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ABSTRACT
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ardiac troponin (cTn) is the worldwide gold
standard biomarker of myocardial injury.
Its elevation is essential for diagnosing acute
myocardial infarction (AMI). The “Fourth Universal
Definition of Myocardial Infarction” utilizes several
criteria—including clinical presentation, electrocar-
diogram interpretation, elevation, and dynamic cTn
levels—to class patients’ presentations into nonische-
mic myocardial injury or myocardial infarction
(MI).* The Fourth Universal Definition also defines
multiple subtypes of MI depending on the underlying
etiology. Differentiating AMI due to atherothrombo-
sis (type 1) from another cause of myocardial
supply-to-demand mismatch (type 2) is a common
clinical conundrum and often requires invasive
angiography.®
The evolution of high-sensitivity cTn (hs-cTn)
assays transformed chest

has pain pathways.

Cardiac troponin is the gold standard biomarker for the diagnosis of acute myocardial infarction (AMI). Development of
high-sensitivity troponin platforms has revolutionized triage of chest pain patients, but specificity for type 1 AMI remains
a clinical limitation. Consequently, differentiating type 1 AMI from other forms of myocardial injury is a common
conundrum, heightened by the risks associated invasive coronary angiography. The troponin complex is a dynamic
structure comprising of 3 subunits which variably fragment prior to measurement in the blood. Documenting the
fragmentation patterns of cardiac troponin may help identify the cause of myocardial injury. This review explores the
biology underlying troponin fragmentation and summarizes multiple lines of evidence that it can improve the
specificity for diagnosis of type 1 AMI. (JACC Adv. 2025;4:101695) © 2025 The Authors. Published by Elsevier on
behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY license

Extremely low concentrations of ¢Tn can now be
detected in healthy individuals at low levels of
imprecision.** This has led to increased detection of
abnormal troponin concentrations in the context of
pathologies beyond type 1 AMI such as atrial fibrilla-
tion and sepsis.® There has also been an acceptance of
routine testing—even when the clinical likelihood of
MI is low,** thus compounding the problem further.
Collectively, this has resulted in decreased specificity
for type 1 AML

Ongoing research, as well as that over the last
2 decades, is examining the fragmentation pattern of
c¢Tn.”** The ambition is that this may aid in the ac-
curate diagnosis of different forms of myocardial
injury, and possibly improve the specificity of type 1
AMI.">"'° The premise is the circulating species of cTn
will be different depending on the underlying pa-
thology, and thus the development of novel assays
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ABBREVIATIONS
AND ACRONYMS

AMI = acute myocardial

infarction

cTn = cardiac troponin

€TnC = cardiac troponin C
cTnl = cardiac troponin |

cTnT = cardiac troponin T
ESRF = end-stage renal failure

hs-cTn = high-sensitivity

cardiac troponin

MI = myocardial infarction

MMP = matrix
metalloproteinase

STEMI = ST-elevation
myocardial infarction

could target specific fragments. The purpose
of this review is to explore the biology un-
derlying troponin fragmentation and sum-
marize the available evidence of potential
clinical utility. We will start by briefly
covering the nomenclature for the cTn com-
plex used in this review.

TROPONIN NOMENCLATURE

Troponin is the calcium-sensitive regulatory
complex which comprises of 3 subunits:
troponin C (TnC), the calcium-binding sub-
unit; troponin I (Tnl), the inhibitory subunit;
and troponin T (TnT), which anchors the
complex to the thin filament.*®

For the purposes of this review, we refer to
the following nomenclature throughout the article. T-
I-C defines the full ternary troponin complex, I-C a
binary complex of ¢Tnl and ¢TnC, while cTnT, cTnl,
or ¢TnC identify the individual monomeric subunits.
Spans of contiguous amino acid residues within the
primary structure of a monomer will be referred to as
a region, and geographically adjacent areas of the
ternary complex will be referred to as a motif. Thus,
different regions of each monomer contribute to the
motifs of the ternary complex, which then come
together to make the functional machine of the T-I-C
complex. Finally, the term epitope applies to either
regions with a monomer or motifs (contributed by
more than one monomer) that are recognized by an
antibody.

A more detailed description of the ¢Tn complex
and its individual subunits can be found in the
Supplemental Appendix.

TROPONIN FRAGMENTATION

Proteolysis results in fragmentation of the ¢Tn protein
subunits, a process that occurs rapidly in the setting of
cardiac necrosis as proteases are released from lyso-
somes. Another significant post-translational modifi-
cation of cTn is phosphorylation, mediated by several
protein kinases that modulate cTn structure and
regulate cardiac function.”'*> While phosphorylation
is an important mechanism, it lies outside the scope of
this review. Phosphorylation and proteolysis also
occur in other sarcomeric proteins such as cardiac
myosin-binding protein C, but these processes are best
understood for cTnl.

Proteins and their fragments can be detected using 2
principal approaches: physical separation or antibody-
based identification.?® Commonly employed tech-
niques include western blotting, which uses
antibodies targeting c¢Tn to detect specific fragments,

JACC: ADVANCES, VOL. 4, NO. 5, 2025
MAY 2025:101695

HIGHLIGHTS

¢ Differentiating type 1 AMI from other
forms of myocardial injury is a common
clinical conundrum.

e The cTn complex fragments differently
depending on myocardial injury,
releasing various troponin species.

e Assays targeting or excluding specific
troponin forms could enhance the diag-
nostic specificity for type 1 AMI.

e Further research is needed to identify
circulating troponin fragments and
develop novel high-sensitivity assays.

and sandwich immunoassays that rely on at least
2 monoclonal antibodies targeting different regions of
the troponin subunits, utilizing various technologies
for signal production. Gel filtration chromatography is
another method that separates molecules based on
size and is often combined with sandwich immunoas-
says to identify troponin molecules in the collected
fractions. Mass spectrometry, known for its precision,
is also widely used and typically involves pre-
enrichment of the target molecules through troponin-
specific antibodies via immunoprecipitation or
immunoaffinity chromatography.

In this section, we will focus on proteolysis of cTnl
and cTnT subunits individually, followed by the im-
plications of proteolysis on assay performance,
specificity, and sensitivity.

CARDIAC TROPONIN I. cTnl is very susceptible to
proteolysis and will rapidly degrade when recon-
stituted into normal serum. It has been demonstrated
that the folded central portion of the molecule (resi-
dues 39-134) is most resistant to proteolysis, but the
largely unfolded flexible N- and C-terminal tails are
highly susceptible regions.”

The calpain systems are intracellular calcium-
dependent cysteine proteases which are activated
by elevated intracellular calcium levels. The family
consists of p-calpain (calpain 1), p-calpain (calpain 2),
and calpastatin which inhibits the 2 calpains.?” Di Lisa
et al demonstrated that cTnl is sensitive to p-calpain
cleavage. Furthermore, they showed that phosphor-
ylation of the molecule alters the sensitivity to
cleavage. Protein kinase A-mediated phosphorylation
will protect against p-calpain-mediated cleavage,?®
whereas protein kinase C will have the opposite ef-
fect. M-Calpain has also been shown to cleave cTnl
and mass spectrometry has highlighted multiple
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FIGURE 1 Cardiac Troponin |
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Cardiac troponin | is shown in blue with different functional regions labeled accordingly. Identified protease cleavage sites are marked with red
lightning bolts and phosphorylation sites (P) are shown in black. The ovals indicate regions with helical secondary structure. SR indicates the
switch region of cTnl. Known interaction sites with other subunits can be seen throughout the protein. The green box within the C-terminal
region is where the cTnl complex interacts with tropomyosin-actin in the absence of calcium. The blue pair of antibodies represents the
reagents of the Abbott Architect Assay, and the green pair represent the Roche E170 assay.®? The antibodies demonstrate the large dif-
ferences between two commercial assays for cTnl. The annotations “C" and “D" above the antibodies denote capture and detection,

respectively. cTnl = cardiac troponin I.

areas within cTnI’s N- and C-terminal extensions
where this occurs.*®

Matrix metalloproteinases (MMPs) are another
protease family capable of cTnl cleavage, specifically
MMP-2 which is the predominant cardiac isoform.
MMPs are specifically activated in ischemia reperfu-
sion injury as reactive oxygen-nitrogen species are
produced.>° MMP-2 also cleaves the N/C terminal re-
gions but has far fewer targets than calpains.*®

The cTnl protein and its sites of cleavage and
phosphorylation are detailed in Figure 1.

