytes and loss of the lysosomal membrane integrity
[9]. Suppression of the pro-IL-15 and NLRP3 and activation
of caspase-1 are potential methods for inflammasome down-
regulation [9].

A randomized, double-blind trial demonstrated that inhi-
bition of the IL-1f by 150 mg of canakinumab every 3
months significantly reduced the primary efficacy endpoint
of nonfatal myocardial infarction, nonfatal stroke, or cardio-
vascular death in patients with previous myocardial infarc-
tion and a high-sensitivity C-reactive protein level of 2 mg
or more per liter [10]. However, the reduction in the inci-
dence rate was not associated with improvement in the lipid
profile. This demonstrates the role of inflammasome in the
pathogenesis and development of cardiovascular disease.

It is critical to mention the factors of coronary artery
disease development, including endothelial cell dysfunction,
lipid profile changes, inflammation, chronic shear stress, and
hypertension [8, 11-17]. These factors collectively interact
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with each other to give the end picture of cardiovascular
disease.

Interestingly, a recent in vitro study demonstrated that
splenic monocytes play a critical role in the progression of
the ischemia in coronary artery disease through the upregula-
tion of the splenic NLRP3 inflammasome, particularly
CD11b"and LY6G splenocytes [18]. In addition, the
knockdown of the NLRP3 by CY09 (especially micro mole-
cule that can inhibit the NLRP3 in splenic monocytes) or
adoptive transferring of splenic monocytes with NLRP3™"" to
a mouse with splenectomy was associated with a dramatical
reduction or limitation in the infarcted/ischemic zone [18].
Furthermore, the splenic NLRP3 inflammasome is activated
through the myocardial cell-free DNA (cfDNA) and espe-
cially through the mitochondrial cell-free DNA (mt-cfDNA)
[18]. The inhibition of the mt-cfDNA by the Toll-like recep-
tor 9 (TLRY) inhibitor is associated with the reduction of the
infarcted/ischemic zone [18]. Therefore, targeting the
NLRP3 inflammasome is a potential therapeutic targeting in
terms of reduction and early prevention of the progression of
the myocardial ischemic zone in patients with stable coro-
nary artery disease.

According to a foundational study related to the inflam-
masome and coronary artery disease development, NLRP3
inflammasomes have been shown to be activated by the cho-
lesterol crystals and are associated with atherosclerosis
emergence [19]. Additionally, inflammasomes have a key
role in cardiac fibroblast homeostasis regulation, which is
strictly related to the modification of the ischemic reperfu-
sion injury [20].

Moreover, disruption in the cell membrane permeability
regulation in terms of the electrolytes influx/efflux is associ-
ated with the upregulation of the NLRP3 activation, caspase-
1 activation, and the associated signaling pathway that ter-
minates with intrinsic apoptosis activation and programmed
cell death in favorable options [21]. CD36 has been observed
to be associated with the activation of the NLRP3 and induce
atherosclerosis formation [22]. A recent in vivo study
demonstrated that deleting Trpm2 or inhibiting TRPM2 ac-
tivity in cultured macrophages suppressed the CD36 signal-
ing cascade induced by oxidative low-density lipoprotein
and TSP1, suggesting that TRPM2 is an effective therapeutic
target for atherosclerosis (Fig. 1) [23].

3. LIPIDOME CHANGES IN CORONARY ARTERY
DISEASE

Theoretically, changes in lipidome levels are associated
with changes in the inflammasome level. However, specific
lipid components reduce inflammation biomarkers, and other
lipid components elevate the inflammation biomarkers. The
elevation of high-density lipoprotein is directly related to the
reduction in the levels of interleukin-1f (IL-1B), which is
dramatically associated with atherosclerosis formation [2].

