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Abstract
Introduction: Atrial Fibrillation (AF) is the most common cardiac arrythmia in the world. Structural remodeling and fatty acid
metabolism dysregulation are believed to play a role in the development of AF. This study explored different biomarkers in the
blood of AF patients and a control population to determine if there was a significant difference between the two groups.
Material and Methods: Plasma samples were collected from 73 patients with confirmed diagnosis of AF from Loyola
University Clinic. Control group represented commercially available plasma (n= 50). Sandwich ELISA kits were used to quantify
the collagen remodeling proteins and liver type fatty acid binding protein (L-FABP) in the AF population and the control pop-
ulation. Non-esterified fatty acids (NEFAs) were measured using an enzymatic colorimetric kit from Wako Diagnostics.
Statistical analyses were performed using GraphPad Prism.
Results: All the collagen remodeling biomarkers were significantly higher in AF patients compared to the control group. The
fatty acid dysregulation biomarkers were elevated in the AF patients. Spearman correlation analyses yielded significant correla-
tions between L-FABP and TIMP-1 (r= 0.47, P< 0.001), NEFA and TIMP-2 (r= 0.41, P= 0.002), NEFA and ICTP (r= 0.41, P=0
.002), and NEFA and PIIINP (r= 0.61, P< 0.0001).
Summary and Conclusions: The elevation of collagen remodeling biomarkers suggests an upregulation of these biomarkers
and their potential role in AF, which may contribute to atrial fibrosis. L-FABP and NEFAs were elevated in AF patients. The
correlations between the collagen remodeling and fatty acid dysregulation biomarkers may be due to their involvement in struc-
tural remodeling of the atria.
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Introduction
Atrial fibrillation (AF) is now the most common cardiac arryth-
mia around the world and has developed into a cardiovascular
epidemic over the past few decades.1,2 The United States
spends around $26.1 billion each year towards the clinical man-
agement of AF.3 Many complications, such as heart failure,
strokes, and even death, are commonly seen in AF. Patients
with AF suffer from a two-times increased risk of mortality sec-
ondary to thrombotic complications induced by the disease.4,5 It
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is believed that up to 15% of all strokes occurring worldwide
are associated with AF, due to the hypercoagulable nature of
the disease.6 Since the number of cases of AF are quickly
rising, it is vital to develop more useful ways to prevent, diag-
nose and manage the disorder. Despite the burden that AF
places on the medical system, the complete molecular patho-
physiology has never been fully elucidated. A multifactorial
pathogenesis is likely involved in the development of AF.
Inflammation and structural remodeling are some factors
believed to be important contributors towards the emergence
of AF.7 Another factor that may play a role in the development
and progression of AF is cardiac fatty acid metabolism
dysregulation.8

Atrial structural remodeling, in the form of fibrosis, is one of
the main contributors towards the development of AF.9 Fibrosis
is a multifactorial process that is still not clearly understood.
Collagen and other extracellular matrix (ECM) proteins
deposit into the atrial walls leading to impaired conduction
and contraction.10 Along with proteins, long-chain fatty acids
may also be involved in cardiac structural remodeling and fibro-
sis.11 Currently, noninvasive imaging modalities are used to
measure the extent of atrial fibrosis, including echocardiogra-
phy and delayed contrast enhancement cardiac magnetic

resonance imaging (DCE-CMRI). However, both techniques
have their limitations. Cost, interobserver variability, differ-
ences in software manufacturers, and presence of implanted
medical devices in patients are some of the limitations.12,13

Quantifying plasma collagen remodeling and fatty acid metab-
olism biomarker levels may provide an alternative way to detect
atrial fibrosis with less limitations and at a cheaper cost.

