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Abstract: The metabolic processes of endo- and exogenous compounds play an important role in
diagnosing and treating patients since many metabolites are laboratory biomarkers and/or targets for
therapeutic agents. Cardiac troponins are one of the most critical biomarkers to diagnose cardiovas-
cular diseases, including acute myocardial infarction. The study of troponin metabolism is of great
interest as it opens up new possibilities for optimizing laboratory diagnostics. This article discusses
in detail the key stages of the cardiac troponins metabolism, in particular the mechanisms of release
from a healthy myocardium, mechanisms of circulation in the bloodstream, possible mechanisms
of troponin penetration into other biological fluids (oral fluid, cerebrospinal fluid, pericardial and
amniotic fluids), mechanisms of elimination of cardiac troponins from the blood, and daily changes
in the levels of troponins in the blood. Considering these aspects of cardiac troponin metabolism,
attention is focused on the potential value for clinical practice.

Keywords: cardiac troponin; metabolism; mechanisms of troponin release; circulation; elimination
of cardiac troponins; circadian; diagnostics

1. Introduction

Cardiac troponin isoforms (cTnI, cTnT, cTnC) are the most important regulatory pro-
teins part of the troponin-tropomyosin complex localized on the actin (thin) myofilaments
in cardiac myocytes. The protein molecule cTnI is an inhibitory subunit; it blocks the hy-
drolysis of adenosine triphosphate and the interaction of actin with myosin in the absence
of calcium ions in the diastolic phase. The protein molecule cTnT is a tropomyosin binding
subunit; it attaches two other troponin subunits to actin filaments. The protein molecule
cTnC is a calcium-binding subunit; it binds calcium ions that enter the cytoplasm during
the systolic phase [1,2]. The importance of cardiac troponins in the regulation of myocar-
dial contractile function is demonstrated by the fact that small changes in the amino acid
sequence of the protein molecules cTnI, cTnT, and cTnC are associated with significant and
life-threatening violations of the contractile function of the heart’s muscular layer, known
as hereditary cardiomyopathies [3,4]. The amino acid composition of cTnC is similar to the
amino acid composition of troponin C located in the troponin complex in skeletal muscle
fibers; therefore, this protein is not used as a laboratory biomarker for the diagnosis of acute
myocardial infarction (AMI). At the same time, the amino acid composition of cTnI and
cTnT protein molecules is unique, providing them with the necessary specificity for use in
the diagnosis of AMI. However, clinicians should consider both the serum cTnI and cTnT
levels and data from other diagnostic methods while diagnosing AMI [5–7]. This is because
cTnI and cTnT molecules can be released from cardiomyocytes in various physiological
(exercise, stress) and pathological conditions (sepsis, cardiac arrhythmias, myocarditis,
pulmonary embolism, and others) are frequently accompanied by cardiac myocyte dam-
age [2,8–11]. Thus, according to G. Lindner et al. (2014), AMI was diagnosed in only
175 of 1573 patients with elevated serum cTnT levels. In the vast majority of the patients
examined (n = 1398), elevated cTnT concentrations were associated with other pathologies.
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The authors also noted that in 30% of patients, elevated cTnT levels were not associated
with any of the causes of increased cardiac troponins described in the literature [12]. Thus,
increased levels of cTnI and/or cTnT can reliably identify AMI only in the presence of
clinical signs and/or symptoms indicating ischemia of cardiac muscle tissue. Furthermore,
in modern diagnostic algorithms (0–1 h and 0–2 h) of early exclusion and/or confirmation
of AMI, the dynamical change in the concentration of cardiac troponin levels within one or
two hours after the patient’s admission to the department plays a critical role [6].

The diagnostic value of cTnI and cTnT depends on detection methods that constantly
improve and change our understanding of biochemistry and broaden the possibilities
for using cTnI and cTnT in clinical practice [13]. According to modern concepts, cardiac
troponins in concentrations less than the established 99th percentile are considered to be
normal myocardial metabolites. These concepts were formed due to a significant increase
in the sensitivity (detecting ability) of laboratory methods. New generation methods, also
called high- and ultrasensitive assays, have made it possible to identify cardiac troponins in
blood and other biological fluids of all healthy patients [14–17]. Simultaneously, detected
cardiac troponin concentrations (below the 99th percentile) in individuals without CVD
have a strong predictive value [17], which can be used to identify people at higher risk of
developing CVD for future implementation of a set of preventative measures to reduce
this risk.

The levels of cardiac troponins, determined using modern immunological methods,
depend on the metabolism of troponin proteins. The metabolism of troponins, like any
endo- and exogenous compounds, can be conditionally divided into several stages: (1) the
release of troponins from cardiomyocytes into the extracellular fluid and blood; (2) cir-
culation in the bloodstream for a certain time; (3) degradation of troponins intra- and
extracellularly into smaller fragments and their elimination; (4) troponin molecules can also
be more actively released from myocardial cells at certain times of the day, contributing to
the formation of circadian rhythms of cardiac troponins.

The relevance of studying the metabolism of troponin proteins is not only due to its
great theoretical value but also has great practical value. First of all, this must be considered
when interpreting elevated troponin levels in patients without established acute myocardial
infarction (AMI), optimizing algorithms for AMI diagnosis, and improving the differential
diagnosis of AMI [2,18–21]. Each method for determining cardiac troponins, among the
many developed nowadays, gives different values, making it impossible to compare the
same patient’s results obtained by test systems from different commercial kits [19,20,22].
This indicates that different immunoassays detect different molecules and/or fragments
of cardiac troponin molecules [23]. In addition, different troponin molecules or their
fragments are subject to the action of protease enzymes and therefore have different life
spans in the blood (half-life) [24–28]. Furthermore, due to the increased activation of
specific proteases, some troponin molecules can undergo increased destruction. Therefore,
situations are possible in which diagnostic antibodies directed against these molecules may
be ineffective, and the result of a laboratory study will be underestimated. The study of the
half-life of circulating troponins and their fragments in the bloodstream is necessary for
the development and subsequent use of more accurate immunoassays aimed at the most
stable epitopes (antigenic determinants).

Troponin molecules can also penetrate other human biological fluids (oral fluid, cere-
brospinal fluid, pericardial and amniotic fluids), opening new questions and prospects for
their use [20,28–35]. So, for example, the study of troponins in other biological fluids, par-
ticularly pericardial and cerebrospinal fluids, can be used in the forensic medical examina-
tion [31]; in amniotic fluid, to assess the condition of the fetus [33,34]; and in urine and oral
fluid, for non-invasive diagnosis and monitoring of cardiovascular diseases [28–30,35–37].

2. Mechanisms of Troponin Release from Cardiomyocytes

With the development of highly sensitive assays and the subsequent detection of
troponins in all of the healthy people, the attention of researchers is directed to the study of
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troponin release pathways from viable (intact) myocardial cells. The most studied mecha-
nisms of troponin release from the myocardium of healthy individuals are the following:
processes of regeneration and renewal of myocardial cells, apoptosis of cardiomyocytes, the
release of troponin as a part of membrane vesicles, the release of fragments of proteolytic
degradation of troponins, increased permeability of cardiomyocyte cell membranes, and
small-scale (subclinical) myocardial necrosis [38,39]. It should be noted that some of the
listed pathways can be enhanced in specific pathological processes and, accordingly, will
be of great clinical importance.

2.1. Regeneration and Renewal of the Myocardium

Although the absence of a significant regenerative capacity of the myocardium is gen-
erally recognized, studies prove the myocardium has a small regenerative potential. Using
the labeled 14C radioisotope integrated into the DNA of cardiomyocytes, evidence has been
presented for the renewal of myocardial cells, the intensity of which decreases with age.
Thus, in the age group up to 25 years old, around 1% of cardiomyocytes are divided every
year, and the division activity steadily diminishes until it is just 0.45% by the age of 75. It
was calculated that about half of the cardiomyocytes are replaced throughout a lifetime,
indicating that the myocardium has a limited regeneration capacity. The calculation of the
renewal rate of cardiomyocytes is based on assessing the rate of DNA synthesis produced
by determining the rate of accumulation of the radioisotope in cardiomyocytes [40]. Pre-
sumably, the renewal process of cardiomyocytes is associated with the release of troponins
into the bloodstream [41,42]. According to other data, the turnover of cardiomyocytes for
mammals is 0.5–2% per year, and the frequency of cardiomyocyte renewal may be higher
after injury than under normal conditions. Experimental assessment of myocardial regener-
ation in case of injury is complex due to the development of inflammation, the proliferation
of stromal and vascular cells, and scar formation (sclerosis) [42,43]. It has also been shown
that ischemic damage activates the internal regenerative potential of heart stem cells [43].
In addition, researchers Waring et al. (2014) and Rovira et al. (2018) in experimental studies
on rats and zebrafish showed that regular exercise of moderate intensity promotes both
hypertrophy of existing cardiomyocytes and activation and subsequent differentiation of
myocardial stem cells with the formation of new myocytes [44,45].