A recent study demonstrated that patients with cardio-
vascular disease experience up-regulation in the level of
phospholipids and fatty acids in the structure of platelets.
Dysregulation of the platelet’s lipid profile is associated with
function disturbance and further coagulopathy, suggesting
that patients with cardiovascular events require constant and
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Fig. (1). Role of the TRPM2 and CD36 in the atherogenesis process. Inhibiting CD36 reduces TRPM2 signaling activity and furthers athero-
sclerosis formation. The opposite occurs when inhibiting the TRPM2 downregulation in the activity of the CD36 experience. Abbreviations:
oxLDL; oxidative low-density lipoprotein. (A higher resolution / colour version of this figure is available in the electronic copy of the arti-

cle).

regular administration of antiaggregants. Furthermore, pa-
tients with platelet lipid components have a higher incidence
rate of stroke and myocardial infarction (MI) [24].

Lipid peroxidation and further sequela are the sources of
lipidome changes in patients with coronary artery disease.
Acute coronary artery disease is characterized by changes in
the lipidome components that vary from the chronic coro-
nary artery disease (stable coronary artery disease). There-
fore, the current paper hypothesizes that stable coronary ar-
tery disease is characterized by elevation in the plasmalogen
lipids, lysophosphatidylethanolamine (LPE), and phosphati-
dylethanolamine (PE), and reduction in the free stearic acid
and fatty acyl esters of hydroxy fatty acids (FAHFA) [25].
At the same time, there is a reduction in the level of
malondialdehyde, a marker of oxidative stress [25].

According to recent findings, the changes in the lipidome
profile are long-term after the ischemic development. The
elevation in the LPE and PE are predominant in the plasma
of patients who experience ischemic heart disease [26]. Ad-
ditionally, an elevation in some fatty acids has been ob-
served during the follow up of the patients with ischemic
heart disease. Furthermore, after an ischemic heart attack, a
reduction in the level of oxidative stress with time has been
observed [25].

A recent prospective, analytical single-center study on a
human sample demonstrated that individuals with a history
of recent acute coronary syndrome (5 days after the acute
coronary syndrome the blood sample was collected) experi-
enced an elevation in the plasmalogen lipids, LPE, and PE.
Interestingly, after further follow-up of the patients for a
longer period by repeating the blood sampling, a reduction in
the levels of the classical biomarkers of lipid peroxidation,
including malondialdehyde (MDA), was observed [25]. Ac-
cording to Marzoog et al., phosphatidylethanolamine com-
prises approximately 20 % of the total phospholipids of the

human myocardiocyte membrane [26]. Therefore, the ele-
vated levels of phosphatidylethanolamine in the plasma of
patients with a recent history of acute coronary syndrome are
due to myocardiocyte lysis and degradation.

Platelet membrane lipid profile composition is altered in
patients with coronary artery disease. Recent findings sug-
gested that perturbance in the ratio of the lipid composition
of the platelets is associated with an increased risk of cardio-
vascular events [24]. Therefore, preserving platelet homeo-
stasis is critical, and prescribing medications that may alter
the composition of the platelet lipidome can have bad side
effects in terms of increasing the risk of cardiovascular dis-
ease development. Thus, the medications, such as antiaggre-
gants and anticoagulants, should be revised.

Lipidome and inflammasome changes can be used as a
novel therapeutic and diagnostic strategy in coronary artery
disease. Moreover, the development of a systemized algo-
rithm in terms of levels of lipidome and inflammasome and
the development of a correlation with the VOCs of the ex-
haled breath are necessary (Fig. 2).

4. IMPLICATIONS OF THE CHANGES IN THE LIP-
IDOME AND INFLAMMASOME IN THE ANALYSIS
OF THE VOCS

The potential changes in the VOCs in patients with CAD
remain a challenge for the scientific community. Further-
more, determining the origin of the organic molecules in the
exhaled breath is a tough process that requires further inves-
tigation. Additionally, the pathways in which these mole-
cules are transported from the damaged myocardiocyte due
to CAD to the lungs are released in trace amounts in the ex-
haled breath analysis. Moreover, the exact molecules that are
released from ischemic myocardiocytes into the coronary
venous circulation are not obligatory, the same as the mole-
cules released into the exhaled air, since other factors can
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Fig. (2). The suggested algorithm includes adding exhaled breath analysis, lipidome, and inflammasome analysis to the classical physical
stress test to increase the accuracy of diagnosis. Additionally, using the results can be a novel non-classical risk factor for the prediction of
cardiovascular disease. The machine learning model can be added to interpret the results of the lipidome, inflammasome, and volatilome for
rapid and worldwide applied method techniques such as programs for global use. (A higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