Fibrosis is one of the heart’s main adaptive mechanisms to
injury. Collagen is the most well-known ECM protein in
fibrotic tissue. Collagen plays a pivotal role in providing struc-
ture and strength to tissue. Therefore, even minor changes in
myocardial collagen levels can have a significant impact on
myocardial stiffness and contraction.14 The most abundant col-
lagens found in the heart are types I and III.15 Collagen is pro-
duced by fibroblasts in the procollagen form. Post-translational
modifications then take place. The N-terminal (amino) and
C-terminal (carboxyl) ends are proteolytically cleaved off the
procollagen molecules. This leads to the release of procollagen
I carboxyterminal propeptide (PICP), procollagen I aminoter-
minal propeptide (PINP), procollagen III carboxyterminal pro-
peptide (PIIICP), procollagen III aminoterminal propeptide
(PIIINP), and type I collagen degradation product (ICTP) into
the blood.16 If these collagen remodeling biomarkers are ele-
vated in patient plasma, that could indicate that there is
increased collagen turnover. Multiple previous studies show
that the levels of collagen remodeling biomarkers are elevated
in AF patients, compared to control populations.17–19 Another
class of biomarkers that may be useful in AF are the matrix met-
alloproteinases (MMPs) and their inhibitors, tissue inhibitors of
matrix metalloproteinases (TIMPs). MMPs play a critical role
in regulating ECM turnover, including collagen remodeling.
The balance between MMP and TIMP activity in the body is
important because it decides the extent of ECM turnover,
including in the atria.20 Upregulation of MMP activity and/or
downregulation of TIMP activity may lead to increased atrial
fibrosis. A prior experiment showed that MMP-2 activity was
increased, and TIMP-2 activity was decreased in explanted
atrial tissue from AF patients compared to a control popula-
tion.21 The importance of collagen turnover in the development
of AF led to our investigation on the potential usefulness of
PICP, PINP, PIIICP, PIIINP, ICTP, MMP-1, MMP-2,
TIMP-1, and TIMP-2 in noninvasively detecting the extent of
atrial fibrosis.

Along with collagen and other ECM proteins, non-esterified
fatty acids (NEFAs) may also deposit in the walls of the atria.
Higher serum NEFA levels lead to epicardial adipose tissue for-
mation, which may increase the risk for cardiovascular disor-
ders such as AF.11 A prior study showed a positive
association between plasma NEFA levels and risk of AF devel-
opment among a group of 4000 patients in a Cardiovascular
Health Study.22 Therefore, plasma NEFA levels may be a
useful noninvasive way to measure risk for epicardial adipose
tissue formation. NEFAs, also known as long-chain fatty
acids, are the predominant metabolic energy source used by
cardiac tissue. To avoid the accumulation of NEFAs in cardio-
myocytes, cytosolic fatty acid binding proteins (FABPs) bind to

Table 1. Summary of the Atrial Fibrillation Patients’ Demographic
Information.

Demographic categories N
Mean±
SD

Percentage of the
population

Age 59 62.8±
11.1

Gender
Male 42 71.2%
Female 17 28.8%

BMI 31.97± 5
Smoking status

No smoking history 37 62.7%
Former Smoker 20 33.9%
Current smoker 1 1.7%

Anticoagulation Status
Not on anticoagulation 6 10.2%
On anticoagulation 53 89.8%

Comorbidities
Diabetes Mellitus II 10 16.9%
Hypertension 36 61.0%
Acute Coronary
Syndrome

14 23.7%

Stroke/TIA 4 6.8%
Peripheral Artery
Disease

2 3.4%

Chronic Kidney
Disease

3 5.1%

Heart Failure 4 6.8%
Dyslipidemia 33 55.9%

N represents the number of patients. The percentage of the population column
represents the percent of the population within the respective demographic
category.
Abbreviations: SD, standard deviation.
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free NEFAs and transport them to different intracellular loca-
tions. Different isoforms of FABPs exist in the body, including
heart-FABP (H-FABP or FABP3). If there is damage to cardiac
tissue, such as in AF, H-FABPs are released into the circulation.
H-FABPs are currently used as a marker for early myocardial
infarction detection.23 Therefore, H-FABP may serve as a bio-
marker for the early detection of AF as well. Along with
H-FABP, liver FABP (L-FABP or FABP1) and adipocyte
(A-FABP or FABP4) have also been implicated in cardiovascu-
lar disorders.11,24

Materials and Methods
Blood samples from 73 AF patients at the Loyola University
Medical Center were collected under an approved IRB protocol
(Dr Mushabbar Syed, IRB #205530). The demographic details
of the AF cohort are shown in Table 1. The blood samples were
collected in tubes containing 3.2% sodium citrate and the tubes
were then centrifuged at 3000× g for 15 min. The plasma
supernatant was then separated, aliquoted, and frozen at −80°
C until the samples were analyzed. All the samples were iden-
tified by the patient’s study number under an IRB-approved
protocol, with no identifying information labeled on the vials.
The samples were then blindly analyzed in the Hemostasis
and Thrombosis Research Laboratories at the Loyola
University Medical Center. Controls were comprised of 50
normal human plasma (NHP) samples obtained from a commer-
cial vendor, George King Biomedical (Overland Park, Kansas).