CARDIAC TROPONIN T. cTnT also has multiple
cleavage sites which will differ in complexed and free
forms."”” p-Calpain causes intracellular proteolysis
following AMI*®-3! and like cTnl, the phosphorylation
state will alter its sensitivity to cleavage.?® Caspases
are cysteine-dependent proteases that cleave their
targets after an aspartate residue (P1 position). They
are activated in failing myocardium, induce apoptosis
and the breakdown of myofibrillar proteins. Caspase-
3 will target the N-terminal region of cTnT, but does
not affect free cTnT.>* There are also several sites of
relevance for proteolysis identified using mass spec-
trometry. The areas of interest include residues 54 to
94, residue 164, and multiple other sites between
residues 189 to 223.3**> The C-terminal portion of
cTnT can also be cleaved, and this is thought to occur
at GIn-199 and Lys-200. More recently, Katrukha et al
identified 23 different cTnT fragments using a com-
bination of western blotting and immunofluorescence
assays. They identified residues 68 to 69 as a site of
major proteolysis, as well as also identifying residues
190 to 223.34

Studies have shown that cTnT will degrade in
serum samples, but remain predominantly intact in
plasma samples,?® suggesting that the main cTnT
degradation pathway is via plasma proteases. How-
ever, degradation in serum was presumed to be
caused by p-calpain despite this being an intracellular
protease.>® Katrukha et al have shown that thrombin,
a serine protease which is activated during coagula-
tion, is capable of cleaving cTnT at R68/69 site of the
N-terminus. This group hypothesized that thrombin
is responsible for the breakdown of ¢TnT in serum
samples as there is activation of the coagulation
cascade.?” This study suggests thrombin is potentially
another protease capable of cTnT cleavage post-AMI
as it will be activated during clot formation, and
those with AMI have been shown to generate
increased amounts of thrombin.?®

The cTnT protein and its sites of cleavage and
phosphorylation are detailed in Figure 2.

IMPLICATIONS OF cTh FRAGMENTATION FOR ASSAY
DEVELOPMENT. Altering the conformation or length
of individual cTn subunits has complex and unpre-
dictable effects on the measurement of cTnl and cTnT
by sandwich immunoassay. If either the capture or
detection antibody targets an epitope that has been
cleaved during proteolysis then that specific troponin
complex will not be detected. If a cleavage event oc-
curs between the capture and detection epitopes, it
may not affect the affinity of the MAbs but would still
prevent the protein from being detected. In an
attempt to mitigate the aforementioned factors, it has
been recommended that cTn assays should use anti-
bodies which target neighboring epitopes within the
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FIGURE 2 Cardiac Troponin T
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Cardiac troponin T is shown in yellow with different functional regions labeled accordingly. Cleavage sites are marked with the red lightning
bolts and phosphorylation sites (P) are shown in black. The ovals correspond to the helical secondary structures in cTnT, and the interaction
points with other troponin subunits can be seen within the C-terminus. There are also two sites of interaction with actin-tropomyosin which
are indicated by green boxes. The position of the antibody pair used in the 5th generation Roche hs-cTnT assay are indicted accordingly. The
capture antibody (blue) is directed against an epitope corresponding to amino acid residues 125 to 131 and biotinylated (purple) for
immobilization. The detection antibody (green) is a ruthenium-tagged mouse-human chimera is directed against amino acid residues 136 to
147. Residues 203 to 271 of TnT interact with Tnl and TnC and contribute to the I-T arm motif of the whole complex. cTnT = cardiac troponin T.

central portion of the molecule, as this portion will be
less affected by the above modifications.*®>*° This is
particularly pertinent to cTnl assays given it is a
highly flexible subunit, and targeting the central
portion should also reduce the lack of standardization
among the various assays.

The choice of capture and detection antibody is
critical, and in order to correctly select the ideal re-
agent, manufacturers need to decide what they want
to detect. This could be a specific cTn subunit, or
alternatively, they may want to try and detect the full
ternary protein (T-I-C complex) which would involve
using capture and detection antibodies targeting
different subunits or epitopes created by adjacent
subunits. A capture/detection pair may target epi-
topes of a free subunit that may be significantly
modified when in a binary complex or whole subunit.
Additionally, antibodies spanning cleavage sites will
only detect longer forms of the subunit. The clinical
utility of this approach will be covered later in this
review.

CIRCULATING TROPONIN SPECIES IN
DIFFERENT FORMS OF MYOCARDIAL INJURY

Understanding the release and fragmentation pat-
terns of troponin post-myocardial injury has been an
area of active research for decades. We know that the
troponin complex fragments, but which is the domi-
nant species in circulation? When does proteolysis

occur, and does it occur in the heart or in the

circulation? These are just a few of the questions that
remain a source of debate, and if we improve our
understanding, this could lead to novel diagnostics to
identify specific forms of myocardial injury. There
remains no consensus on the dominant forms of cTn
in the circulation post-AMI, and different groups have
presented different findings regarding the dominant
species found for each subunit, reflecting the
complexity of fragment detection and identification.

In the following section, we will outline some of
the earlier studies, as well as more recent work
looking at cTn fragmentation. The early work focused
on characterizing the dominant species of cTn post-
AMI. With advancements in assay technology, the
more recent studies have been able to look at site-
specific and time-dependent breakdown of the cTn
subunit in far more detail. Following this, we will
briefly cover c¢Tn fragmentation
stunning.

in myocardial

TROPONIN IN THE BLOODSTREAM: FRAGMENTS OR
WHOLE SUBUNITS POST-AMI? Early work of Katru-
kha et al used several antibodies focusing on the cTnI
subunit. They used a fluoroimmunoassay and ran
samples in the presence and in the absence of
ethylenediaminetetraacetic acid. Ethylenediaminetetra-
acetic acid removes divalent cations and will therefore
decrease I-C association. Several of their assays had
reduced affinity for cTnl when the I-C complex was
introduced, and the addition of ethylenediaminete-
traacetic acid improved cTnl assay performance. The
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authors concluded that the majority of cTnl in the
bloodstream post-AMI is complexed, with only a small
proportion of free cTnl present. This study is important as
it demonstrates altering the ratio of monomer cTnl to I-C
or T-I-C can have a significant effect on an individual
assay performance. This study was not able to comment
on cTnT as the antibodies were only targeting cTnl.*' In
contrast, Wu et al used gel filtration and commercial cTn
assays to examine cTnT and cTnl in 3 post-AMI patients.
They had similar conclusions for cTnl as they found
limited free cTnl in the samples and suggested the pre-
dominant form was the binary I-C complex. They also
found some T-I-C and fragmented free cTnT, but the
majority of ¢cTnT was in its free monomeric form.° Giu-
liani et al used multiple different immunoassays to
conclude that the dominant form of ¢Tnl is the binary I-C
complex, with ternary T-I-C and free cTnl being seldom
present.® A further study by Bates et al used gel filtration
chromatography to show that c¢Tnl predominantly exists
as a binary I-C, with lesser quantities of ternary T-I-C, and
no free cTnl. They also found that the predominant form
of ¢TnT was free ¢cTnT monomer.'® Madsen et al looked
specifically at the fragmentation of free ¢Tnl in human
serum post ST-segment elevation MI (STEMI). They were
not able to visualize complexes of cTnl. They found that
fragmentation of free cTnl subunit occurs as early as
90 minutes following onset of symptoms. More degra-
dation products were present if the infarct was of larger
size, or there was a delay to thrombolysis treatment."
Taken together, the cumulative data from these early
studies suggest that the predominant form of cTnl in the
circulation is as binary I-C complex while for cTnT the
monomer is predominant. This suggests that either the
ternary troponin T-I-C complex once released into the
circulation rapidly dissociates into I-C and cTnT, or that I-
C and cTnT are separately released into the circulation.