affect the released molecule, including the reactions that can
occur with the released molecules in the bloodstream (organ-
ic components of the blood, endothelial cell and it is released
molecules) and in the lungs (outdoor breathing air compo-
nents). The study design should include a control without
CAD confirmed by computer cosmography with perfusion of
the myocardiocyte, and the second group includes patients
with stable CAD I-1V stage. Excluding criteria must have all
other diseases (presence of signs of the acute coronary syn-
drome (myocardial infarction in the last two days) and un-
stable angina, active infectious and non-infectious inflamma-
tory diseases in the acute phase, respiratory diseases (bron-
chial asthma, chronic bronchitis, cystic fibrosis), left coro-
nary artery stenosis >70%, pulmonary embolism or pulmo-
nary infarction, acute pericarditis/myocarditis, aneurysm of
the aorta with dyskinesia, critical aortic stenosis with clinical
manifestations, acute thrombophlebitis, active oncopatholo-
gy, decompensated phase of acute heart failure, neurological
disorders (Parkinson's disease, multiple sclerosis, acute psy-
chosis, Guillain-Barré syndrome), arrhythmias (atrial fibril-
lation, ventricular extrasystole, including ventricular flutter
and fibrillation, Wolff-Parkinson-White syndrome, sick si-
nus syndrome, AV block II-III degree), musculoskeletal dis-
orders, and chronic kidney failure. When using CKD-EPI
(updated in 2021), GFR is <30 ml/min per 1.73 m® (I1I-V),
diabetes mellitus) except controlled hypertension, which is
acceptable [27].

A poorly designed study conducted to determine the al-
kane level in patients with unstable angina confirmed the
stenosis by coronary angiography and did not confirm the
presence or absence of ischemia, which is a severe limitation
of the study [28]. The changes presented in the study are not
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obligatory due to unstable angina because coronary angi-
ography can only confirm the stenosis with an approximate
percentage. However, the study suggested an elevation in the
level of alkane in patients with unstable angina compared to
healthy individuals [28] (supplementary material).

5. CURRENT CHALLENGES AND FUTURE THERA-
PEUTIC AND DIAGNOSTIC POTENTIALS OF EX-
HALED BREATH ANALYSIS IN ISCHEMIC HEART
DISEASE

The limitations of using exhaled breath analysis in the
diagnosis of IHD include the lack of standardization. There
is a lack of standardization in both breath collection and ana-
lytical approaches, which can lead to wide variability in re-
sults and affect the accuracy of the diagnosis [29]. The anal-
ysis of VOCs in exhaled breath can be influenced by extra-
neous parameters, such as diet and environment, making it
challenging to isolate the specific VOCs associated with
IHD [29]. The wide variability in results due to the lack of
standardization and the influence of extraneous parameters
can hinder the reliability of exhaled breath analysis for the
diagnosis of THD [29]. Furthermore, the acceptance of ex-
haled breath analysis as a diagnostic tool for IHD among
physicians may present a barrier to its widespread clinical
implementation [29].

The therapeutics and diagnostics potentials of the ex-
haled breath analysis involve its use as a rapid, noninvasive
diagnostic tool. Exhaled breath analysis has the potential to
be used as a rapid, noninvasive diagnostic tool for IHD, of-
fering a relatively inexpensive and noninvasive method for
detecting and monitoring a variety of diseases, including
cardiovascular disease [30, 31].
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Despite the current challenges, exhaled breath analysis
holds promise for the future as a noninvasive diagnostic tool
for IHD, and further research and technological advance-
ments may overcome the current limitations and lead to its
widespread clinical use [31].