Commercially available sandwich enzyme-linked immuno-
sorbent assay (ELISA) kits were used to quantify the collagen
remodeling biomarkers, including PICP, PINP, ICTP, PIIINP,
PIIICP, MMP-1, MMP-2, TIMP-1, and TIMP-2 in the AF
and control plasma samples. Some of the ELISA kits required
different amounts of plasma. Therefore, samples that did not
have enough plasma left over were excluded from that ELISA
experiment. The sandwich ELISA kits were purchased from
Aviva Systems Biology (San Diego, California), R&D
Systems (Minneapolis, Minnesota), Neobiolabs (Cambridge,
Massachusetts), and Antibodies On-line.

In regards to the fatty acids in our study, NEFAs were mea-
sured using the NEFA-HR 2 kit purchased from Fujifilm Wako
Diagnostics (Mountain View, California). The NEFA-HR2 kit
is an enzymatic colorimetric test. After following the manufac-
turer’s directions, a purple-colored final product was formed.
The purple chromogen was then colorimetrically measured at
550 nm to determine the amount of NEFAs present in the
plasma samples. Any patients receiving heparin therapy were
excluded from the analysis because the NEFA-HR2 kit cannot
be used on samples containing heparin. L-FABP levels were
quantified using a sandwich ELISA kit obtained from
Diapharma Group (West Chester, Ohio). If there was not an
adequate amount of plasma left over in an AF patient sample,
that patient was excluded from the experiment.

Statistical analyses were performed using Microsoft Excel
and GraphPad Prism Software. For each biomarker, we calcu-
lated the mean± SEM for the AF samples and the NHP. We

also calculated the percent change between the AF mean and
the NHP mean for each biomarker using the Mann–Whitney
U test. A P-value <0 .05 was considered statistically significant.
A spearman correlation analysis was then performed to test for
interrelationship between the biomarkers. Finally, spearman
correlation plots were compiled for any biomarker pair
showing a significant correlation.

Results

Collagen Metabolism Biomarkers in the Control
Population versus AF Patients
A comparison of collagen turnover biomarkers in the AF cohort
(n= 58–73) with normal controls (n= 50) is shown in Figure 1.
This composite graph shows that the collagen turnover bio-
markers, such as PICP, PIIICP, and PIIINP are significantly ele-
vated in the AF patients. As can be seen, in comparison to NHP,
all the biomarkers in the AF cohort were upregulated. The most
pronounced increase was seen in PIIICP, while TIMP-2 showed
the lowest percent change. The AF cohort exhibited a wide
range in each of the biomarkers, in comparison to NHP.

For ICTP, the range in the AF group was 7.28 ng/mL and the
range in the NHP was 2.37 ng/mL. In regards to PICP, the range
in the AF group was 10.04 ng/mL and the range in the NHP was
2.78 ng/mL. The range for PINP was 1532.68 and 348.48 ng/
mL for the AF group and NHP, respectively. For PIIICP, the
range in the AF group was 13.6 ng/mL and the range in the
NHP was 1.1 ng/mL. PIIINP showed a range of 207.33 and
9.1 ng/mL in the AF group and NHP, respectively. For
MMP-1, the range in the AF group was 10.28 ng/mL and the
range in the NHP was 2.43 ng/mL. MMP-2 showed a range
of 249.72 and 160.6 ng/mL for the AF cohort and NHP, respec-
tively. TIMP-1 showed a range of 583.08 and 149.91 ng/mL in
the AF samples compared to NHP, respectively. For TIMP-2,
the range in the AF group was 81.55 ng/mL and the range in
the NHP was 48.96 ng/mL.