In the early 2000s, the study by Labugger et al
compared cTnl and cTnT species in serum post-AMI,
and in donor serum where the subunits had been
spiked in. Interestingly, they found differences in the
fragmentation of both subunits between the 2 groups
hypothesizing that a degree of fragmentation occurs
within the diseased myocardium post-AMI."” Further
studies have shown cTnl degradation products from
isolated myocardial tissues, further re-enforcing the
fact that a degree of fragmentation occurs within the
myocardium, prior to release into the blood
stream.'***

More recently, Vylegzhanina et al utilized cTn au-
toantibodies (TnAAbs) which have been shown to
interfere with the detection of c¢Tnl. They utilized
multiple different troponin assays specific to cTnI and
I-C to detect multiple forms of cTn. They ran these
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assays on donor plasma and a buffer with spiked
complexes. They also had plasma samples from AMI
patients which had been mixed with TnAAbs-
containing plasma or TnAAbs-free plasma. They
compared the signals of the different samples to
study the recovery of ¢cTnl and the inhibitory effect of
the autoantibodies. They determined that autoanti-
bodies only inhibited measurement of T-I-C com-
plexes, and therefore their presence should not affect
total cTnl concentration in the samples from patients
in whom I-C and free cTnl are the prominent forms.
Their results showed that there was in fact a reduc-
tion in total cTnl measured in samples early post-AMI
with TnAAbs, thus hypothesizing that there is a
mixture of T-I-C and I-C which changes over time.
The TnAAbs-induced decrease in signal was almost
negligible at 36 hours suggesting the ratio gradually
changes to predominantly I-C over time.*3

In a separate study, the group spiked T-I-C, free
cTnl, and binary I-C into plasma samples and used
cTn assays utilizing multiple different antibodies to
target different forms of the troponin complex. They
labeled this a ‘mixed sandwich’ approach meaning
the antibodies targeting different epitopes of cTnl/
c¢TnT from different assays. This approach has also
been utilized by other groups and is demonstrated in
Figure 3. They demonstrated that the predominant
form of troponin post STEMI within 10 hours of onset
of symptoms is ternary T-I-C which compromises full-
length or partially proteolyzed cTnl and a 29 kDa
c¢TnT fragment. This complex subsequently frag-
ments into binary I-C and free low-weight (15-20 kDa)
central fragments of c¢TnT at 20 to 30 hours after
symptom onset.**

Cardinaels et al showed similar findings for cTnT,
demonstrating that highly
degraded in the cases of AMI following rapid revas-
cularization. Using a Roche Elecsys 2010 cTn assay
and physical separation techniques, they examined
fragments taken at multiple time points post-AMI. It
was observed that the most abundant form of cTnT
detected was also a mixture of c¢TnT fragments
including the 29 kDa primary fragment as well as
several secondary fragments. They also showed that
the degradation of ¢TnT is dependent on time after
symptom onset.*> However, they were unable to

circulating cTnT is

comment on the proportion of ternary T-I-C as the gel
filtration technique did not provide adequate sepa-
ration of the T-I-C complex from c¢TnT monomer.
Streng et al determined that the 29 kDa primary
fragment seen in many studies is an N-terminally
cleaved degradation product of ¢TnT. The 16-kDa

secondary fragment is further degraded at its
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FIGURE 3 Mixed Sandwich Inmunoassays Targeting the Troponin Complex
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This figure, adapted from damen et al,* illustrates the mixed sandwich immunoassays used in their study. Similar approaches have been
adopted by other groups using different antibodies targeting various epitopes of the individual subunits. In this figure, cTnT and cTnl are
truncated at their N- and C-terminal ends, respectively. (A) Uses capture antibody to cTnl (aa 27-40) and detection to cTnl (aa 41-49). It will
detect all forms of cTnl including T-I-C and non-complexed cTnl due to the close proximity of the antibodies. (B) Uses capture antibody
20C6, and detection antibody cTnl (aa 27-40). It cannot detect noncomplexed cTnl as the antibodies target different subunits. (C) Uses
capture 20C6 and detection TNT1C11 (cTnT aa 171-190). It detects only full complex T-I-C or partially truncated T-I-C due to the location of
the antibodies. (D) Details the antibodies used each assay. Abbreviations as in Figures 1 and 2.

C-terminus.>® Furthermore, Mingels et al showed that
cTnT fragmentation pattern in end-stage renal failure
(ESRF) is different from that in AMI. In patients with
ESRF, the sera contain cTnT forms with truncated
N- and C-terminal ends only (<18 kDa), suggesting
that ¢TnT has completely degraded and it is the by-
products/secondary truncated fragments that ac-
count for chronic troponin elevation seen in
patients.’®

From the more recent studies, we can conclude
that the troponin complex will degrade in a time-
dependent fashion. The studies described above
have all taken blood at various time points post-AMI
but have not examined the exact sites at which

fragmentation occurs. Damen et al addressed this
question by performing a pilot study on 2 patients
from the TRAMICI (TRanscardiac Assessment of
Myocardial Injury and Coronary Inflammation) study
involving multisite sampling of cTn from the coro-
nary venous and peripheral circulation at various
time points post-AMI. Their group specifically looked
at cTnT degradation and observed that cTnT is
released in multiple forms from injured myocardium
(ternary T-I-C, free TnT, and several TnT fragments)
(52). Every cTnT form, including fragments (cTnT
29 kDa, 15-18 kDa) and free intact (cTnT 40 kDa), was
detected in the coronary venous circulation. All forms
had a higher concentration centrally than
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peripherally, and degradation occurred in a time-
dependent fashion from symptom onset. In the
early-presenting patient, the proportion of ¢Tn in the
T-I-C complex was still 25% (from peripheral artery),
whereas in the late presenting patient, the T-I-C
complex was almost absent (4%, peripheral artery).

They also found that fragments were detected in
the coronary sinus, further re-enforcing the earlier
studies hypothesis that c¢Tn fragmentation could
occur within ischemic cardiomyocytes. This study
also confirms the findings of Katrukha et al that
thrombin caused cTnT degradation,®” and therefore
studies on cTn fragmentation should be carried out
with lithium-heparin tubes for plasma samples rather
than serum samples.

The group did a further study with a larger sample
from the same cohort.*” This time they focused on
c¢Tnl and they used 3 different assays which were
capable of detecting total cTnl, large size T-I-C, and
complexed cTnl. The complexed cTnl assay could
detect all formulations (binary/ternary, full size, and
partially truncated) except free cTnl. Figure 3 displays
their assays and these terms. This group showed that
large size T-I-C and complex cTnl were more abun-
dant in the coronary veins draining the infarct area
than the peripheral circulation. Furthermore, there
were marked differences within sites of the coronary
venous circulation, again suggesting that degradation
may not be exclusive to the peripheral circulation and
that some degradation is likely to occur within
necrotic cardiomyocytes. The proportions of complex
cTnl/T-I-C to total ¢Tnl remained relatively static
between samples from the great coronary vein to
coronary sinus in both early and late presenters,
supporting the theory of intracellular ¢cTn breakdown
prior to release.