2.2. The Role of Apoptosis in the Release of Troponins from Cardiomyocytes

The initiation of apoptosis is accompanied by an increase in the activity of caspase
enzymes and intracellular proteinases, which leads to the cleavage of DNA and protein
structures, with the relatively preserved cell membrane integrity [46]. The modern set
of methods for detecting apoptosis is represented by electron microscopy, immunohisto-
chemistry, flow cytofluorimetry, as well as the TUNEL method (Terminal deoxynucleotide
Transferase—mediated dUTP—biotin Nick—End Labeling), which is considered the ear-
liest (sensitive) and reliable criterion for apoptosis [47–49]. TUNEL analysis allows veri-
fication of the primary phenomenon of apoptosis—DNA decay caused by caspases. The
principle of the method lies in the specific binding of terminal deoxynucleotidyl transferase
with broken DNA strands, which can be detected by fluorescence microscopy [49].

Weil et al. (2017) experimented on pigs, simulating short-term (10-min) ischemia by
balloon occlusion in the pool of the second diagonal branch of the left anterior descending
artery. Complete occlusion was confirmed by contrast angiography. After reperfusion,
the myocardium was removed post mortem for histological evaluation in some animals.
Moreover, in another experiment on (live) animals, a series of measurements of troponin I
were carried out after reperfusion using a moderately sensitive method (Life Diagnostics,
West Chester, Pennsylvania) in blood serum samples obtained from the regional (anterior
interventricular vein) and systemic (jugular) blood flow. Histological studies did not reveal
signs of ischemic damage and necrosis. Apoptosis was confirmed by a sixfold increase in
TUNEL-positive cardiomyocytes in the focus of short-term ischemia compared to the non-
ischemic (control) area. The concentrations of cardiac troponin I were slightly increased
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after 10 min. After 30 min, they reached the values of the 99th percentile (38 ng/L) and
continued to increase, reaching a peak at 24 h (1021 ± 574 ng/L). There was a very close and
reliable correlation between the values of troponin I in the regional and systemic circulation.
Thus, the authors noted that short-term ischemia does not lead to cardiomyonecrosis but
leads to apoptosis of the cardiomyocytes accompanied by the release of troponins into the
bloodstream [50]. Although it is worth noting that this study is limited to a time interval of
24 h, it is not known what would happen next with the concentration of troponins and with
the state of cardiomyocytes. It is also worth noting that in actual clinical practice, such early
detection of troponins by moderately sensitive techniques is difficult/practically impossible
due to the wash-out phenomenon, in contrast to the ideally recreated reperfusion conditions
in the experiment described above.

Apoptosis of cardiomyocytes can also occur through mechanisms not associated with
myocardial ischemia. Cheng et al. (1995) found an increase in programmed cell death in
response to myocardial distension [51]. In this case, stretching of the myocardium can
occur both in physiological conditions (for example, heavy physical exertion) and in several
pathological conditions (for example, in heart failure and arterial hypertension), which
possibly contributes to an increase in the level of troponins [52–54]. Singh et al. (2001)
investigated the effect of enhanced neurohumoral stimulation on apoptosis processes and
found that stimulation of beta1-adrenergic receptors induces apoptosis via activation of
adenylyl cyclase [55], while stimulation of beta2-adrenergic receptors, on the contrary, has
an antiapoptotic effect [56,57]. A decrease in the density (number) of adrenergic receptors
is observed with age, which is more typical for beta2-adrenergic receptors [58]. Thus, there
is reason to hypothesize a specific role of apoptosis in troponin elevation in heart failure,
aging, prolonged and/or excessive exercise. An increase in troponins in these categories
of patients can lead to overdiagnosis of AMI, especially when using highly sensitive test
systems and in cases where clinicians rely on laboratory data alone to make a diagnosis. So,
the work of Manjunath et al. (2018) acts as a confirmation. A young patient was admitted
to the emergency department with chest discomfort, the troponin I concentration was
increased 2.5-fold (0.123 ng/mL with a normal rate of <0.055 ng/mL). Doctors suspected
myocardial infarction, additionally relying on unfavorable family history and the presence
of hypercholesterolemia. However, ECG, Echo-CG, and coronary angiography did not
reveal any signs of myocardial ischemia. From the anamnesis later, it turned out that the
young man was actively involved in sports and ran several miles on the eve of admission,
preparing for a marathon [59].

An experimental study in pigs showed that an increase in left ventricular preload leads
to apoptosis and troponin I release without ischemia. The animals received phenylephrine
(300 µg/min) for 1 h to increase the end-diastolic pressure. The basal release of troponin I
was low (16 ± 20 ng/L), but 30 min after the increase in end-diastolic pressure, the concentra-
tion of troponin I increased above the 99th percentile, and after 1 h, it was 856 ± 956 ng/L
(p = 0.01) and remained elevated after 24 h (1462 ± 1691 ng/L). Pathological analysis
showed the presence of apoptosis of myocardial cells (31.3 ± 11.9 cardiomyocytes/cm2

versus 4.6 ± 3.7 cardiomyocytes/cm2; p < 0.01), which returned to normal after 24 h
(6.2 ± 5.6 myocytes/cm2; p = 0.46) without signs of necrosis [60]. Thus, it was the pro-
cess of apoptosis, not the necrosis of cardiomyocytes, responsible for the increase in the
concentration of cardiac troponins [61,62].

2.3. Vesicular Troponin Transport

Cardiac troponins in the myocardium are represented by two fractions (pools): (1) as-
sociated (structural)—in the contractile apparatus; (2) cytoplasmic—freely located in the
cytoplasm of cardiomyocytes and by volume accounts for approximately 3.5% of the total
intracellular mass for troponin I and 7.0% for troponin T [63–65].

Animal hepatocytes and cardiomyocytes studies have revealed that during the early
stages of ischemia, in the absence of necrosis, vesicles form on the surface of the cell
membrane, containing cytoplasmic proteins, including troponins. The release of troponins
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occurs when these vesicles rupture on the surface of the cardiomyocyte. Schwartz et al.
(1985), for the first time, studied the features of the formation of vesicles on the surface
of the membranes of cultured cardiomyocytes using electron microscopy and noted a
significant increase in the number of vesicles 30 min after ischemia, compared with the
initial state [66].

This hypothesis is consistent with the concept of biphasic troponin release following
irreversible damage. The initial phase is associated with the release of the cytoplasmic pool
of troponins. In the case of rapid elimination of the causative factor (for example, ischemia,
heavy physical exertion, psychoemotional stress)—reversible damage—the vesicles with
their contents come back, and everything ends there. However, if the ischemia is more
prolonged, for example, in myocardial infarction, then the second phase begins—on the
surface of the plasmalemma of the cardiomyocyte, an avalanche-like formation of vesicles
occurs with the destruction of the membrane; in parallel to this, there is slow lysis of the
sarcomere, which includes a structural pool of troponins, and troponin circulation in the
blood takes significantly longer [67].

Thus, it can be suggested that conditions such as prolonged/excessive physical ac-
tivity, psychoemotional stress, ischemia, and increased load on the myocardium are also
accompanied by the release of troponins through membrane vesicles.

2.4. The Release of Troponin Proteolytic Degradation Fragments from Cardiomyocytes

Myocardial tissue and the liver and kidneys are essential organs that ensure acid-base
balance through lactate utilization. Lactic acid is formed in significant quantities by skeletal
muscles and is delivered to the liver, where, under the action of lactate dehydrogenase
(LDH), it is converted into pyruvic acid and then into glucose—the Cori cycle. The my-
ocardial tissue can use lactate as an energy source, which is also converted to pyruvate
due to the action of LDH. Pyruvate is further converted to acetyl-coenzyme A, which
enters mitochondria and is metabolized in the Krebs cycle [68–70]. However, this pathway
requires an oxygen supply and does not function in anaerobic conditions. In conditions of
prolonged/excessive physical activity, there is an increased production and accumulation
of lactate. An imbalance between the demand for oxygen by cardiomyocytes and the ability
to deliver it through the coronary arteries leads to short-term transient ischemia and the
transition of the myocardium to the anaerobic process. In such conditions, the myocardium
ceases to utilize lactate and produces significant amounts of lactate itself. The accumulation
of lactic acid in cardiomyocytes leads to acidification of the intracellular environment,
which activates proteolytic enzymes and caspases (apoptotic enzymes), which break down
sarcomeric proteins, including troponins, into smaller fragments, which will allow them to
pass through the intact cell membrane [71,72]. At the same time, during ischemia, along
with the proteolysis of troponins, proteolysis of cell membrane proteins occurs, which leads
to increased permeability of the biomembrane and additionally promotes the release of
troponins from the cardiomyocyte.