Table 2 shows a composite description of the individual bio-
markers, including the matrix metalloproteases, tissue inhibi-
tors of the matrix metalloproteases, collagen turnover
peptides, fatty acid binding proteins, and non-esterified fatty
acids. As tabulated, all these biomarkers were increased in the
AF cohort. The most dramatic increase was noted in the colla-
gen turnover peptides, PIIICP and PIIINP.

Fatty Acid Metabolism Biomarkers in the Control
Population versus AF Patients
A comparison of L-FABP and NEFA levels in the AF cohort
and NHP is depicted in Figure 2. This figure shows that both
NEFA and L-FABP were significantly elevated in the AF pop-
ulation. The p-values for both analyses were less than 0.02. This
figure clearly demonstrates that both L-FABP and NEFA are
upregulated in AF.
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Spearman Correlation Analysis
A spearman correlation matrix comparing various biomarkers
in the AF cohort is shown in Figure 3. Varying degrees of cor-
relation were noted among these biomarkers. The range in
r-values was 0.05–0.61. NEFA showed the strongest correla-
tion with PIIINP with an r-value of 0.61, followed by
L-FABP and TIMP-1 with an r-value of 0.47. NEFA also
showed modest correlation with TIMP-2 (r= 0.41) and ICTP
(r= 0.41). The correlation plots for each biomarker pair are
shown in Figure 4.

Discussion
Current data regarding the clinical utility of plasma biomarkers
in the diagnosis, management, and prognosis of AF is limited.
Currently, clues to AF diagnosis may be seen during the phys-
ical exam, such as an irregular pulse or irregularly irregular
heart rhythm on cardiac auscultation. More commonly, AF is
diagnosed via an electrocardiogram demonstrating an irregu-
larly irregular rhythm. A significant concern is that AF is com-
monly found incidentally. Clinical signs and symptoms may not

be evident. It is important to be able to diagnose AF early due to
the risk of developing other complications, such as heart failure
and thrombotic events. The goal of this study was to evaluate if
collagen remodeling biomarkers and fatty acid metabolism bio-
markers could be useful in assessing the severity of atrial fibro-
sis and adipose tissue deposition, both of which are implicated
in the pathogenesis of AF.11,17–19,22 We measured the levels of
each biomarker in plasma obtained from AF patients and
normal human plasma purchased from a commercial vendor.
We hypothesized that the levels of the collagen remodeling bio-
markers and fatty acid metabolism biomarkers would be ele-
vated in the AF samples, compared to the control plasma
samples.

The role of collagen turnover in the pathogenesis of AF has
been discussed extensively in previous publications. The exact
mechanism underlying atrial fibrosis is not completely under-
stood. However, it has been shown that interstitial fibrosis, a
form of structural remodeling, plays a significant role in the
development of AF.9,25 Several profibrotic factors, including
angiotensin II and transforming growth factor-β1, are involved
in the downstream activation of molecules involved in collagen

Figure 1. Concentrations of some of the collagen turnover biomarkers in the AF cohort compared to NHP. Results are reported as means
with the errors bars representing the standard error of the mean. (A) The comparison of PICP; (B) The comparison of PIIICP; (C) The
comparison of PINP; (D) The comparison of PIIINP; (E) The comparison of ICTP. Abbreviations: NHP, normal human plasma; AF, atrial
fibrillation; PICP, procollagen I carboxyterminal propeptide; PIIICP, procollagen III carboxyterminal propeptide; PINP, procollagen I
aminoterminal propeptide; PIIINP, procollagen III aminoterminal propeptide; ICTP, type I collagen degradation product.
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turnover, such as MMPs and TIMPs.25 Since collagen I and III
are the most abundant collagens in the myocardium,15 we can
potentially measure collagen levels or plasma collagen degrada-
tion products as a biomarker for increased collagen remodeling.
For example, a study in China showed that patients with AF and
mitral valve disease had higher levels of collagen I and III than
patients with sinus rhythm and mitral valve disease.26 Another
study illustrated, through the process of immunohistochemistry,
that collagen I was elevated in patients with AF compared to
those in normal sinus rhythm.27 Polyakova et al also showed
an increase in multiple collagen remodeling biomarkers, such
as PINP, PIIINP, ICTP, MMP-2, and TIMP-1 in right atrial
wall samples from patients with AF compared to tissue
samples isolated from patients in normal sinus rhythm.20