Katrukha et al demonstrated in vivo degradation of
cTnT into multiple fragments.?** They also examined
¢TnT forms in vitro from samples taken post-AMI and
separate samples with T-I-C spiked into normal
plasma.” With the exception of the C-terminus, they
found no additional fragmentation of cTnT in incu-
bated heparin-plasma samples. They have also
demonstrated similar findings with cTnl.*® This
group has also concluded that both subunits are sta-
ble in blood and hypothesized that the majority of the
fragmentation occurs in the injured myocardium
rather than in the circulation.
assay development
increased sensitivity and enabled the identification
of specific forms of the troponin complex. In combi-

Advancements in have

nation, these studies allow us to draw the following
conclusions.
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e Troponin I and T undergo
fragmentation.
o It is likely the majority of fragmentation occurs in

time-dependent

the circulation, with a lesser degree of fragmenta-
tion occurring in the myocardium prior to release.

e The exact mechanisms responsible for cTn prote-
olysis remain unclear.

e The cTn fragmentation patterns will depend on the
time between blood draw and symptom onset,
although less well characterized the etiology and
severity of myocardial necrosis also
contribute.

e Presence of thrombin will cause cTnT fragmenta-
tion and therefore plasma may yield different
results to serum.

e In patients with a shorter ischemic time prior to
blood draw, there will be a higher proportion
ternary T-I-C.

o Immediately after AMI, there will be a mixture of

may

ternary T-I-C, binary I-C, and free TnT and all of
these forms will fragment within the circulation in
a time-dependent fashion.

TROPONIN FRAGMENTATION IN MYOCARDIAL
STUNNING. Myocardial stunning is the process of
transient myocardial dysfunction following ischemia
and subsequent reperfusion. Proteolysis of the cTnl
subunit is also thought to play a possible role in this
process. Isolated perfused rat hearts demonstrated a
progressive degradation of cTnl following a period of
ischemia, with fragments present in the stunned
myocardium.**°° The main fragment cTnl, 45 is
missing 17 C-terminal residues. However, when
cleavage was prevented global cardiac function
improved following reperfusion.*® Murphy et al
looked at this C-terminally cleaved cTnl fragment in
more detail by creating transgenic mice expressing
the modified cTnl,.,93. All mice with this expression
developed a phenotype of a stunned myocardium,
with ventricular dilatation and worsening systolic
and diastolic dysfunction.”" Isolated trabeculae from
these mice have demonstrated worsening contractile
reserve compared to controls,”” and it may have this
effect by altering the calcium-sensing properties of
the myofilaments. Feng et al subsequently demon-
strated that cTnl proteolysis occurred in a Langen-
dorff rat heart model with elevations in preload and
stretch rather than ischemia, and inhibiting proteol-
ysis in this model improved left ventricular contrac-
tile function.>3

This remains an area of controversy as these cTnl
findings did not translate in canine or porcine animal
models.>*>® McDonough et al subsequently identified
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this fragment was present in the myocardium of
bypass patients and hypothesized that this may still
play a key role in myocardial stunning.*” These prior
studies suggest that reversible myocardial dysfunc-
tion could be due to reversible cleavage of cTnl, but
the precise mechanisms remain unclear.

UNDERSTANDING TROPONIN FRAGMENTS:
CLINICAL RELEVANCE AND
FUTURE DIRECTIONS

CLINICAL IMPLICATIONS OF FRAGMENT DETECTION.
There are 3 main limitations of current clinical cTn
assays, the first is their inability to differentiate be-
tween early vs late presenters in AMI and the second
is their lack of specificity for type 1 AMI. The final, and
perhaps biggest, flaw is that they are unable to
differentiate between different forms of myocardial
injury. The ability to detect cTn fragments in
different disease states potentially holds the key to
solving these limitations, and exploratory work has
been performed looking at c¢Tn fragments in condi-
tions other than MI.

Elevated cTn levels in patients with ESRF are
common. Often, they are static concentrations above
the sex-specific 99th percentile, and according to the
universal fourth definition of MI, these patients
would be labeled as chronic myocardial injury.'
Elevated troponin in this setting predicts increases
in all-cause and cardiovascular mortality®”->® and the
mechanisms responsible for the elevation are likely to
be multifactorial. The clinical conundrum arises when
these patients have atypical symptoms of chest pain
or nonspecific electrocardiograms changes, and a
clinician has to decide on the next steps in
management.

Mingels et al looked into cTn forms in ESRF and
showed that the circulating forms of cTn immediately
post-AMI are different to those responsible for the
chronic elevation in ESRF. Using western blot, they
showed that the circulating fragments in ESRF are
small N- and C-terminal truncated cTnT forms with a
molecular weight of 18 kDa. This study also showed
that when patients were dialyzed on a normal he-
modialysis protocol, the fragments did not reduce,
and neither did they change over 2 months," sug-
gesting a constant fragmented cTn being consistently
present. The same cTnT fragments were also shown
to be present in blood samples taken from recrea-
tional runners after a marathon.'® The pattern of
fragmentation and release kinetics in exercise are
different to AMI. Clearly, the mechanism of troponin
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release in these 2 entities is different from necrotic
cardiomyocytes decay in AMI. Understanding the
release mechanism, and pattern restriction to small
fragments under these 2 conditions may be of critical
importance to understanding the concept of cTn
release in reversible injury. Theoretically, knowledge
from these studies could be used to make a more
specific cTn assay for detecting AMI by excluding
small cTn fragments from the analysis by using a
combination of assays.

This concept was taken a step further by Air-
aksinen et al who used a novel immunoassay
capable of detecting intact/mildly truncated cTnT
which they termed “long” forms of ¢TnT and that
excluded the short heavily truncated forms.'” They
used the usual commercial Roche hs-cTnT assay to
measure “total” ¢TnT and combined the assays to
produce a ratio of long/total cTnT. The ratio of long/
total was higher in non-ST-elevation myocardial
infarction (NSTEMI) groups than in ESRF, with an
area under the ROC curve of 0.955 (95% CI: 0.899-
1.0) for discrimination between NSTEMI and ESRF if
blood draws were taken within 24 hours of symp-
tom onset. This is the first example of using multi-
ple cTn assays to differentiate between forms of
myocardial damage and provides proof-of-concept
that knowledge of fragmentation can aid diagnosis.
It provides an exciting insight into the potential of
future commercial cTn assays and could improve
our ability to triage and diagnose patients at the
front door. The group has further optimized the
sensitivity of their novel assay which now has an
area under the curve of 0.986 for distinguishing the
2 conditions and has lowered the limit of detection
by 28-fold.”” These 2 studies demonstrate the po-
tential of novel assays in improving specificity for
the diagnosis of AMI.