2.5. Increased Permeability of Cardiomyocyte Cell Membranes

Two main mechanisms are proposed: one of the mechanisms may be associated
with proteolytic damage to cell membranes during ischemia. The second mechanism for
increasing the permeability of biological membranes of cardiomyocytes and the release
of troponins may be associated with stretching. A relationship has been established be-
tween the increased load on the myocardium and the release of troponins. Troponins
are released, predicting adverse cardiac events, in the same way that natriuretic peptides
(heart hormones) are released in chronic heart failure due to myocardial stretching [73].
It is believed that integrins play one of the most critical roles in this process. Integrins
are transmembrane glycoprotein receptors that mediate communication between the in-
tracellular and extracellular spaces. It was found that integrins, together with signaling
molecules, stimulate myocardial distension. Hessel et al. used a special peptide to activate
integrin and discovered a significant increase in troponin I in comparison to the control.
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The authors excluded ischemic and necrotic changes based on normal concentrations of
lactate dehydrogenase, lactate, and the microscopic data [74]. It has been shown that
the increase in troponins accompanies an increase in preload in the absence of ischemia.
Feng et al. (2001) experimentally found that an increase in preload is accompanied by the
activation of the endogenous intracellular enzyme calpain, which causes the proteolysis
of troponin I into fragments with their further release from the myocardium. The preload
was increased by inflating a special balloon inserted into the rat’s left ventricle; normal
lactate concentrations confirmed the absence of ischemia. The administration of calpeptin,
a calpain-specific inhibitor, and the elimination of preload reduced troponin I breakdown,
its release from the myocardium, and improved left ventricular function. The data obtained
indicate the possibility of an increase in troponins in the absence of myocardial ischemia;
in this case, as the authors suggest, the mechanical stress of the myocardium led to the
degradation of troponin and an increase in membrane permeability, which facilitated the
release of troponin I into the blood [75]. Researchers note the possible important role of this
mechanism in the pathogenesis and a possible focus for targeted therapy of heart failure in
the presence of heart disease—more specifically, the valve leaflet insufficiency [75,76].

2.6. Small-Scale Myocardial Cell Necrosis

MRI with gadolinium contrast showed no foci of necrotic or sclerotic changes in
healthy athletes [77]. Despite this, some researchers believe that some athletes develop
small-scale (subclinical) necrosis. An argument in favor of the death of myocardial cells
during high-intensity physical exertion is that the concentration of cardiac troponins
under heavy loads, particularly after a marathon run, can increase by 8–10 times [78].
Furthermore, the gadolinium-enhanced MRI technique still has insufficient sensitivity
compared to laboratory diagnostics.

Scherr et al. (2011) investigated troponin T by a highly sensitive method (Roche
Diagnostics) dynamically in the blood of marathon runners. Immediately after the finish,
troponin T levels were 0.031 ng/mL, which was about ten times higher than normal, and
the concentrations returned to normal after 72 h. Approximately similar tendencies were
shown by cardiac fatty acid-binding protein and N-terminal brain natriuretic peptide
(NT-proBNP) [79]. Thus, the emergence of highly sensitive methods for the detection
of troponins creates the need to revise and standardize the permissible physical activity
for the safety and subsequent preservation of the health of athletes, which needs further
research and clarification.

Severe psychoemotional stresses, imbalances in the neurohormonal system, and sub-
clinical inflammation of the heart tissues (myocarditis, etc.) can be other presumptive
causes of minor necrosis [80,81]. Lazzarino et al. (2013) found an association between
elevated stress hormone (cortisol) concentration and troponin T detection by the highly
sensitive method (Roche Diagnostics) in healthy study participants (odds ratio (OR): 3.98;
95% confidence interval (CI): 1.60 to 9.92; p = 0.003). The authors emphasize the need for
further research to clarify the role of psychoemotional stress in the pathophysiology of
cardiomyocyte damage [82,83]. Stress can be a trigger of myocardial infarction and occur in
people who have already had a heart attack (worries, a feeling of fear of death). However,
difficulties arise in the differential diagnosis of AMI because an elevated level of a highly
sensitive troponin I against the backdrop of transitory ischemia/angina pectoris and stress
might lead to the overdiagnosis of AMI. Table 1 summarizes the pathways hypothesized
for the release of cardiac troponin molecules from cardiomyocytes.
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Table 1. Mechanisms of cell release/increasing troponin cTnI and cTnT concentrations.

Mechanisms of Release of cTnI and cTnT
Molecules from Cardiomyocytes Additional Comments Sources

Reversible (subclinical) and irreversible
damage (necrosis) of cardiomyocytes

When cells are damaged, the cytoplasm (sarcoplasm) contents are released into the
extracellular space, including troponin proteins. Troponin elevation correlates

with the degree of damage to cardiomyocytes.
[2,5]

Cardiomyocyte apoptosis
Myocardial cell apoptosis occurs both during short-term ischemia due to caspase

enzyme activation and through non-ischemic causes (with stretching of the
myocardium, increased adrenergic stimulation through beta-adrenergic receptors)

[55–58,60]

Myocardial regeneration processes (?)

Several studies have found evidence of minor cardiomyocyte regeneration. Cell
regeneration and renewal are accompanied by releasing a limited amount of cTnI

and cTnI molecules into the surrounding environment. According to the
researchers, this process explains the presence of troponins in the serum of all

healthy people

[39–42]

Increased permeability of the cardiomyocyte
cell membrane

The permeability of cardiomyocyte cell membranes increases with stretching and
cardiac ischemia due to the activation of proteolytic enzymes, which in turn

damage the cell membranes, allowing troponin molecules to be released outside
the cell

[62,67,74]

Processes of intracellular cleavage of protein
molecules by proteolytic enzymes

Troponins are cleaved into smaller fragments within the cell by various proteolytic
enzymes, including caspases and calpain. Smaller pieces are generated due to

proteolytic cleavage, which can probably pass through the intact membrane of the
cardiomyocyte. These enzymes can be triggered after myocardial ischemia and an
increase in myocardial load. Thus, this process underlies the increase in troponin

levels associated with ischemic myocardial diseases (ischemic heart disease,
myocardial infarction) and various physiological or pathological conditions

characterized by an increase in the load on the myocardium. Furthermore, the
methods of intracellular proteolytic cleavage of the cTnI and cTnI molecules are
highly likely to be associated with an increase in membrane permeability caused

by damage to the cardiomyocyte’s cell membrane by the same
proteolytic enzymes.

[74–76]

Formation and release of membrane vesicles
(vesicular transport)

Using electron microscopy methods on hepatocytes and cardiomyocytes (in vitro),
it was discovered that during the initial stages of ischemia (before the

development of necrosis in cardiomyocytes), vesicles are formed on the surface of
the cell membrane, within which cytoplasmic proteins can be localized, including

the cytoplasmic fraction of troponins. The release of troponins into the
extracellular space hypothetically occurs when these vesicles rupture.

[66]

Re-expression of cardiac troponin molecules in
striated muscle in skeletal myopathies and

troponin release into the bloodstream due to
subsequent damage to muscle fibers (?)

Several research groups have described the re-expression of cardiac troponins in
damaged skeletal muscle fibers [84,85]. However, this mechanism is considered

controversial. Other researchers suggest that the reason for the increase in cardiac
troponins in patients with skeletal myopathies is false-positive (cross) reactions

between diagnostic (cTnI and cTnT) antibodies and skeletal troponin
isoforms [86].

[84–86]

3. Features of the Troponin Circulation in the Bloodstream

It is essential to understand that troponins circulate in the blood in the form of a
heterogeneous pool: free (single) troponin T and I molecules, combined (binary and
triple) troponin complexes, fragments of proteolytic cleavage of troponins, as well as their
oxidized, phosphorylated and glycosylated derivatives. The half-life of troponins released
into the bloodstream, according to some data, averages 1–2 h [87].