Multiple other studies also showed that levels of collagen
remodeling biomarkers were elevated in patients with AF com-
pared to those unaffected by AF.17–19 An interesting experiment
from 2007 that contrasted the gene expression of two canine
models indicated that there was a 10-fold upregulation of
eight collagen-genes and a 4.5-fold increase in MMP-2 expres-
sion in left atrial tissue isolated from animals with AF.28 All
these previous studies support the hypothesis that atrial collagen
remodeling could be contributing to the pathogenesis of AF and
that collagen remodeling biomarkers could be useful in the
assessment of AF.

Along with ECM proteins, such as collagen, NEFAs may
also be implicated in structural remodeling of the atria via the
development of epicardial adipose tissue.11 The mechanism
through which fatty acid metabolism dysregulation leads to
AF remains unknown. Currently, it is known that NEFAs are
the main metabolic energy source utilized by the myocardium.
NEFAs are a broad classification and include many different
types of fatty acids. A previous prospective evaluation by
Pellegrini et al.29 measured the concentration of NEFAs in
1872 serum samples isolated from patients unaffected by AF
at an annual examination. The patients were then followed to
determine which of them developed AF. The researchers
found that only two of the 35 NEFAs isolated via gas chroma-
tography showed significant correlation with the development
of AF. They concluded that higher amounts of nervonic acid
(24:1n-9) were associated with increased incidence of AF, but

higher concentration of GLA (18:3n-6) was associated with a
decreased risk of AF development.29 Another prospective
study referenced in my introduction showed that increased
levels of plasma free fatty acids were associated with develop-
ment of AF.22 As previously stated, FABPs are also involved in
fatty acid metabolism. For that reason, they may also be used as
biomarkers to monitor for cardiovascular disease. A previous
study from 2017 used a novel custom proteomics chip to
explore new biomarkers for AF.30 They discovered four pro-
teins that could be important in the development of AF, one
of them being FABP4.30 An earlier study demonstrated that
increased levels of FABP4 were associated with an increased
risk of AF recurrence following catheter ablation.31 The other
isoforms of FABPs have also been shown to be involved in
AF in some studies. Otaki et al.32 illustrated that patients with
congestive heart failure and AF had higher plasma levels of
FABP3 compared to patients with congestive heart failure
and sinus rhythm. The previous study also showed that patients
with higher levels of FABP3 had an increased rate of future car-
diovascular events.32 A manuscript published by Rader et al
indicated that a greater rise in FABP3 levels after cardiac
surgery was associated with an increased incidence of post-
operative AF.33 However, a study performed by Shingu
et al.34 revealed that levels of FABP3 were decreased in patients
that developed post-operative AF compared to those that did not
develop AF. Overall, it seems that the data regarding the utility
of NEFAs and FABPs as plasma biomarkers for AF is limited.

Some of our findings regarding the collagen remodeling bio-
markers are depicted in Figure 1. Bar graphs were used to illus-
trate the difference in the means of some of the collagen
biomarkers in the plasma of the AF group compared to NHP.
The graphs show a statistically significant elevation in the col-
lagen metabolism biomarkers, including PICP, PIIICP, PINP,
PIIINP, and ICTP, in the AF population compared to the
control samples. Table 2 summarizes the findings in tabular
form, with the associated percent change for each biomarker
studied. The results in Table 2 also include our findings for
the other collagen remodeling biomarkers, MMP-1, MMP-2,
TIMP-1, and TIMP-2. We yielded a statistically significant
increase of all the collagen remodeling biomarkers in the AF
cohort compared to the NHP. These findings indicate that

Table 2. Comparison of the Collagen Remodeling Biomarkers and Fatty Acid Metabolism Dysregulation Biomarkers.