As this field progresses the pathophysiological
dependence of fragmentation will become clearer but
the reality is fragmentation is likely to be variable
even within single disease entities. The studies above
describe the combination of 2 assays, but as the field
expands further assays targeting different fragments
will evolve. Another strategy for clinical utility that
we envisage is the combination use of multiple as-
says. Clinicians could order a “troponin panel,” thus
allowing profiling of multiple fragments and their
relative percentages. It is easy to envisage the clinical
utility of this approach, for example, it could allow
clinical profiling of NSTEMI patients at the front door,
aiding triage for procedures. In the previous section,
we discussed that T-I-C will be higher in the acute
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phase of an MI. If we were capable of examining the
various cTn forms on the first presentation, this
would give us an idea of the ischemic time window
(early vs late), and potentially an indication of the
severity of the injury. Zahran et al demonstrated the
concept of combination assays in their pilot study
utilizing 3 different troponin I assays to look at the
serum of patients with raised cTnl. They found the
profile of fragments between STEMI, NSTEMI, and
type II MI was different, and with higher ischemic
severity more proteolytic degradation of cTnl
occurred.”®

It is also possible that troponin fragmentation
could distinguish between acute and chronic
myocardial injury. Sérensen et al utilized 3 different
commercial assays, 1 for ¢TnT and 2 for cTnl, to
examine troponin complexes. The Atellica cTnl assay
relies on antibodies which bind to more widely
separated epitopes than the Architect cTnl assay, and
thus may return lower values in chronic injury where
there is degradation of the cTnl complex. This group
showed that using these 2 assays the ratio of hs-cTnlI
to hs-cTnT was higher in acute injury, and lower in
chronic injury, but the results did not support the
hypothesis that the difference was due to degradation
of cTnl since both ¢Tnl assays returned similar con-
centrations. However, it does show that there is a
difference in troponin subunit concentrations in
different conditions which could have potential
diagnostic benefit and should be researched further.'®

Our Central Illustration highlights the possible
clinical implications of combining knowledge of ¢cTnT
fragmentation in assay development. Assays can be
developed that target (or exclude) portions of the
troponin complex which are present in different
forms of injury. Further work is needed in this field in
characterizing fragments of the troponin subunits in
different conditions and the timeline by which these
processes occur. Nonetheless, this remains a prom-
ising area of research which may improve the speci-
ficity of cTn assays for AMI, as well as aiding clinician
decision-making in other forms of myocardial injury.

THE POTENTIAL PITFALLS AND FUTURE DIRECTIONS OF
FRAGMENTATION WORK. A substantial amount of
research into cTn fragmentation has occurred over
the past 2 decades by leaders in the field, but despite
this, clinical utility has remained predominantly
speculative until recently. This may be a reflection of
the intricacies of troponin and complexity of
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fragmentation, but nonetheless, there are several
“known unknowns” that could be addressed in
future work.

Firstly, several of the fragments will exist in the
circulation at low individual concentrations, and thus
the assays need to have exquisite sensitivity and low
variability to be clinically useful. There have been
huge improvements in assay development over the
last decade, and the recent publication by Wittfooth
et al of their novel assay picking up “long forms” of
troponin has shown it is possible to develop
these assays. Their assay utilizes up-conversion
luminescence and performs with high sensitivity
(limit of detection 0.4 ng/L, limit of quantification
1.79 ng/L)," which is suitable for their cohort of
interest. Future assays may need even higher sensi-
tivity if looking to explore fragmentation in healthy
individuals, and development of highly sensitive as-
says capable of dissecting the contribution of indi-
vidual troponin forms to the total c¢Tn signal, is
certainly critical to advancing this field.

Degradation can occur in the myocardium, with
further fragmentation in the bloodstream, and
the potential for further fragmentation
in vitro.!»13:34:37:42:46 There are several steps that will
vary from patient to patient, and thus affect overall
fragmentation patterns. For example, patients with
longer presentation to revascularization times in
STEMIwill have more prolonged stasis within ischemic
myocardium. In this instance, based on published
data, one predict more
fragmentation.

Katrukha et al’s work demonstrating cTnT frag-
mentation by thrombin in serum collection tubes

highlights an in vitro variable that will affect inter-
37

would extensive

pretation of fragments.?” Further work is needed
looking at preanalytic factors such as collection,
storage, and handling. Interestingly, thrombin is also
a potential confounding factor in vivo given its
prevalence in ischemic heart disease.®®

Understanding the mechanisms of release of cTn in
different diseases is also critical, and further work is
needed. As a recent editorial articulates, if apoptosis
demonstrated by Canty et al is the mechanism of
release of cTn fragments,®' then this mechanism is
present in many cardiovascular diseases and could
confound interpretation.®®

Finally, while one hopes that each disease will
have a distinct fragmentation pattern, the likelihood
is an overlapping spectrum of patterns. The hope is
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CENTRAL ILLUSTRATION Detecting the Fragments of cTnT in Different Forms of
Myocardial Injury

Types of Myocardial Injury Types of cTnT Assays
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- Fragmentation of cTnT is variable among the different presentations of myocardial injury
- Troponin concentrations will vary depending on the assay used
« Assays could be developed to target or exclude specific species of troponin

- A signal is only detected when both (capture and detection) antibodies are bound to the
same complex

McGrath S, et al. JACC Adv. 2025;4(5):101695.

cTnT fragmentation varies across different forms of myocardial injury, and overall ctnt concentration depends on the assay used. The blue
circle represents acute myocardial infarction (AMI), where T-1-C fragments into free TnT and I-C. The yellow circle represents chronic
myocardial injury, and postmarathon AMI. Here, cTnT appears as truncated N/C terminal forms and cTnl fragmentation is unknown. cTnT
assay 1: A commercial hs-cTnT assay with a capture antibody targeting aa 125 to 131 and detection targeting aa 136 to 147, identifying intact
and truncated forms of cTnT. cTnT assay 2: A central capture antibody and a C-terminal detection antibody, detecting longer cTnT forms
while missing N/C-terminal fragments. This figure highlights variable fragmentation among types of myocardial injury. Troponin concen-
tration depends on assay choice, as different assays target different portions of the complex. Assays could be developed to exclude specific
fragments or target T-I-C to improve specificity for the targeted form of injury. Abbreviations as in Figures 1 and 2.
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that further dedicated research will resolve these
patterns into distinct disease phenotypes.

CONCLUSIONS

cTn is firmly established as the gold standard
biomarker for myocardial injury, but the current
clinical assays have been formulated to detect all
circulating forms. The Fourth Universal Definition of
MI clearly categorizes the pathophysiologies that
result in c¢Tn elevation but their identification in
clinical practice is difficult. Even with ancillary im-
aging tests categorization often remains ambiguous.
Advancements in cTn assay design allow us to mea-
sure low concentrations of cTn in the majority of the
population and have also led to advancements in our
knowledge of c¢Tn fragmentation. Proteolysis of the
cTn complex is sensitive to the pathophysiologic
cause of myocardial injury but also changes over
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fragments, we may overcome the low specificity for
type 1 AMI and potentially differentiate between
forms of myocardial injury. Further work into
troponin fragmentation is clearly required but has the
potential to transform our practice and patient care in
future.

FUNDING SUPPORT AND AUTHOR DISCLOSURES

Dr McGrath is undergoing a clinical research training fellowship
(CRTF) funded by the British Heart Foundation (FS/CRTF/22/24187).
Dr Marber is named as an inventor on a patent held by King’s College
London for the detection of cardiac myosin-binding protein C as a
biomarker of myocardial injury. All other authors have reported that
they have no relationships relevant to the contents of this paper to
disclose.

ADDRESS FOR CORRESPONDENCE: Dr Sam McGrath,
King’s College London, St Thomas’ Hospital, Lambeth
Wing, 4th Floor, London, United Kingdom. E-mail:

time.

By developing assays to detect specific

samuel.mcgrath@kcl.ac.uk.

REFERENCES

1. Thygesen K, Alpert JS, Jaffe AS, et al. Fourth
universal definition of myocardial infarction
(2018). Eur Heart J. 2019;40(3):237-269. https://
doi.org/10.1093/eurheartj/ehy462

2. Gulati M, Levy PD, Mukherjee D, et al. 2021
AHA/ACC/ASE/CHEST/SAEM/SCCT/SCMR  guideline
for the evaluation and diagnosis of chest pain: a
report of the American college of cardiology/
American heart association joint committee on
clinical practice guidelines. J Am Coll Cardiol.
2021;78(22):e187-e285.

