Effect of Epicardial Adipose Tissue—Derived Secretome on Atrial Fibrillation
Vulnerability
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Abstract

Epicardial adipose tissue (EAT) may promote atrial fib-
rillation (AF) through paracrine effects of its secretome
(FS) on the adjacent myocardium. We calibrated an in
silico description of FS-induced electrical remodeling and
quantified its arrhythmogenic effects.

The Courtemanche—Ramirez—Nattel model, adapted to
eight atrial regions, was modified to reproduce the action
potential changes measured in myocytes exposed to EAT-
conditioned medium: gx1 and gna reduced by 40%, gk
and gks increased by 20%. Control and FS were sim-
ulated without and with AF-induced electrical remodel-
ing (AFER). A 2 cm monodomain cable provided conduc-
tion velocity (CV), effective refractory period (ERP), wave-
length (WL) and restitution; conductivity under FS was
lowered to represent gap-junction remodeling.

FS depolarized the resting potential by 5.5 + 0.5% and
prolonged APDgg by 33.1 + 4.8%. It reduced CV by 31.7%
(no AFER) and 33.2% (AFER) and prolonged ERP by 61%
and 64%, so that WL increased by ~10%. Without AFER,
FS lost 1:1 conduction below BCL = 400 ms, with 2:1
propagation; with AFER, restitution became nearly flat.
FS therefore does not promote reentry through WL short-
ening; spatial heterogeneity and rate-dependent conduc-
tion failure are more likely mechanisms.

1. Introduction

Epicardial adipose tissue (EAT) lies in direct contact
with the atrial myocardium, without an interposed fascial
barrier. Its volume is associated with the incidence and
persistence of atrial fibrillation (AF) and with grater recur-
rence after ablation than conventional indices of obesity
[1,2].

Two mechanisms have been proposed. The first is struc-
tural: adipose infiltration acts as a physical obstacle to
propagation, causing activation delay, increased anisotropy
and conduction block [1]. The second is paracrine: EAT
secretes a mixture of adipokines, proinflammatory cy-
tokines, free fatty acids and extracellular vesicle, called
the fat secretome (FS). In the absence of a physical barrier,
the FS diffuses into the adjacent myocardium and modifies
cardiomyocyte electrophysiology [3,4].

The second mechanism has been characterized experi-
mentally only recently. Ernault et al. [5] exposed neonatal
rat ventricular myocytes and tissue preparations to EAT-
conditioned medium and reported a depolarized resting
membrane potential (RMP), a prolonged action potential
(AP), a reduced AP amplitude (APA) and upstroke veloc-
ity (UV), together with a reduction in conduction veloc-
ity (CV), and observed that these changes facilitated reen-
try. A comprehensive quantitative in silico description of
secretome-induced electrical remodeling is still missing.

The present work addresses this gap by calibrating a hu-
man atrial cell model to reproduce the AP phenotype mea-
sured under FS exposure and by using a one-dimensional
(1D) cable to quantify the effects of FS on CV, effective re-
fractory period (ERP), wavelength (WL) and APD restitu-
tion, both in the absence and in the presence of AF-induced
electrical remodeling (AFER).

2. Methods

2.1.  Cellular model and calibration

The Courtemanche-Ramirez-Nattel (CRN) model of the
human atrial myocyte [6] was used. Regional heterogene-
ity was reproduced by scaling the maximal conductances
of eight regions as described in [7]: crista terminalis and



Bachmann’s bundle (CT/BB), left and right atrium (LA,
RA), left and right appendage (LAA, RAA), pulmonary
veins (PV) and the mitral and tricuspid valve rings (MVR,
TVR).

FS exposure was represented phenomenologically by
modifying maximal ionic conductances to reproduce the
AP markers measured in neonatal rat ventricular myocytes
exposed to EAT-conditioned medium [5] (Table 1). gk1
and gn, were reduced by 40%, while gk, and gks were
increased by 20%. The reduction of Ix; was introduced
to depolarize the RMP and is consistent with the available
experimental evidence [3, 5], and the reduction of gx, fol-
lows the decrease in UV. The 20% increase of the delayed
rectifiers has no direct experimental counterpart (proin-
flammatory cytokines rather inhibit Ik, [3]) and was intro-
duced to compensate for the APD prolongation produced
by the other two changes, which would otherwise be too
large.

AFER was reproduced by reducing Ii,, Icar, and Iy,
by 50%, 70% and 50%, respectively [8]. Four conditions
were therefore considered: Control and FS, each without
and with AFER.

Steady state was reached by pacing each single cell for
20 min at a basic cycle length (BCL) of 800 ms and, in-
dependently, for 25 min at BCL = 1000 ms. RMP, APD
at 20%, 50% and 90% repolarization, APA and maximum
UV (dV/dtmax) were measured on the last beat and ex-
pressed as the percentage change with respect to the con-
trol cell of the same region.

2.2.  One-dimensional tissue model

Monodomain propagation was solved with ELVIRA
[9] on a 2-cm cable discretized with 100 linear elements
(Az =200 pm, 101 nodes). All nodes were initialized at
the corresponding single-cell steady state (CNR, LA vari-
ant). Stimuli of 2 ms duration and 380 pA/pF amplitude
were applied at the proximal end.

Tissue conductivity was calibrated separately for the
two substrates: 0.0038 S/m for Control and 0.0028 S/m for
FS. The reduction was introduced to represent the remod-
eling of gap junctions and the associated decrease in inter-
cellular coupling reported for EAT-exposed myocardium
[1,5]. It was calibrated to reproduce the experimentally
measured 33.5% reduction in CV [5].