Biomarker AF mean± SEM (SD) NHP mean± SEM (SD) P-values % Change

MMP-1 (ng/mL) 1.347± 0.19 (1.519) 0.55± 0.07 (0.495) <0.0001 146.25%
MMP-2 (ng/mL) 263.5± 6.41 (55.17) 183.4± 5.58 (39.45) <0.0001 43.70%
TIMP-1 (ng/mL) 125.9± 9.0 (76.45) 63.97± 3.99 (28.18) <0.0001 96.80%
TIMP-2 (ng/mL) 68.79± 2.1 (17.8) 61.64± 1.7 (12.05) 0.0328 11.60%
ICTP (ng/mL) 4.0± 0.13 (1.083) 1.4± 0.07 (0.4611) <0.0001 186.20%
PICP (ng/mL) 1.40± 0.29 (2.287) 0.68± 0.08 (0.5847) 0.0042 104.80%
PINP (ng/mL) 422.3± 43.8 (350.3) 159.9± 9.6 (67.94) <0.0001 164.10%
PIIICP (pg/mL) 1435± 288 (2461) 147.8± 39.2 (277.1) <0.0001 870.90%
PIIINP (ng/mL) 26.36± 4.3 (36.1) 2.82± 0.35 (2.484) <0.0001 833.80%
L-FABP (ng/mL) 9.09± 1.18 (9.786) 5.12± 0.25 (1.768) <0.0001 77.50%
NEFAs (mEq/L) 0.87± 0.06 (0.4742) 0.6± 0.06 (0.3045) 0.0174 45.70%
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there is an upregulation of collagen degradation and deposition
in patients with AF. Our discovery supports the previous exper-
iments that also demonstrated an increase in collagen remodel-
ing biomarkers in patients diagnosed with AF.17–21,26–28

However, our study noted an increase in TIMP-2, while a pre-
vious study showed a decrease in TIMP-2 in AF patients.21

Although all the collagen remodeling biomarkers were elevated
in the AF patients, some of the biomarkers were much more

extensively elevated than others. For example, PIIINP and
PIIICP were elevated over eight-fold in the AF group compared
to the NHP, while PINP and PICP were only increased about
one–two fold in the AF group. This could indicate that collagen
type III may play a more significant role in the pathogenesis of
AF compared to collagen type I. Overall, our findings may help
support the hypothesis that collagen remodeling is involved in
the pathogenesis of AF. Our results may also show that the col-
lagen remodeling biomarkers could serve as a useful tool to
determine the extent of atrial fibrosis. If these biomarkers can
help detect increased atrial fibrosis early, it may give us a non-
invasive way to assess for development of AF prior to symptom
onset.

Table 2 also shows the mean concentrations of the fatty acid
metabolism biomarkers, NEFAs and FABP, in the AF cohort
compared to the NHP with associated percent changes.
Figure 2 shows these findings in the form of bar graphs. We
found a statistically significant elevation in NEFAs and
L-FABPs in the plasma of the AF population compared to the
control population. These findings are consistent with prior
experiments that showed elevations of NEFAs in AF
patients.22,29 However, the previous experiments showed eleva-
tions in different isoforms of FABP, such as FABP3 and
FABP4, than the one we measured in our experiment.31–33

Currently available data is limited on the role of L-FABP in
AF. Our results may indicate that all FABPs, independent of
the isoform, may play a role in AF. Regardless, our findings
underscore the theory that excess fatty acids could also be con-
tributing to AF via the formation of atrial fibrosis and epicardial
adipose tissue. FABP and NEFAs may be helpful as fatty acid
metabolism biomarkers that can help estimate the severity of

Figure 2. Comparison of the fatty acid dysregulation biomarkers between the AF patients and NHP. Results are reported as means with the
errors bars representing the standard error of the mean. (A) The comparison of L-FABP; (B) The comparison of NEFAs. Abbreviations: L-FABP,
liver type fatty acid binding protein; NEFA, non-esterified fatty acids.

Figure 3. Spearman correlation matrix illustrating some of the
notable correlations between different biomarkers. Blue boxes
indicate positive correlations, while red boxes indicate negative
correlations. The numbers in the box represent the r value, otherwise
known as the correlation coefficient.
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epicardial adipose tissue formation. With this information, we
can assess for possible increased risk of AF development due
to the arrhythmic nature of epicardial adipose tissue.
However, imaging data utilizing techniques such as MRI and
echocardiography would be useful to demonstrate the potential
correlation of these biomarkers with the observed remodeling of
the cardiac muscle.