3. Kaier TE, Alaour B, Marber M. Cardiac troponin
and defining myocardial infarction. Cardiovasc Res.
2021;117(10):2203-2215. https://doi.org/10.1093/
cvr/cvaa33l

4. Collinson P. High sensitivity troponin, analytical
advantages, clinical benefits and clinical challenges
- an update. Clin Biochem. 2021;91:1-8. https://doi.
org/10.1016/j.clinbiochem.2021.02.001

5. Apple FS, Jaffe AS, Collinson P, et al. IFCC
educational materials on selected analytical and
clinical applications of high sensitivity cardiac
troponin assays. Clin Biochem. 2015;48(4-5):201-
203. https://doi.org/10.1016/j.clinbiochem.2014.
08.021

6. Sandoval Y, Smith SW, Thordsen SE, Apple FS.
Supply/demand type 2 myocardial infarction. J Am
Coll Cardiol. 2014;63(20):2079-2087. https://doi.
0rg/10.1016/j.jacc.2014.02.541

7. Katrukha AG, Bereznikova AV, Filatov VL, et al.
Degradation of cardiac troponin I: implication for
reliable immunodetection. Clin Chem.

1998;44(12):2433-2440.

8. Giuliani I, Bertinchant JP, Granier C, et al.
Determination of cardiac troponin | forms in the
blood of patients with acute myocardial infarc-
tion and patients receiving crystalloid or cold
blood cardioplegia. Clin Chem. 1999;45(2):213-
222.

9. Wu AH, Feng YJ, Moore R, et al. Characteriza-
tion of cardiac troponin subunit release into serum
after acute myocardial infarction and comparison
of assays for troponin T and I. American associa-
tion for clinical chemistry subcommittee on cTnl
standardization. Clin Chem. 1998;44(6 Pt 1):1198-
1208.

10. Bates KJ, Hall EM, Fahie-Wilson MN, et al.
Circulating immunoreactive cardiac troponin
forms determined by gel filtration chromatog-
raphy after acute myocardial infarction. Clin
Chem. 2010;56(6):952-958. https://doi.org/10.
1373/clinchem.2009.133546

11. Madsen LH, Christensen G, Lund T, et al. Time
course of degradation of cardiac troponin | in pa-
tients with acute ST-elevation myocardial infarc-
tion: the ASSENT-2 troponin substudy. Circ Res.
2006;99(10):1141-1147.  https://doi.org/10.1161/
01.RES.0000249531.23654.e1

12. Labugger R, Organ L, Collier C, Atar D, Van
Eyk JE. Extensive troponin | and T modification
detected in serum from patients with acute
myocardial infarction. Circulation. 2000;102(11):
1221-1226. https://doi.org/10.1161/01.CIR.102.11.
1221

13. Labugger R, Simpson JA, Quick M, et al
Strategy for analysis of cardiac troponins in bio-
logical samples with a combination of affinity
chromatography and mass spectrometry. Clin
Chem. 2003;49(6):873-879. https://doi.org/10.
1373/49.6.873

14. Jaffe AS, Van Eyk JE. Degradation of cardiac
troponins: implications for clinical practice. In:
Cardiovasc Biomarkers: Pathophysiology Dis Man-
agement. Humana Press; 2006:161-174.

15. Mingels AMA, Cardinaels EPM, Broers NJH,
et al. Cardiac troponin T: smaller molecules in
patients with end-stage renal disease than after
onset of acute myocardial infarction. Clin Chem.

2017;63(3):683-690.
clinchem.2016.261644

https://doi.org/10.1373/

16. Vroemen WHM, Mezger STP, Masotti S, et al.
Cardiac troponin T: only small molecules in rec-
reational runners after marathon completion.
J Appl Lab Med. 2019;3(5):909-911. https://doi.
org/10.1373/jalm.2018.027144

17. Airaksinen  KEJ, Aalto R, Hellman T,
Vasankari T, Lahtinen A, Wittfooth S. Novel
troponin fragmentation assay to discriminate be-
tween troponin elevations in acute myocardial
infarction and end-stage renal disease. Circulation.
2022;146(18):1408-1410. https://doi.org/10.1161/
CIRCULATIONAHA.122.060845

18. Sorensen NA, Guo L, Haller PM, et al. Cardiac
troponin assays to distinguish between acute and
chronic myocardial injury. J Am Coll Cardiol.
2023;82(19):1885-1887. https://doi.org/10.1016/
jjacc.2023.08.048

19. Salonen SM, Tuominen TJK, Raiko KIS, et al.
Highly sensitive immunoassay for long forms of
cardiac troponin T using upconversion lumines-
cence. Clin Chem. 2024;70:hvae075. https://doi.
org/10.1093/clinchem/hvae075

20. Greaser ML, Gergely J. Purification and prop-
erties of the components from troponin. J Biol
Chem. 1973;248(6):2125-2133.

21. Metzger JM, Westfall MV. Covalent and non-
covalent modification of thin filament action: the
essential role of troponin in cardiac muscle regu-
lation. Circ Res. 2004;94(2):146-158. https://doi.
org/10.1161/01.RES.0000110083.17024.60

22, Burkart EM, Sumandea MP, Kobayashi T, et al.
Phosphorylation or glutamic acid substitution at
protein kinase C sites on cardiac troponin | differ-
entially depress myofilament tension and short-
ening velocity. J Biol Chem. 2003;278(13):11265-
11272. https://doi.org/10.1074/jbc.M210712200


mailto:samuel.mcgrath@kcl.ac.uk
https://doi.org/10.1093/eurheartj/ehy462
https://doi.org/10.1093/eurheartj/ehy462
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref2
https://doi.org/10.1093/cvr/cvaa331
https://doi.org/10.1093/cvr/cvaa331
https://doi.org/10.1016/j.clinbiochem.2021.02.001
https://doi.org/10.1016/j.clinbiochem.2021.02.001
https://doi.org/10.1016/j.clinbiochem.2014.08.021
https://doi.org/10.1016/j.clinbiochem.2014.08.021
https://doi.org/10.1016/j.jacc.2014.02.541
https://doi.org/10.1016/j.jacc.2014.02.541
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref7
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref7
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref7
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref7
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref8
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref8
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref8
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref8
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref8
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref8
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref9
https://doi.org/10.1373/clinchem.2009.133546
https://doi.org/10.1373/clinchem.2009.133546
https://doi.org/10.1161/01.RES.0000249531.23654.e1
https://doi.org/10.1161/01.RES.0000249531.23654.e1
https://doi.org/10.1161/01.CIR.102.11.1221
https://doi.org/10.1161/01.CIR.102.11.1221
https://doi.org/10.1373/49.6.873
https://doi.org/10.1373/49.6.873
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref14
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref14
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref14
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref14
https://doi.org/10.1373/clinchem.2016.261644
https://doi.org/10.1373/clinchem.2016.261644
https://doi.org/10.1373/jalm.2018.027144
https://doi.org/10.1373/jalm.2018.027144
https://doi.org/10.1161/CIRCULATIONAHA.122.060845
https://doi.org/10.1161/CIRCULATIONAHA.122.060845
https://doi.org/10.1016/j.jacc.2023.08.048
https://doi.org/10.1016/j.jacc.2023.08.048
https://doi.org/10.1093/clinchem/hvae075
https://doi.org/10.1093/clinchem/hvae075
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref20
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref20
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref20
https://doi.org/10.1161/01.RES.0000110083.17024.60
https://doi.org/10.1161/01.RES.0000110083.17024.60
https://doi.org/10.1074/jbc.M210712200

12

McGrath et al
Cardiac Troponin: Fragments of the Future?

23. Noland TA, Guo X, Raynor RL, et al. Cardiac
troponin | mutants. J Biol Chem. 1995;270(43):
25445-25454.  https://doi.org/10.1074/jbc.270.
43.25445

24. Sumandea MP, Vahebi S, Sumandea CA, Gar-
cia-Cazarin ML, Staidle J, Homsher E. Impact of
cardiac troponin T N-terminal deletion and phos-
phorylation on myofilament function. Biochem-
istry. 2009;48(32):7722-7731. https://doi.org/10.
1021/bi900516n

25. Noland TA, Raynor RL, Kuo JF. Identification of
sites phosphorylated in bovine cardiac troponin |
and troponin T by protein kinase C and compara-
tive substrate activity of synthetic peptides con-
taining the phosphorylation sites. J Biol Chem.
1989;264(34):20778-20785.