6. CURRENT CLINICAL IMPLICATIONS OF THE
EXHALED BREATH ANALYSIS IN ISCHEMIC
HEART DISEASE

As mentioned earlier, exhaled breath analysis has the po-
tential to be used as a novel, rapid, noninvasive diagnostic
tool to detect IHD. A proof-of-concept study showed that
breath analysis has the potential to differentiate patients who
had undergone primary percutaneous intervention for acute
myocardial infarction from patients with stable CAD with
97% accuracy and patients with stable CAD from patients
without heart disease with 81% accuracy [32]. Breath analy-
sis is rapidly evolving as a new frontier in medical testing.
However, further research is needed to validate its use as a
diagnostic tool for IHD.

Due to the heterogeny of the mass spectrometry tech-
niques used in the detection of various pathologies, the use
of exhaled breath analysis in clinical practice remains in the
early period of development. So far, exhaled air analysis has
been studied in patients suffering from various diseases, in-
cluding chronic obstructive lung disease, cancer, asthma,
lung cancer, diabetes, arthritis, heart failure, gastric cancer,
chronic kidney disease, colorectal cancer, hepatocellular
carcinoma, malignant pleural mesothelioma, bladder cancer,
pancreatic ductal adenocarcinoma, gastro-oesophageal can-
cer, peritonitis-shock, head and neck squamous cell carci-
noma, multiple sclerosis, and Parkinson’s disease [33-72].

Inflammasome and lipidome changes in patients with
coronary artery disease are well established. However,
changes in the exhaled VOCs are not investigated in terms of
the exact VOCs that exist in patients with confirmed ischem-
ic heart disease. The advantage of using exhaled VOCs is
that it improves the diagnostic accuracy of classical physical
stress tests, such as bicycle ergometry. Additional ad-
vantages include avoiding the usage of expensive and inva-
sive methods as well as time-consuming procedures to con-
firm the ischemic heart disease, such as CTP, or more inva-
sive methods, such as coronary artery angiography with de-
termination of the fractional flow reserve. Moreover, the
clinical applications of the exhaled VOCs include their use
as a novel biomarker for scoring the risk of developing IHD
or death in healthy or IHD individuals in the next few
months or even years according to the concentration (or ad-
ditional specific criteria) of these specific exhaled VOCs [73,
74]. The novel scoring score can be combined with the cur-
rently used SCORE2, SCORE2-OP, and smart risk score,
and it can make a program applicable for the scientific
community to be used widely and confirm its validity.

Therefore, an ongoing clinical trial (NCT06181799) to
determine the exact VOCs in patients with IHD was con-
firmed by post-stress-induced myocardial perfusion defect
on the CTP with vasodilator test (Adenosine triphosphate).
The currently existing studies are not well established and
have more of a descriptive nature than informing the exact
VOCs in patients with IHD. However, in other cardiac stud-
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ies, such as those on heart failure, there are papers published
that are of good quality (Supplementary File 1).

Indeed, the origin of the VOCs in the exhaled breath
analysis of patients with ischemic heart disease has not been
studied; likewise, the VOCs in IHD have not been studied.
Therefore, there are currently just hypotheses suggesting that
the origin of these VOCs is due to the lipid peroxidation of
the myocardiocyte or metabolic byproducts ( or the presence
of the gut microbiota in the atherosclerotic plaque directly)
of the atherosclerotic plaque in the coronary arteries or gut
microbiota dysbiosis (harmful bacteria overgrowth) in pa-
tients with IHD. Furthermore, as a result of this hypothesis,
these VOCs in IHD patients can be due to the inflammasome
and lipidome changes.

7. DISCUSSION

Inflammasomes, which are multi-protein complexes in-
volved in the innate immune response, have been found to
play a significant role in coronary artery disease (CAD)
[7, 75, 76]. Macrophages, the major cells mediating the in-
flammatory response, and inflammasomes are both implicat-
ed in the development and progression of CAD [75, 77]. The
NLRP3 inflammasome, in particular, has been identified as a
key contributor to the pathogenesis of angina pectoris, a
symptom of CAD [76].