Released into the bloodstream, cardiac troponins and/or their fragments, unlike many
biologically active compounds (hormones), do not perform any regulatory functions but
circulate for some time, serving as specific biomarkers of myocardial damage, and then are
eliminated. Cells of the reticuloendothelial system (mainly macrophages of the spleen) play
a significant role in purifying blood from troponin molecules [88,89]. Presumably, increased
cleavage of cardiac troponins occurs in conditions of splenomegaly (hypersplenism), by
analogy with the accelerated disintegration of blood corpuscles.

Furthermore, the previously described cleavage of troponins by proteases, which hap-
pens in cardiomyocytes under normal conditions but becomes more intense in borderline
or pathological conditions, facilitates their release into the blood and subsequent removal.
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Along with the intracellular cleavage of cardiac troponins (in cardiomyocytes, macro-
phages), proteolysis of these molecules occurs directly in the vascular bed. It has recently
been found that troponins can be specifically cleaved by the enzyme thrombin directly in
the bloodstream [24]. Moreover, the introduction of a specific thrombin inhibitor did not
lead to the cleavage of troponin T [24]. It should be assumed that many other proteolytic
enzymes, including other enzymes of the hemostatic system, participate in the extracellular
destruction of troponins, which requires further investigation. The hemostatic system is
a delicate balance of coagulation and anticoagulation mechanisms under normal condi-
tions, pathology, and/or drug intervention tips the balance to one side, resulting in an
indirect change in the heterogeneous fraction of circulating troponin protein fragments.
Furthermore, this can subsequently affect the result of the analysis.

Katrukha et al. used Western blotting with monoclonal antibodies specific for dis-
tinct troponin I epitopes to measure serum samples from patients with acute myocardial
infarction (AMI) within 1–36 h of the beginning of chest pain. In addition to free (intact)
troponin I, the researchers found 11 more fragments of this molecule with different molec-
ular weights and stability in the bloodstream. When studying the stability of molecules, it
is noted that the least stable regions of the troponin I molecule are the N- and C-terminal
regions. At the same time, the central fragments are more stable and acquire high resistance
to proteases due to their binding to troponin C. The authors draw attention to the extreme
importance of studying the processes of fragmentation of troponin molecules and their
stability under various conditions for the development and improvement of methods for
determining troponins [90].

Zahran et al. examined serum/plasma samples from 29 patients with different types
of infarction for proteolytic degradation using several ELISA kits designed to determine the
N-terminal, nuclear, and C-terminal fragments of troponin I. Patients with type 1 AMI (with
acute atherothrombosis) and ST-segment elevation had the highest degree of proteolytic
cleavage of troponin I molecules; patients without ST elevation, as well as patients with
type 2 AMI (with an imbalance in demand and oxygen delivery), had the lowest degree of
proteolytic cleavage. The lowest degree of proteolytic degradation was in patients after
percutaneous coronary intervention. As a result, the authors concluded that the degree
of proteolytic degradation is a better indicator of ischemia and AMI than the total level
of serum troponin. It was discovered that the degree of troponin proteolytic cleavage
corresponds to the severity and prognosis of AMI more than the overall concentration of
troponin I in blood serum. In addition, this work indicates that it is possible to assess the
quality of treatment based on determining the degree of fragmentation of troponin I [26].

Studies on troponin degradation processes explain why commercial antibodies to
unstable (rapidly degraded) epitopes at the N- and C-termini of troponin I have a poor
correlation with clinical data and patient prognosis when compared to test systems that
use antibodies to central (more stable) regions of the molecule. Further research on tro-
ponin intra- and extracellular cleavage is needed to improve and standardize troponin
immunoassays. In our opinion, the most important goals of such studies should be:

1. conducting clinical studies for a comparative assessment of the diagnostic effective-
ness of already existing highly sensitive immunoassays;

2. searching in blood and other biological fluids for fragments of troponins, which are
released first of all during ischemia or AMI;

3. developing antibodies to these (the early released) troponin fragments, which will
allow earlier diagnosis of AMI;

4. studying the lifespan/circulation of troponin fragments in the bloodstream and
biological fluids to optimize laboratory diagnostics

5. comparative studies will probably reveal the most specific troponin fragments specif-
ically for AMI, but not for other conditions (exercise, myocarditis, pulmonary em-
bolism, etc.), which may be accompanied by an increase in troponins when using
currently existing test systems and significantly complicate differential diagnosis.
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4. Elimination of Cardiac Troponins from the Blood

The exact mechanisms of eliminating the cTnI and cTnT protein molecules from the
bloodstream and the factors that influence the elimination of troponins are not entirely
known. The elimination of cTnI and cTnT molecules from the blood is thought to occur in
three ways: (1) capture of protein molecules cTnI and cTnT by cells of the reticuloendothe-
lial system and intracellular cleavage [91–93]; (2) cleavage of cTnI and cTnT molecules
by proteolytic enzymes directly in the bloodstream [23,24]; (3) elimination of cTnI and
cTnT molecules through the blood–tissue filters/barriers (glomerular and blood–salivary)
into other biological fluids (urine and oral fluid) [28–30,94,95]. Some of the elimination
mechanisms may be closely related to each other. For example, the cleavage of intact
cTnI and cTnT molecules into smaller molecular fragments will enhance the elimination
of these proteins through glomerular filtration. It is critical to understand that factors
influencing these elimination pathways for cTnI and cTnT molecules will affect serum
cTnI and cTnT levels. As a result, if the elimination of cTnI and cTnT molecules decreases,
they accumulate in the bloodstream, and the concentration of cTnI and cTnT in the blood
serum may increase; if elimination increases, the concentration of cTnI and cTnT in the
blood hypothetically may decrease. Given the potential impact of elimination pathways on
serum levels of cardiac troponins, it is critical to focus on studying these mechanisms and
determining the specific contribution of each mechanism, which is likely to explain some
of the false-positive or false-negative results that occur in clinical practice.

Renal filtration is one of the most controversial mechanisms for eliminating cTnI and
cTnT molecules from the bloodstream [91,92]. Due to the small size (molecular weight) of
troponins and their fragments, eliminating these molecules from the bloodstream is carried
out through the renal filter using glomerular filtration. Molecules of cardiac troponins have
been detected in urine in various recent studies [20,37,92], which can be considered direct
evidence of the presence of this troponin elimination pathway. Along with these data, it
has been shown that inhibition of filtration processes through the glomerular filtration
due to chronic renal failure (CRF) leads to an increase in the bloodstream troponin levels
without any damage to cardiomyocytes [95–97].

Despite this, due to a lack of direct proof, not all scientists recognize renal filtration
as the principal mechanism for eliminating cardiac troponins from the blood [98–101]. A
recent study by Croatian scientists led by Pervan et al. (2017) using a highly sensitive
immunoassay (Abbott Architect) revealed troponin I in all examined patients. In addition,
it was shown that the level of a highly sensitive troponin I was higher in the urine of
hypertensive patients compared to normotensive patients (p = 0.0451); this, according to
the authors, can be used in clinical practice for the diagnosis and monitoring of arterial
hypertension [92].

In the normal range of blood pressure in healthy individuals, the glomerular filtration
is not dependent on blood pressure levels because of the Bayliss effect (myogenic mecha-
nism). However, under conditions of strongly pronounced changes in blood pressure, the
glomerular filtration rate (GFR) will change: a significant increase in blood pressure leads
to an increase in the (GFR), which is a calculated value based on the concentration of the
endogenous metabolite creatinine. Considering that an increase in blood pressure increases
the troponin concentration in the urine, this validates the direct dependency of serum
concentrations of cardiac troponins on GFR. An increase in serum troponin values accom-
panies a decrease in GFR. This is confirmed by the data of a large study, which involved
2464 patients with chronic renal failure. Participants with a GFR < 30 mL/min/1.73 m2

had approximately three times larger highly sensitive troponin T values than those with a
GFR greater than 60 mL/min [95]. GFR suppression is observed in chronic renal failure
and various polyetiological hypotensive conditions (taking drugs, shock, etc.). As a result
of the pronounced decrease in blood pressure observed in cardiogenic shock, which fre-
quently occurs with large-focal myocardial infarctions, troponin levels in the blood and the
duration of their circulation in higher concentrations increase, which is also considered a
prognostically unfavorable sign.
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Understanding the characteristics of troponin elimination is critical when utilizing
rapid algorithms for the diagnosis or exclusion of AMI, as demonstrated in the study by
Kavsak et al. (2018) [102]. Highly sensitive troponin I (Abbot) and T (Roche) concentra-
tions were negatively correlated with GFR: the lower the GFR, the higher the troponin
levels. At the same time, the authors observed that the current troponin threshold values
(99th percentile) for excluding AMI are only appropriate for individuals with a GFR of
90 mL/min/1.73 m2. Moreover, this suggests that the increased values of cardiac tro-
ponins in patients with lower GFR may be due to a cause that has nothing to do with
ischemic damage to cardiomyocytes, leading to AMI overdiagnosis and unnecessary costs
for unnecessary therapeutic and diagnostic manipulations. It is evident that for the most
optimal use of highly sensitive analyzes, physicians must necessarily consider GFR [95]. It
should be noted that to date, the current clinical guidelines do not consider the renal mech-
anism of elimination of cardiac troponins and additional studies are needed to clarify this
mechanism. Additional research is needed to adjust the troponin thresholds in relation to
different GFR values. It is possible to develop separate diagnostic algorithms for excluding
AMI for patients with chronic renal failure.