26. Burtis CA, Bruns DE, Sawyer BG, Tietz NW,
eds. Tietz fundamentals of clinical chemistry and
molecular diagnostics. Seventh edition. Elsevier/
Saunders; 2015.

27. Goll DE, Thompson VF, Li H, Wei W, Cong J. The
calpain system. Physiol Rev. 2003;83(3):731-801.
https://doi.org/10.1152/physrev.00029.2002

28. Di Lisa F, De Tullio R, Salamino F, et al. Specific
degradation of troponin T and | by u -calpain and
its modulation by substrate phosphorylation. Bio-
chem J. 1995;308(1):57-61. https://doi.org/10.
1042/bj3080057

29. Mahmud Z, Zahran S, Liu PB, et al. Structure
and proteolytic susceptibility of the inhibitory C-
terminal tail of cardiac troponin I. Biochim Biophys
Acta BBA - Gen Subj. 2019;1863(4):661-671.
https://doi.org/10.1016/j.bbagen.2019.01.008

30. Yasmin W. Generation of peroxynitrite con-
tributes to ischemia-reperfusion injury in isolated
rat hearts. Cardiovasc Res. 1997;33(2):422-432.
https://doi.org/10.1016/S0008-6363(96)00254-4

31. Zhang Z, Biesiadecki BJ, Jin JP. Selective dele-
tion of the NH , -terminal variable region of cardiac
troponin T in ischemia reperfusion by myofibril-
associated p-calpain  cleavage. Biochemistry.
2006;45(38):11681-11694. https://doi.org/10.
1021/bi060273s

32. Communal C, Sumandea M, de Tombe P,
Narula J, Solaro RJ, Hajjar RJ. Functional conse-
quences of caspase activation in cardiac myocytes.
Proc Natl Acad Sci. 2002;99(9):6252-6256.
https://doi.org/10.1073/pnas.092022999

33. Streng AS, De Boer D, Van Doorn WPTM, et al.
Identification and characterization of cardiac
troponin T fragments in serum of patients
suffering from acute myocardial infarction. Clin
Chem. 2017;63(2):563-572. https://doi.org/10.
1373/clinchem.2016.261511

34. Katrukha I|A, Riabkova NS, Kogan AE, et al.
Fragmentation of human cardiac troponin T after
acute myocardial infarction. Clin Chim Acta.
2023;542:117281.  https://doi.org/10.1016/j.cca.
2023.117281

35. Streng AS, De Boer D, Bouwman FG, et al.
Development of a targeted selected ion moni-
toring assay for the elucidation of protease
induced structural changes in cardiac troponin T.
J Proteomics. 2016;136:123-132. https://doi.org/
10.1016/j.jprot.2015.12.028

36. Mingels AMA, Cobbaert CM, De Jong N, Van
Den Hof WFPM, Van Dieijen-Visser MP. Time- and
temperature-dependent  stability of troponin
standard reference material 2921 in serum and
plasma. Clin Chem Lab Med CCLM. 2012;50(9):
1681-1684. https://doi.org/10.1515/cclm-2011-
1851

37. Katrukha IA, Kogan AE, Vylegzhanina AV, et al.
Thrombin-mediated degradation of human cardiac
troponin T. Clin Chem. 2017;63(6):1094-1100.
https://doi.org/10.1373/clinchem.2016.266635

38. Skeppholm M, Kallner A, Malmqvist K,
Blomb&ck M, Wallén H. Is fibrin formation and
thrombin generation increased during and after an
acute coronary syndrome? Thromb  Res.
2011;128(5):483-489.  https://doi.org/10.1016/j.
thromres.2011.03.011

39. Apple FS, Collinson PO, for the IFCC Task
Force on Clinical Applications of Cardiac Bio-
markers. Analytical characteristics of high-
sensitivity cardiac troponin assays. Clin Chem.
2012;58(1):54-61. https://doi.org/10.1373/clin-
chem.2011.165795

40. Tate JR, Bunk DM, Christenson RH, et al.
Standardisation of cardiac troponin | measure-
ment: past and present. Pathology (Phila).
2010;42(5):402-408.  https://doi.org/10.3109/
00313025.2010.495246

41. Katrukha AG, Bereznikova AV, Esakova TV,
et al. Troponin | is released in bloodstream of
patients with acute myocardial infarction not in
free form but as complex. Clin Chem. 1997;43(8):
1379-1385. https://doi.org/10.1093/clinchem/43.
8.1379

42. McDonough JL, Labugger R, Pickett W, et al.
Cardiac troponin | is modified in the myocardium
of bypass patients. Circulation. 2001;103(1):58-
64. https://doi.org/10.1161/01.CIR.103.1.58

43. Vlylegzhanina AV, Kogan AE, Katrukha IA, et al.
Anti-cardiac troponin autoantibodies are specific
to the conformational epitopes formed by cardiac
troponin | and troponin T in the ternary troponin
complex. Clin Chem. 2017;63(1):343-350. https://
doi.org/10.1373/clinchem.2016.261602

44. Vylegzhanina AV, Kogan AE, Katrukha IA,
et al. Full-size and partially truncated cardiac
troponin complexes in the blood of patients with
acute  myocardial infarction. Clin  Chem.
2019;65(7):882-892. https://doi.org/10.1373/
clinchem.2018.301127

45. Cardinaels EP, Mingels AM, van Rooij T,
Collinson PO, Prinzen FW, van Dieijen-Visser MP.
Time-dependent degradation pattern of cardiac
troponin T following myocardial infarction. Clin
Chem. 2013;59(7):1083-1090. https://doi.org/10.
1373/clinchem.2012.200543

46. Damen SAJ, Vroemen WHM, Brouwer MA,
et al. Multi-site coronary vein sampling study on
cardiac troponin T degradation in non-ST-
segment-elevation myocardial infarction: toward a
more specific cardiac troponin T assay. J Am Heart
Assoc. 2019;8(14):e012602. https://doi.org/10.
1161/JAHA.119.012602

47. Damen SAJ, Cramer GE, Dieker HJ, et al. Car-
diac troponin composition characterization after

JACC: ADVANCES, VOL. 4, NO. 5, 2025
MAY 2025:101695

non ST-elevation myocardial infarction: relation
with culprit artery, ischemic time window, and
severity of injury. Clin Chem. 2021;67(1):227-236.
https://doi.org/10.1093/clinchem/hvaa231

48. Katrukha 1A, Kogan AE, Vylegzhanina AV,
et al. Full-size cardiac troponin | and its proteolytic
fragments in blood of patients with acute
myocardial infarction: antibody selection for assay
development. Clin Chem. 2018;64(7):1104-1112.
https://doi.org/10.1373/clinchem.2017.286211

49. Gao WD, Atar D, Liu Y, Perez NG, Murphy AM,
Marban E. Role of troponin | proteolysis in the
pathogenesis of stunned myocardium. Circ Res.
1997;80(3):393-399. https://doi.org/10.1161/01.
res.0000435855.49359.47

50. McDonough JL, Arrell DK, Van Eyk JE.
Troponin | degradation and covalent complex
formation accompanies myocardial ischemia/
reperfusion injury. Circ Res. 1999;84(1):9-20.
https://doi.org/10.1161/01.RES.84.1.9

51. Murphy AM, Kogler H, Georgakopoulos D,
et al. Transgenic mouse model of stunned
myocardium. Science. 2000;287(5452):488-491.
https://doi.org/10.1126/science.287.5452.488