Inflammasome activation leads to the release of pro-
inflammatory cytokines, such as interleukin-1f (IL-1B),
which contribute to the inflammatory response in CAD [78].
Furthermore, studies suggest that inflammasome activation
in CAD may be influenced by factors, such as defective cho-
lesterol efflux, clonal hematopoiesis, and diabetes [78].

Inhibition of inflammasomes or IL-1 has shown prom-
ise as a therapeutic target in cardiovascular diseases, includ-
ing CAD [7,78,79]. Overall, inflammasome changes are im-
plicated in the pathogenesis of CAD and may serve as poten-
tial targets for therapeutic interventions [7, 75, 76, 79].

Unfortunately, the molecular biopathophysiology that
stands behind the changes in the lipidome, inflammasome,
and volatilome is not well established and requires further
elaboration. Probably, changes in the lipidome and inflam-
masome are reflected in the breathome, and there are no con-
stant changes in exhaled breath volatiome composition. The
primary changes start with the changes in the morphology of
the vascular structure, including atherosclerosis formation
due to the dysregulation of the lipidome and inflammasome
level due to the predominance of the aggression system on
the protection system on the cellular and subcellular level [8,
11-16, 26, 80-89]. Thereafter, due to the occlusion of the
elastic and musculo-elastic arteries by atherosclerosis, a dis-
turbance in the stream of blood in the vasculature leads to
further endothelial damage. The occlusion of the blood-
stream to the organs, such as the heart, results in ischemic
development. In terms of prolonged ischemia, a necrosis
stage develops, where the intracellular metabolic compo-
nents are released into the circulation.

Furthermore, the early stages of ischemia do not have the
changes in these biomarkers. However, individuals suffer
from clinically silent ischemia, and its detection in the early
period remains a challenge, whereas classical physical stress
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tests can detect it in 60% of cases. These limitations in the
currently used methods are not sufficient for early diagnosis
of latent ischemic heart disease, and developing a surrogate
method is urgent.

CONCLUSION

In summary, while there are challenges, such as standard-
ization, the influence of extraneous parameters, and physi-
cian acceptance, exhaled breath analysis holds significant
promise as a rapid, noninvasive diagnostic tool for IHD and
is considered a novel frontier in medical testing, with the
potential for future applications in the diagnosis and moni-
toring of cardiovascular diseases, including IHD.

Lipidome and inflammasome changes can be used as a
novel therapeutic and diagnostic strategy in coronary artery
disease [90-92]. The combination of the exhaled breath anal-
ysis with the lipidome and the inflammasome levels holds a
promising future for effectively and safely detecting ischem-
ic heart disease with high efficacy and safety. Moreover, the
implications of artificial learning models can dramatically
improve the accuracy of prediction for morbidity and mortal-
ity by using a combination of the lipidome, inflammasome,
and volatilome compositions. Additionally, the changes in
these biomarkers can be used as novel non-classical risk
factors for the development of ischemic heart disease.
Hence, we suggest the development of a new method for
CVD risk evaluation by adding inflammasome, lipidome,
and volatilome to the classical SCORE and SCORE2-OP to
improve the accuracy. This hypothesis is under development
by Marzoog and co-authors to develop a program that in-
cludes all these parameters with special formulations.

Moreover, changes in the lipidome, inflammasome, and
exhaled breath analysis can be used to enhance the diagnos-
tic accuracy of classical physical stress tests, such as bicycle
and treadmill ergometry. Additionally, the detection of ath-
erosclerosis is possible through the usage of these changes
due to the fact that most of the incidences of ischemic heart
disease pathophysiology include the occlusion of the coro-
nary arteries by atherosclerosis [93]. However, a challenging
issue is confirming that the changes in these biomarkers (in-
flammasome, lipidome, and volatilome) are associated with
atherosclerosis of the coronary arteries or other arteries, such
as brachiocephalic or carotid arteries, which are the most
common sites for atherosclerosis.
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