It has been reported that troponin fragments are removed across the blood-salivary
barrier. However, the specific process has not been determined. This is most likely
accomplished through ultrafiltration of small fragments of troponin proteolytic degradation.
In the case of AMI, an increase in troponin concentration in the circulation leads to an
increase in troponin concentration in the oral fluid [103]. Another study, conducted by
Bunin et al. (2017), revealed that troponin I concentrations in the blood serum and saliva of
patients with ischemic heart disease (IHD) are positively related to the stage of the disease.
Thus, in the salivary fluid of older adults without cardiovascular pathology, the average
amount of troponin I was 0.67 ng/mL. In patients with stages 1 and 2 of the development
of coronary artery disease, the mean concentration of troponin I significantly increased
by 2 and 3.4 times, respectively (up to 1.37 and 2.28 ng/mL). In individuals with stage 3
IHD, the mean troponin I concentration increased 5.1 times (up to 3.42 ng/mL) [104]. Such
information can be used for non-invasive diagnosis and monitoring of coronary artery
disease and myocardial infarction.

Several studies have identified cardiac biomarkers, including troponins, in cerebral
fluid and pericardial fluid during postmortem examination, which may help estimate the
degree of the myocardial injury. The entry of troponins into the pericardial fluid is due to
the proximity of the location. Higher concentrations are observed in transmural myocardial
infarction. The presence of troponins in the cerebrospinal fluid indicates their ability to
cross the blood–brain barrier [31,32].

Stefanovic et al. found cardiac troponin T in the amniotic (amniotic) fluid, while its
concentration was positively correlated with erythropoietin levels (r = 0.526; p = 0.003).
Erythropoietin is produced in the cells of the juxtaglomerular apparatus of the kidneys in
response to hypoxia. The authors believe that troponin detection in amniotic fluid should
be performed in pathological pregnancy to diagnose fetal hypoxia, myocardial damage,
and malformations [34].

Table 2 summarizes the above mechanisms for eliminating cTnI and cTnT molecules
from the bloodstream.
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Table 2. Mechanisms of elimination of cardiac troponins from the blood.

Mechanisms of Cardiac
Troponin Elimination Comments Sources

Cleavage of cTnI and cTnT molecules by
the cells of the reticuloendothelial system

Protein molecules are captured by the cells of the reticuloendothelial system
(tissue macrophages, Kupffer cells, etc.), where they undergo proteolytic

destruction. A similar mechanism is relatively well described for some cardiac
markers (creatine kinase, lactate dehydrogenase, aspartate aminotransferase)

and is probably also a characteristic of cTnI and cTnT.

[93,94,105]

Cleavage of cTnI and cTnT molecules by
proteolytic enzymes directly in

the bloodstream

All protein molecules, including cTnI and cTnT, are sensitive to the action of
proteolytic enzymes. Some enzymes (caspase, calpain, and thrombin) have
been found to cause proteolytic cleavage of cTnI and cTnT molecules into

molecular fragments, according to some studies.

[23–26,90,106]

Elimination of cTnI and cTnT molecules
through the glomerular and blood-salivary

barriers into urine and oral fluid

Clinical studies have demonstrated the existence of this mechanism and are
considered to have a potential diagnostic value. There was also a link between

serum and salivary troponin levels, according to the researchers. This
elimination mechanism is closely related to the mechanisms of troponin

cleavage. As a result of proteolytic cleavage, small molecular fragments can be
formed, which can much more easily (and, accordingly, in large quantities)
pass through the renal and blood–salivary barriers. Clarification of these

mechanisms is very likely to increase the diagnostic value of cTnI and cTnT in
these biological fluids.

[20,28–30,92,106]

5. Circadian Aspects on the Cardiac Troponins Concentration Fluctuations

Circadian concentration variation is typical for most analytes [65,107–109]. The most
severe daily fluctuations are seen in the levels of hormonal parameters and metabolic com-
ponents which these hormones affect. Several studies have shown the presence of circadian
fluctuations in troponin concentration, based on which it was believed that they should be
considered when setting the values of the 99th percentile, and the delta increase in troponin
concentration in patients admitted to the emergency department with suspected acute
myocardial infarction [64]. This is due to the fact that early algorithms used to diagnose
myocardial ischemia are based on relatively low troponin concentrations [5,6,110,111], and
even slight variations due to circadian aspects can lead to false-positive or false-negative
interpretations of the analysis results.

Recently, it was shown that troponin T, determined by a highly sensitive method
(Roche Diagnostics), has a significant daily fluctuation in concentration: the maximum
level of highly sensitive troponin T is detected in the morning hours (8:00), then a decrease
is observed and reaches its minimum value by about 20:00, after which a gradual increase in
concentration begins again, which again reaches a maximum in the morning. The average
values in the morning and evening were 16.2 ng/L and 12.1 ng/L. The authors believe that
the circadian rhythm of troponin release (according to highly sensitive methods) should
also be considered for screening purposes [111].

In some cases, the circadian features of troponins can affect the diagnostic accuracy
for AMI. van der Linden et al. (2016) estimated the daily fluctuations in hs-TnT and hs-TnI
concentrations in an elderly patient with severe chronic renal failure (GFR = 14 mL/min).
Their serum cardiac troponin T concentration had been chronically elevated for many
years with the absence of acute coronary events, highlighting the role of the kidney in
troponin elimination. Changes in troponin T levels during the day were in line with the
previous study, with peak concentrations in the morning and a gradual decline in the
evening. During the day, the maximum fluctuations in troponin T concentrations were
50.9 ng/L and up to 20 ng/mL within one hour. Several times a day, one-hour delta-
changes in troponin T levels exceeded delta values in the developed one-hour and three-
hour algorithms for diagnosing AMI. In other words, in this case, circadian fluctuations in
troponin T concentrations mimicked the kinetics of troponin T characteristic of AMI, which
could lead to overdiagnosis [112].

Few works are devoted to circadian features, and there is a need for further research,
especially for modern highly and ultrasensitive test systems. When significant influences
are found, the diagnostic algorithms for AMI should reflect the circadian aspects [64]. When
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it is confirmed that morning troponin levels are greater than evening troponin levels, higher
cut-off values (99th percentile) should be utilized for patients admitted in the morning
with suspected AMI. So, for example, at the moment, circadian features have been studied
in detail and are successfully used for several hormonal parameters in endocrinology.

The daily concentration variability characteristic of cardiac troponin T corresponds
to the circadian organization of the cardiovascular system and the hemostatic system. It
has been shown that the heart rate, blood pressure, vascular resistance, prothrombotic
tendency, platelet aggregation ability, activity of the renin-angiotensin-aldosterone system,
activity of the sympathoadrenal system, and levels of catecholamines and cortisol increase
in the morning hours, which have evolved and are necessary for normal functioning in the
period of wakefulness. However, this has important implications for the pathophysiology
of cardiovascular diseases: the frequency of cardiovascular accidents is significantly higher
in the morning hours [113–118]. The maximum number of cases of AMI occurs in the
morning–afternoon time interval (8:00–12:00). It was discovered that patients hospitalized
in the morning have a larger AMI focus than those admitted in the evening and night,
which is associated with increased sympathoadrenal axis activity [119]. It should be noted
that to date, current clinical guidelines do not contain information on the effect of circadian
rhythms of cardiac troponins and additional clinical studies are needed to validate them.