52. Kdgler H, Soergel DG, Murphy AM, Marban E.
Maintained contractile reserve in a transgenic mouse
model of myocardial stunning. Am J Physiol-heart
Circ Physiol. 2001;280(6):H2623-H2630. https://
doi.org/10.1152/ajpheart.2001.280.6.H2623

53. Feng J, Schaus BJ, Fallavollita JA, Lee TC,
Canty JM. Preload induces troponin | degradation
independently of myocardial ischemia. Circulation.
2001;103(16):2035-2037. https://doi.org/10.1161/
01.CIR.103.16.2035

54. Colantonio D. Stunned peri-infarct canine
myocardium is characterized by degradation of
troponin T, not troponin |. Cardiovasc Res.
2004;63(2):217-225. https://doi.org/10.1016/j.
cardiores.2004.04.006

55. Kim SJ, Kudej RK, Yatani A, et al. A novel
mechanism for myocardial stunning involving
impaired Ca 2* handling. Circ Res. 2001;89(9):
831-837. https://doi.org/10.1161/hh2101.098547

56. Thomas SA, Fallavollita JA, Lee TC, Feng J,
Canty JM. Absence of troponin | degradation or
altered sarcoplasmic reticulum uptake protein
expression after reversible ischemia in swine. Circ
Res. 1999;85(5):446-456. https://doi.org/10.
1161/01.RES.85.5.446

57. Than MP, Aldous SJ, Troughton RW, et al.
Detectable high-sensitivity cardiac troponin within
the population reference interval conveys high 5-
year cardiovascular risk: an observational study.
Clin Chem. 2018;64(7):1044-1053. https://doi.
org/10.1373/clinchem.2017.285700

58. Sandoval Y, Bielinski SJ, Daniels LB, et al.
Atherosclerotic cardiovascular disease risk strati-
fication based on measurements of troponin and
coronary artery calcium. J Am Coll Cardiol.
2020;76(4):357-370.  https://doi.org/10.1016/j.
jacc.2020.05.057

59. Zahran S, Figueiredo VP, Graham MM,
Schulz R, Hwang PM. Proteolytic digestion of
serum cardiac troponin | as marker of ischemic


https://doi.org/10.1074/jbc.270.43.25445
https://doi.org/10.1074/jbc.270.43.25445
https://doi.org/10.1021/bi900516n
https://doi.org/10.1021/bi900516n
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref25
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref25
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref25
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref25
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref25
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref25
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref26
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref26
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref26
http://refhub.elsevier.com/S2772-963X(25)00112-7/sref26
https://doi.org/10.1152/physrev.00029.2002
https://doi.org/10.1042/bj3080057
https://doi.org/10.1042/bj3080057
https://doi.org/10.1016/j.bbagen.2019.01.008
https://doi.org/10.1016/S0008-6363(96)00254-4
https://doi.org/10.1021/bi060273s
https://doi.org/10.1021/bi060273s
https://doi.org/10.1073/pnas.092022999
https://doi.org/10.1373/clinchem.2016.261511
https://doi.org/10.1373/clinchem.2016.261511
https://doi.org/10.1016/j.cca.2023.117281
https://doi.org/10.1016/j.cca.2023.117281
https://doi.org/10.1016/j.jprot.2015.12.028
https://doi.org/10.1016/j.jprot.2015.12.028
https://doi.org/10.1515/cclm-2011-1851
https://doi.org/10.1515/cclm-2011-1851
https://doi.org/10.1373/clinchem.2016.266635
https://doi.org/10.1016/j.thromres.2011.03.011
https://doi.org/10.1016/j.thromres.2011.03.011
https://doi.org/10.1373/clinchem.2011.165795
https://doi.org/10.1373/clinchem.2011.165795
https://doi.org/10.3109/00313025.2010.495246
https://doi.org/10.3109/00313025.2010.495246
https://doi.org/10.1093/clinchem/43.8.1379
https://doi.org/10.1093/clinchem/43.8.1379
https://doi.org/10.1161/01.CIR.103.1.58
https://doi.org/10.1373/clinchem.2016.261602
https://doi.org/10.1373/clinchem.2016.261602
https://doi.org/10.1373/clinchem.2018.301127
https://doi.org/10.1373/clinchem.2018.301127
https://doi.org/10.1373/clinchem.2012.200543
https://doi.org/10.1373/clinchem.2012.200543
https://doi.org/10.1161/JAHA.119.012602
https://doi.org/10.1161/JAHA.119.012602
https://doi.org/10.1093/clinchem/hvaa231
https://doi.org/10.1373/clinchem.2017.286211
https://doi.org/10.1161/01.res.0000435855.49359.47
https://doi.org/10.1161/01.res.0000435855.49359.47
https://doi.org/10.1161/01.RES.84.1.9
https://doi.org/10.1126/science.287.5452.488
https://doi.org/10.1152/ajpheart.2001.280.6.H2623
https://doi.org/10.1152/ajpheart.2001.280.6.H2623
https://doi.org/10.1161/01.CIR.103.16.2035
https://doi.org/10.1161/01.CIR.103.16.2035
https://doi.org/10.1016/j.cardiores.2004.04.006
https://doi.org/10.1016/j.cardiores.2004.04.006
https://doi.org/10.1161/hh2101.098547
https://doi.org/10.1161/01.RES.85.5.446
https://doi.org/10.1161/01.RES.85.5.446
https://doi.org/10.1373/clinchem.2017.285700
https://doi.org/10.1373/clinchem.2017.285700
https://doi.org/10.1016/j.jacc.2020.05.057
https://doi.org/10.1016/j.jacc.2020.05.057

JACC: ADVANCES, VOL. 4, NO. 5, 2025
MAY 2025:101695

severity. J Appl Lab Med. 2018;3(3):450-455.
https://doi.org/10.1373/jalm.2017.025254

60. Jaffe AS. Analysis of troponin fragments: the
start of a new era—perhaps? Clin Chem. 2024;70:
hvae095. https://doi.org/10.1093/clinchem/hvae095

61. Weil BR, Young RF, Shen X, et al. Brief
myocardial ischemia produces cardiac troponin |
release and focal myocyte apoptosis in the

absence of pathological infarction in swine. JACC
Basic Transl Sci. 2017;2(2):105-114. https://doi.
0rg/10.1016/j.jacbts.2017.01.006

62. Apple FS, Sandoval Y, Jaffe AS, Ordonez-
Llanos J. Cardiac troponin assays: guide to under-
standing analytical characteristics and their impact
on clinical care. Clin Chem. 2017;63(1):73-81.
https://doi.org/10.1373/clinchem.2016.255109

McGrath et al
Cardiac Troponin: Fragments of the Future?

KEY WORDS assay, fragments, myocardial
injury, proteolysis, troponin

APPENDIX For a supplemental appendix and
a figure, please see the online version of this
paper.


https://doi.org/10.1373/jalm.2017.025254
https://doi.org/10.1093/clinchem/hvae095
https://doi.org/10.1016/j.jacbts.2017.01.006
https://doi.org/10.1016/j.jacbts.2017.01.006
https://doi.org/10.1373/clinchem.2016.255109

	Cardiac Troponin
	Troponin nomenclature
	Troponin fragmentation
	Cardiac troponin I
	Cardiac troponin T
	Implications of cTn fragmentation for assay development

	Circulating troponin species in different forms of myocardial injury
	Troponin in the bloodstream: Fragments or whole subunits post-AMI?
	Troponin fragmentation in myocardial stunning

	Understanding troponin fragments: Clinical relevance and future directions
	Clinical implications of fragment detection
	The potential pitfalls and future directions of fragmentation work

	Conclusions
	Funding support and author disclosures
	References