Figure 3 depicts a spearman correlation matrix between the
different biomarkers to assess for any significant correlations.
The notable correlations are summarized in the spearman corre-
lation plots in Figure 4. We found significant correlations
between the collagen remodeling biomarkers, PIIINP, ICTP,
TIMP-2, and the fatty acid metabolism biomarker, NEFA. A
significant association was also found between L-FABP and
TIMP-1. The correlations between the collagen remodeling bio-
markers and fatty acid dysregulation biomarkers could be due to
both being involved in the process of structural remodeling of
the atria in AF. These results could also indicate that there is
a more complex interplay between collagen remodeling and
fatty acid metabolism dysregulation in the development of AF.

The studies presented herein represent an integrated and
comprehensive analysis of the biomarkers which are generated
in response to the underlying pathophysiological processes in
AF. This integrated study provided the evidence that collagen
remodeling plays an important role in the progression of AF.
In addition to collagen remodeling protein turnover biomarkers,
this study has also reported on the role of NEFAs and L-FABP.
This study provided the evidence on the relevance of NEFA to
metalloproteases and their regulators and some of the collagen
turnover proteins underscoring the interplay between the two
pathways. Of all the biomarkers studied, the collagen turnover
proteins, PIIICP and PIIINP, showed marked upregulation,
whereas a modest increase was noted in PINP and PICP.
Varying levels of increase were also noted in the MMPs and
the TIMPs. This integrated fingerprinting of collagen remodel-
ing proteins and the relevance to fatty acid regulatory parame-
ters represent evidence that the two mechanisms involved in the
upregulation of the collagen turnover proteins and fatty acid
generated in AF may have some crosstalk. Additional studies
are needed at a molecular level to establish such relevance

Figure 4. Spearman correlation plots for various biomarker pairs. (A) The correlation between NEFAs and TIMP-2; (B) The correlation
between NEFAs and ICTP; (C) The correlation between NEFAs and PIIINP; (D) The correlation between L-FABP and TIMP-1.
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between the collagen turnover proteins and other biomarkers
studied. Overall, an integrated fingerprinting of these biomark-
ers provides a panel profiling that can be used for the prognostic
purposes. Significant progress has been made in the understand-
ing of the underlying mechanism in atrial remodeling. The
results reported in this study have potentially important implica-
tions in not only the pathophysiology of AF, but also the devel-
opment of newer therapeutic approaches.

This study has several limitations, including a small cohort
size of the AF patients, lack of random sampling, and nonavail-
ability of age-matched controls. Moreover, the population is not
balanced since there are significantly higher number of males in
the AF cohort. An additional limitation to our study is that an
elevation of collagen biomarkers and fatty acid metabolism bio-
markers in the plasma does not prove that they are necessarily
involved in AF, especially since many AF patients have other
significant comorbidities. For future studies, it may be useful
to correlate the biomarker findings with imaging data of the
AF patients to assess for the extent of atrial fibrosis and epicar-
dial adipose tissue formation. Additionally, clinical data on
atrial fibrosis and adipose tissue deposition will be helpful in
validating the utility of these biomarkers in the understanding
of the pathogenesis of AF. Despite these limitations, this
study provides pilot data on the role of collagen remodeling bio-
markers and L-FABP, along with NEFAs, in the pathogenesis
of AF with reference to the dysregulation of metalloproteases.

In conclusion, our study showed that there is an elevation in
collagen remodeling biomarkers and fatty acid metabolism bio-
markers in plasma obtained from AF patients compared to
normal human plasma. These findings support some of the pre-
vious studies that also showed elevations of these biomarkers in
AF patients. Our results support the theory that collagen remod-
eling and fatty acid metabolism dysregulation could be impli-
cated in the pathogenesis of AF. Profiling of these markers
may provide useful information on the understanding of the
pathophysiology of atrial remodeling and risk stratification of
patients with this arrhythmia. The information generated in
this study is also helpful in the development of newer therapeu-
tic agents targeting various mechanisms, including collagen
degradation.
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