6. Conclusions

Taking everything into account, it is possible to conclude that the concentration of
cardiac troponins at a specific point when drawing blood from a patient is affected by
a variety of metabolic factors (release, circulation, cleavage and removal, circadian fea-
tures). This must be understood to use fast algorithms to diagnose and exclude acute
myocardial infarction, based on small concentration rises (several ng/L) during the first
hours. It should be understood that some of the above factors can lead to a distortion of
the result; therefore, additional fundamental studies of the metabolic characteristics of
cardiac troponins are needed to improve the diagnostic process. According to the literature
review, the following significant influencing features that can lead to diagnostic errors
should be considered: troponin release during stress, transient ischemia, and apoptosis of
cardiomyocytes; impaired renal elimination, which can overestimate troponin concentra-
tions in the absence of cardiomyocyte damage; and circadian aspects. Further research of
troponin circulation in the bloodstream and troponin lifespan is required to develop novel
diagnostic systems (for example, the creation of antibodies to those troponin fragments
that appear first in the blood during myocardial infarction and have the longest lifespan
under certain conditions). Determining troponins in other biological fluids (pericardial,
cerebrospinal, amniotic, urine, and oral fluid) opens up new questions and perspectives.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declare no conflict of interest.

References
1. Gomes, A.V.; Potter, J.D.; Szczesna-Cordary, D. The Role of Troponins in Muscle Contraction. IUBMB Life 2002, 54, 323–333.

[CrossRef]
2. Chaulin, A.M. Elevation Mechanisms and Diagnostic Consideration of Cardiac Troponins under Conditions Not Associated with

Myocardial Infarction: Part 1. Life 2021, 11, 914. [CrossRef]
3. Duplyakov, D.V.; Chaulin, A.M. Mutations of heart troponines, associated with cardiomyopathies. Kardiologiya 2019, 7, 8–17.

(In Russian) [CrossRef]
4. Tadros, H.; Life, C.S.; Garcia, G.; Pirozzi, E.; Jones, E.G.; Datta, S.; Parvatiyar, M.S.; Chase, P.B.; Allen, H.D.; Kim, J.J.; et al.

Meta-analysis of cardiomyopathy-associated variants in troponin genes identifies loci and intragenic hot spots that are associated
with worse clinical outcomes. J. Mol. Cell. Cardiol. 2020, 142, 118–125. [CrossRef] [PubMed]

http://doi.org/10.1080/15216540216037
http://doi.org/10.3390/life11090914
http://doi.org/10.24411/2309-1908-2019-13001
http://doi.org/10.1016/j.yjmcc.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/32278834


Int. J. Mol. Sci. 2021, 22, 10928 13 of 17

5. Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D.; The Executive Group on behalf of the
Joint European Society of Cardiology (ESC); American College of Cardiology (ACC); American Heart Association (AHA); et al.
Task Force for the Universal Definition of Myocardial Infarction Fourth Universal Definition of Myocardial Infarction (2018).
Circulation 2018, 138, e618–e651. [CrossRef] [PubMed]

6. Collet, J.-P.; Thiele, H.; Barbato, E.; Barthélémy, O.; Bauersachs, J.; Bhatt, D.L.; Dendale, P.; Dorobantu, M.; Edvardsen, T.; Folliguet,
T.; et al. 2020 ESC Guidelines for the management of acute coronary syndromes in patients presenting without persistent
ST-segment elevation. Eur. Heart J. 2020, 42, 1289–1367. [CrossRef]

7. Chaulin, A.M.; Grigorieva, Y.V.; Pavlova, T.V.; Duplyakov, D.V. Diagnostic significance of complete blood count in cardiovascular
patients; Samara State Medical University. Russ. J. Cardiol. 2020, 25, 3923. [CrossRef]

8. Chaulin, A.M.; Abashina, O.E.; Duplyakov, D.V. Pathophysiological mechanisms of cardiotoxicity in chemotherapeutic agents.
Russ. Open Med. J. 2020, 9, e0305. [CrossRef]

9. Chaulin, A.M.; Duplyakov, D.V. MicroRNAs in atrial fibrillation: Pathophysiological aspects and potential biomarkers. Int. J.
Biomed. 2020, 10, 198–205. [CrossRef]

10. Chaulin, A.M.; Duplyakov, D.V. Arrhythmogenic effects of doxorubicin. Complex Issues Cardiovasc. Dis. 2020, 9, 69–80. [CrossRef]
11. Chaulin, A.M.; Duplyakov, D.V. Increased natriuretic peptides not associated with heart failure. Russ. J. Cardiol. 2020, 25, 4140.

[CrossRef]
12. Lindner, G.; Pfortmueller, C.; Braun, C.T.; Exadaktylos, A.K. Non-acute myocardial infarction-related causes of elevated high-

sensitive troponin T in the emergency room: A cross-sectional analysis. Intern. Emerg. Med. 2013, 9, 335–339. [CrossRef]
13. Chaulin, A. Cardiac Troponins: Contemporary Biological Data and New Methods of Determination. Vasc. Health Risk Manag.

2021, 17, 299–316. [CrossRef]
14. Koerbin, G.; Tate, J.; Potter, J.M.; Cavanaugh, J.; Glasgow, N.; Hickman, P.E. Characterisation of a highly sensitive troponin I assay

and its application to a cardio-healthy population. Clin. Chem. Lab. Med. 2012, 50, 871–878. [CrossRef] [PubMed]
15. Bhatia, P.M.; Daniels, L.B. Highly Sensitive Cardiac Troponins: The Evidence Behind Sex-Specific Cutoffs. J. Am. Heart Assoc.

2020, 9, e015272. [CrossRef] [PubMed]
16. Giannitsis, E.; Katus, H.A. Highly sensitive troponins knocking at the door of primary prevention. Eur. Heart J. 2013, 35, 268–270.

[CrossRef] [PubMed]
17. Blankenberg, S.; Salomaa, V.; Makarova, N.; Ojeda, F.; Wild, P.; Lackner, K.J.; Jørgensen, T.; Thorand, B.; Peters, A.; Nauck, M.;

et al. Troponin I and cardiovascular risk prediction in the general population: The BiomarCaRE consortium. Eur. Heart J. 2016, 37,
2428–2437. [CrossRef]

18. Clerico, A.; Zaninotto, M.; Passino, C.; Padoan, A.; Migliardi, M.; Plebani, M. High-sensitivity methods for cardiac troponins: The
mission is not over yet. Adv. Clin. Chem. 2020, 103, 215–252. [CrossRef]

19. Jaffe, A.S. Troponin—Past, Present, and Future. Curr. Probl. Cardiol. 2012, 37, 209–228. [CrossRef]
20. Chaulin, A.M.; Karslyan, L.S.; Bazyuk, E.V.; Nurbaltaeva, D.A.; Duplyakov, D.V. Clinical and Diagnostic Value of Cardiac Markers

in Human Biological Fluids. Kardiologiia 2019, 59, 66–75. [CrossRef]
21. Chaulin, A.; Svechkov, N.; Volkova, S.; Grigoreva, Y. Diagnostic value of cardiac troponins in elderly patients without myocardial

infarction. Modern Problems Sci. Educ. 2020, 6. (In Russian) [CrossRef]
22. Garcia-Osuna, A.; Gaze, D.; Grau-Agramunt, M.; Morris, T.; Telha, C.; Bartolome, A.; Bishop, J.J.; Monsalve, L.; Livingston, R.;

Estis, J.; et al. Ultrasensitive quantification of cardiac troponin I by a Single Molecule Counting method: Analytical validation
and biological features. Clin. Chim. Acta 2018, 486, 224–231. [CrossRef]

23. Streng, A.S.; de Boer, D.; van Doorn, W.P.; Kocken, J.M.; Bekers, O.; Wodzig, W.K. Cardiac troponin T degradation in serum is
catalysed by human thrombin. Biochem. Biophys. Res. Commun. 2016, 481, 165–168. [CrossRef] [PubMed]

24. Katrukha, I.A.; Kogan, A.E.; Vylegzhanina, A.V.; Serebryakova, M.; Koshkina, E.V.; Bereznikova, A.V.; Katrukha, A.G. Thrombin-
Mediated Degradation of Human Cardiac Troponin T. Clin. Chem. 2017, 63, 1094–1100. [CrossRef]

25. Bates, K.J.; Hall, E.M.; Fahie-Wilson, M.N.; Kindler, H.; Bailey, C.; Lythall, D.; Lamb, E.J. Circulating Immunoreactive Cardiac
Troponin Forms Determined by Gel Filtration Chromatography after Acute Myocardial Infarction. Clin. Chem. 2010, 56, 952–958.
[CrossRef]

26. Zahran, S.; Figueiredo, V.P.; Graham, M.M.; Schulz, R.; Hwang, P.M. Proteolytic Digestion of Serum Cardiac Troponin I as Marker
of Ischemic Severity. J. Appl. Lab. Med. 2018, 3, 450–455. [CrossRef]

27. Streng, A.S.; de Boer, D.; van Doorn, W.P.; Bouwman, F.G.; Mariman, E.C.; Bekers, O.; van Dieijen-Visser, M.P.; Wodzig, W.K.
Identification and Characterization of Cardiac Troponin T Fragments in Serum of Patients Suffering from Acute Myocardial
Infarction. Clin. Chem. 2017, 63, 563–572. [CrossRef] [PubMed]

28. Chaulin, A.M.; Duplyakova, P.D.; Bikbaeva, G.R.; Tukhbatova, A.A.; Grigorieva, E.V.; Duplyakov, D.V. Concentration of high-sensitivity
cardiac troponin I in the oral fluid in patients with acute myocardial infarction: A pilot study. Russ. J. Cardiol. 2020, 25, 3814. [CrossRef]

29. Mirzaii-Dizgah, I.; Riahi, E. Salivary troponin I as an indicator of myocardial infarction. Indian J. Med Res. 2013, 138, 861–865.
[PubMed]

30. Mirzaii-Dizgah, I.; Riahi, E. Salivary high-sensitivity cardiac troponin T levels in patients with acute myocardial infarction. Oral
Dis. 2012, 19, 180–184. [CrossRef]

http://doi.org/10.1161/CIR.0000000000000617
http://www.ncbi.nlm.nih.gov/pubmed/30571511
http://doi.org/10.1093/eurheartj/ehaa575
http://doi.org/10.15829/1560-4071-2020-3923
http://doi.org/10.15275/rusomj.2020.0305
http://doi.org/10.21103/Article10(3)_RA3
http://doi.org/10.17802/2306-1278-2020-9-3-69-80
http://doi.org/10.15829/1560-4071-2020-4140
http://doi.org/10.1007/s11739-013-1030-y
http://doi.org/10.2147/VHRM.S300002
http://doi.org/10.1515/cclm-2011-0540
http://www.ncbi.nlm.nih.gov/pubmed/22628331
http://doi.org/10.1161/JAHA.119.015272
http://www.ncbi.nlm.nih.gov/pubmed/32390494
http://doi.org/10.1093/eurheartj/eht479
http://www.ncbi.nlm.nih.gov/pubmed/24357506
http://doi.org/10.1093/eurheartj/ehw172
http://doi.org/10.1016/bs.acc.2020.08.009
http://doi.org/10.1016/j.cpcardiol.2012.02.002
http://doi.org/10.18087/cardio.2019.11.n414
http://doi.org/10.17513/spno.30302
http://doi.org/10.1016/j.cca.2018.08.015
http://doi.org/10.1016/j.bbrc.2016.10.149
http://www.ncbi.nlm.nih.gov/pubmed/27816455
http://doi.org/10.1373/clinchem.2016.266635
http://doi.org/10.1373/clinchem.2009.133546
http://doi.org/10.1373/jalm.2017.025254
http://doi.org/10.1373/clinchem.2016.261511
http://www.ncbi.nlm.nih.gov/pubmed/27940450
http://doi.org/10.15829/1560-4071-2020-3814
http://www.ncbi.nlm.nih.gov/pubmed/24521627
http://doi.org/10.1111/j.1601-0825.2012.01968.x


Int. J. Mol. Sci. 2021, 22, 10928 14 of 17

31. Chen, J.-H.; Inamori-Kawamoto, O.; Michiue, T.; Ikeda, S.; Ishikawa, T.; Maeda, H. Cardiac biomarkers in blood, and pericardial
and cerebrospinal fluids of forensic autopsy cases: A reassessment with special regard to postmortem interval. Leg. Med. 2015, 17,
343–350. [CrossRef]

32. Wang, Q.; Michiue, T.; Ishikawa, T.; Zhu, B.-L.; Maeda, H. Combined analyses of creatine kinase MB, cardiac troponin I and
myoglobin in pericardial and cerebrospinal fluids to investigate myocardial and skeletal muscle injury in medicolegal autopsy
cases. Leg. Med. 2011, 13, 226–232. [CrossRef] [PubMed]

33. Gaze, D.C.; O Collinson, P. Cardiac troponin determination in amniotic fluid. Croat. Med. J. 2005, 46, 999. [PubMed]
34. Stefanovic, V.; Loukovaara, M. Amniotic fluid cardiac troponin T in pathological pregnancies with evidence of chronic fetal

hypoxia. Croat. Med J. 2005, 46, 801–807. [PubMed]
35. Chaulin, A. Clinical and Diagnostic Value of Highly Sensitive Cardiac Troponins in Arterial Hypertension. Vasc. Heal. Risk Manag.

2021, 17, 431–443. [CrossRef]
36. Chaulin, A.M.; Abashina, O.E.; Duplyakov, D.V. High-sensitivity cardiac troponins: Detection and central analytical characteristics.

Cardiovasc. Ther. Prev. 2021, 20, 2590. [CrossRef]
37. Chen, J.-Y.; Lee, S.-Y.; Li, Y.-H.; Lin, C.-Y.; Shieh, M.-D.; Ciou, D.-S. Urine High-Sensitivity Troponin I Predict Incident Cardiovas-

cular Events in Patients with Diabetes Mellitus. J. Clin. Med. 2020, 9, 3917. [CrossRef] [PubMed]
38. Jaffe, A.S.; Wu, A.H. Troponin Release—Reversible or Irreversible Injury? Should We Care? Clin. Chem. 2012, 58, 148–150.

[CrossRef] [PubMed]
39. White, H.D. Pathobiology of Troponin Elevations: Do Elevations Occur with Myocardial Ischemia as Well as Necrosis? J. Am.

Coll. Cardiol. 2011, 57, 2406–2408. [CrossRef]
40. Bergmann, O.; Bhardwaj, R.D.; Bernard, S.; Zdunek, S.; Barnabé-Heider, F.; Walsh, S.; Zupicich, J.; Alkass, K.; Buchholz, B.; Druid,

H.; et al. Evidence for Cardiomyocyte Renewal in Humans. Science 2009, 324, 98–102. [CrossRef]
41. Bergmann, O.; Zdunek, S.; Frisén, J.; Bernard, S.; Druid, H.; Jovinge, S. Cardiomyocyte Renewal in Humans. Circ. Res. 2012, 110, e17.

[CrossRef]
42. Eschenhagen, T.; Bolli, R.; Braun, T.; Field, L.J.; Fleischmann, B.K.; Frisén, J.; Giacca, M.; Hare, J.M.; Houser, S.; Lee, R.T.; et al.

Cardiomyocyte Regeneration. Circulation 2017, 136, 680–686. [CrossRef] [PubMed]
43. Docshin, P.M.; Karpov, A.A.; Eyvazova, S.D.; Puzanov, M.V.; Kostareva, A.A.; Galagudza, M.; Malashicheva, A.B. Activation of

Cardiac Stem Cells in Myocardial Infarction. Cell Tissue Biol. 2018, 12, 175–182. [CrossRef]
44. Waring, C.D.; Vicinanza, C.; Papalamprou, A.; Smith, A.; Purushothaman, S.; Goldspink, D.F.; Nadal-Ginard, B.; Torella, D.;

Ellison, G.M. The adult heart responds to increased workload with physiologic hypertrophy, cardiac stem cell activation, and
new myocyte formation. Eur. Heart J. 2012, 35, 2722–2731. [CrossRef]

45. Rovira, M.; Borràs, D.M.; Marques, I.J.; Puig, C.; Planas, J.V. Physiological Responses to Swimming-Induced Exercise in the Adult
Zebrafish Regenerating Heart. Front. Physiol. 2018, 9, 1362. [CrossRef] [PubMed]

46. Narula, J.; Haider, N.; Virmani, R.; Disalvo, T.G.; Kolodgie, F.D.; Hajjar, R.J.; Schmidt, U.; Semigran, M.J.; Dec, G.W.; Khaw, B.-A.
Apoptosis in Myocytes in End-Stage Heart Failure. New Engl. J. Med. 1996, 335, 1182–1189. [CrossRef]

47. Kyrylkova, K.; Kyryachenko, S.; Leid, M.; Kioussi, C. Detection of Apoptosis by TUNEL Assay. Methods Mol. Biol. 2012, 887,
41–47. [CrossRef] [PubMed]

48. Zhang, W.-W.; Geng, X. Downregulation of lncRNA MEG3 attenuates high glucose-induced cardiomyocytes injury by inhibiting
mitochondria-mediated apoptosis pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 7599–7604. [CrossRef] [PubMed]

49. Sato, H.; Shiraishi, I.; Takamatsu, T.; Hamaoka, K. Detection of TUNEL-positive cardiomyocytes and C-kit-positive progenitor
cells in children with congenital heart disease. J. Mol. Cell. Cardiol. 2007, 43, 254–261. [CrossRef] [PubMed]

50. Weil, B.R.; Young, R.F.; Shen, X.; Suzuki, G.; Qu, J.; Malhotra, S.; Canty, J.M. Brief Myocardial Ischemia Produces Cardiac Troponin
I Release and Focal Myocyte Apoptosis in the Absence of Pathological Infarction in Swine. JACC Basic Transl. Sci. 2017, 2, 105–114.
[CrossRef]

51. Cheng, W.; Li, B.; Kajstura, J.; Li, P.; Wolin, M.S.; Sonnenblick, E.H.; Hintze, T.H.; Olivetti, G.; Anversa, P. Stretch-induced
programmed myocyte cell death. J. Clin. Investig. 1995, 96, 2247–2259. [CrossRef]

52. Kanagala, P.; Arnold, J.R.; Singh, A.; Chan, D.C.S.; Cheng, A.S.H.; Khan, J.N.; Gulsin, G.S.; Yang, J.; Zhao, L.; Gupta, P.; et al.
Characterizing heart failure with preserved and reduced ejection fraction: An imaging and plasma biomarker approach. PLoS
ONE 2020, 15, e0232280. [CrossRef] [PubMed]

53. Evans, S.J.; Dalton, G.R.; Levi, A.J. Experimental Studies on Myocardial Stretch and Ventricular Arrhythmia in Hypertrophied
and Non-Hypertrophied Hearts. Eur. J. Cardiovasc. Prev. Rehabilitation 2000, 7, 163–175. [CrossRef]

54. Van Vuren, E.J.; Malan, L.; von Känel, R.; Lammertyn, L.; Cockeran, M.; Malan, N.T. Longitudinal changes of cardiac troponin
and inflammation reflect progressive myocyte stretch and likelihood for hypertension in a Black male cohort: The SABPA study.
Hypertens. Res. 2019, 42, 708–716. [CrossRef] [PubMed]

55. Communal, C.; Singh, K.; Sawyer, D.B.; Colucci, W.S. Opposing Effects of β1- and β2-Adrenergic Receptors on Cardiac Myocyte
Apoptosis. Circulation 1999, 100, 2210–2212. [CrossRef] [PubMed]

56. Singh, K.; Communal, C.; Sawyer, U.B.; Colucci, W.S. Adrenergic regulation of myocardial apoptosis. Cardiovasc. Res. 2000, 45,
713–719. [CrossRef]

57. Singh, K.; Xiao, L.; Remondino, A.; Sawyer, D.B.; Colucci, W.S. Adrenergic regulation of cardiac myocyte apoptosis. J. Cell. Physiol.
2001, 189, 257–265. [CrossRef]

http://doi.org/10.1016/j.legalmed.2015.03.007
http://doi.org/10.1016/j.legalmed.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21683643
http://www.ncbi.nlm.nih.gov/pubmed/16342358
http://www.ncbi.nlm.nih.gov/pubmed/16158475
http://doi.org/10.2147/VHRM.S315376
http://doi.org/10.15829/1728-8800-2021-2590
http://doi.org/10.3390/jcm9123917
http://www.ncbi.nlm.nih.gov/pubmed/33276667
http://doi.org/10.1373/clinchem.2011.173070
http://www.ncbi.nlm.nih.gov/pubmed/22039010
http://doi.org/10.1016/j.jacc.2011.01.029
http://doi.org/10.1126/science.1164680
http://doi.org/10.1161/CIRCRESAHA.111.259598
http://doi.org/10.1161/CIRCULATIONAHA.117.029343
http://www.ncbi.nlm.nih.gov/pubmed/28684531
http://doi.org/10.1134/S1990519X18030045
http://doi.org/10.1093/eurheartj/ehs338
http://doi.org/10.3389/fphys.2018.01362
http://www.ncbi.nlm.nih.gov/pubmed/30327615
http://doi.org/10.1056/NEJM199610173351603
http://doi.org/10.1007/978-1-61779-860-3_5
http://www.ncbi.nlm.nih.gov/pubmed/22566045
http://doi.org/10.26355/eurrev_201909_18881
http://www.ncbi.nlm.nih.gov/pubmed/31539151
http://doi.org/10.1016/j.yjmcc.2007.05.011
http://www.ncbi.nlm.nih.gov/pubmed/17631310
http://doi.org/10.1016/j.jacbts.2017.01.006
http://doi.org/10.1172/JCI118280
http://doi.org/10.1371/journal.pone.0232280
http://www.ncbi.nlm.nih.gov/pubmed/32349122
http://doi.org/10.1177/204748730000700302
http://doi.org/10.1038/s41440-018-0183-5
http://www.ncbi.nlm.nih.gov/pubmed/30626934
http://doi.org/10.1161/01.CIR.100.22.2210
http://www.ncbi.nlm.nih.gov/pubmed/10577992
http://doi.org/10.1016/S0008-6363(99)00370-3
http://doi.org/10.1002/jcp.10024


Int. J. Mol. Sci. 2021, 22, 10928 15 of 17

58. Xiao, R.P.; Tomhave, E.D.; Wang, D.J.; Ji, X.; O Boluyt, M.; Cheng, H.; Lakatta, E.; Koch, W.J. Age-associated reductions in cardiac
beta1- and beta2-adrenergic responses without changes in inhibitory G proteins or receptor kinases. J. Clin. Investig. 1998, 101,
1273–1282. [CrossRef]

59. Manjunath, L.; Yeluru, A.; Rodriguez, F. 27-Year-Old Man with a Positive Troponin: A Case Report. Cardiol. Ther. 2018, 7, 197–204.
[CrossRef]

60. Weil, B.R.; Suzuki, G.; Young, R.F.; Iyer, V.; Canty, J.M. Troponin Release and Reversible Left Ventricular Dysfunction After
Transient Pressure Overload. J. Am. Coll. Cardiol. 2018, 71, 2906–2916. [CrossRef]

61. Ni, L.; Wehrens, X.H.T. Cardiac troponin I—More than a biomarker for myocardial ischemia? Ann. Transl. Med. 2018, 6, S17.
[CrossRef]

62. Felker, G.M.; Fudim, M. Unraveling the Mystery of Troponin Elevation in Heart Failure. J. Am. Coll. Cardiol. 2018, 71, 2917–2918.
[CrossRef]

63. Adams, J.E.; Bodor, G.S.; Dávila-Román, V.G.; Delmez, J.A.; Apple, F.S.; Ladenson, J.H.; Jaffe, A.S. Cardiac troponin I: A marker
with high specificity for cardiac injury. Circulation 1993, 88, 101–106. [CrossRef]

64. Chaulin, A.M.; Duplyakov, D.V. On the potential effect of circadian rhythms of cardiac troponins on the diagnosis of acute
myocardial infarction. Signa Vitae 2021, 17, 79–84. [CrossRef]

65. Chaulin, A.M.; Duplyakova, P.D.; Duplyakov, D.V. Circadian rhythms of cardiac troponins: Mechanisms and clinical significance.
Russ. J. Cardiol. 2020, 25, 4061. [CrossRef]

66. Schwartz, P.; Piper, H.M.; Spahr, R.; Spieckermann, P.G. Ultrastructure of cultured adult myocardial cells during anoxia and
reoxygenation. Am. J. Pathol. 1984, 115, 349–361. [PubMed]

67. Hickman, P.E.; Potter, J.M.; Aroney, C.; Koerbin, G.; Southcott, E.; Wu, A.H.; Roberts, M. Cardiac troponin may be released by
ischemia alone, without necrosis. Clin. Chim. Acta 2010, 411, 318–323. [CrossRef] [PubMed]
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