CV was computed from the activation times at
2 =0.5cm and z = 1.5 cm on the last two beats of a train of
100 S1 stimuli delivered at BCL = 800 ms. ERP was then
measured with an S1-S2 protocol by scanning the coupling
interval from 700 to 100 ms and refining the transition with
1-ms resolution. ERP was defined as the longest coupling
interval for which S2 failed to propagate to at least one
of the five equispaced observation nodes. WL was esti-
mated as the product CV x ERP. Dynamic restitution was
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Figure 1. Action potentials for the eight atrial regions
in Control and FS conditions, without (left) and with
(right) AF-induced electrical remodeling (AFER). Solid
and dashed curves denote Control and FS, respectively;
colors identify the different atrial regions.

assessed by applying trains of 100 stimuli at decreasing
BCL (1000, 800, 700, 600, 500, 450, 400, 350, 300, 275
and 250 ms) and computing the mean and standard devia-
tion of APDs5g, APDgy and APDgg over the last ten beats
of each train.

3. Results

3.1. Cellular level

Table 1 reports the percentage changes induced by FS,
averaged over the eight atrial regions, during pacing at
BCL = 800 ms. The reduction in APA was close to the ex-
perimental target in all regions, whereas the RMP shift and
the reduction in maximum UV were approximately half
of the corresponding experimental changes. APDgyy was
prolonged beyond the target value of +20%. APDj5q and
APDy, for which no change was reported experimentally,
increased by 39.2 & 8.1% and 45.7 £ 7.5%, respectively.

Regional variability was small for RMP, APA and
dV/dtmax (standard deviation below 1.1 percentage
points) and larger for APD: the prolongation of APDgyg
ranged from +26.8% in the LAA to +41.4% in the TVR.
Pacing at BCL = 1000 ms produced differences below
three percentage points for all markers and is therefore
not reported. Representative action potentials for the eight
atrial regions are shown in Figure 1. FS induces a depo-
larization of the RMP and prolongs repolarization in all
regions, with the largest differences emerging during the
later phases of the action potential. The regional differ-
ences in action potential morphology are maintained in the
presence of AFER.

AFER did not change the direction of the FS-induced
effects. It slightly increased the changes in RMP, APA and
dV/dtmax and reduced both the magnitude and regional
dispersion of APD prolongation.



Table 1. Percentage change of the AP markers in FS with
respect to the corresponding Control, given as mean & SD
over the eight atrial regions (BCL = 800 ms), and experi-
mental targets [5].

Marker Target [5] FS FS + AFER
RMP +10% +5.5+£0.5 +6.5 + 0.8
APDgg +20% +33.14+4.8 +29.6+4.2
APDsg ~0 +39.2+81 +329+48
APDog ~0 +45.7+75 4436+ 7.0
APA —-15% —149+05 —-16.1£1.0
dV/dtmax —67% —35.5+£0.9 —-37.8+2.1

Table 2. Conduction velocity, effective refractory period
and wavelength (WL = CV x ERP) measured in the 1D

cable.
Case CV (cm/s)  ERP (ms) WL (cm)
Control 90.9 226 20.5
Control + AFER 93.5 191 17.9
FS 62.1 363 22.5
FS + AFER 62.5 313 19.6

3.2. Tissue level

CV, ERP and WL for the four conditions are reported in
Table 2. With the ionic changes alone and control conduc-
tivity, CV decreased by 14.8% without AFER and 17.8%
with AFER. Including the reduction in tissue conductivity
increased the total decrease to 31.7% and 33.2%, respec-
tively, close to the experimental reduction of 33.5% [5].

FS prolonged ERP by 61% without AFER and by 64%
with AFER. AFER shortened ERP by 35 ms in Control and
by 50 ms in FS, while changing CV only slightly (+2.9%
and +0.6%, respectively). As a result, WL was approx-
imately 10% longer under FS than in the corresponding
control condition. The shortest WL was obtained with
AFER in the absence of FS.

The dynamic restitution curves are shown in Figure 2.
In both Control conditions and in FS without AFER, APD
increased monotonically with BCL. In FS without AFER,
1:1 propagation was lost below BCL = 400 ms. The cable
propagated one impulse for every two stimuli, and resti-
tution curves were therefore not computed at lower BCL
values. In FS with AFER, 1:1 propagation was maintained
down to BCL = 250 ms, but APD varied little with BCL,
indicating reduced rate adaptation.

4. Discussion

The calibration reproduces the experimental AP pheno-
type only partially. APA is reproduced closely, whereas the
RMP shift and the reduction in dV/dt,.x reach approxi-
mately half of the measured changes. APDsg and APD5,
for which no experimental change was reported,are indeed
prolonged. A possible explanation is the mismatch be-
tween the experimental source of the target APs and the

model used for calibration: APs from neonatal rat ven-
tricular myocytes are essentially triangular, whereas the
CRN model reproduces the spike-and-dome morphology
characteristic of the human atrial AP. In the CRN formu-
lation, any combination of conductance changes that pro-
longs APDgj to the required extent also acts on the plateau,
so the two constraints cannot be satisfied simultaneously
by a small set of scaling factors.

The increase in gk, and gk should be interpreted with
the same caution. It is not consistent with the inhibition of
hERG reported for IL-6 and other cytokines contained in
the secretome [3], and should be regarded as a correction
that keeps repolarization within the measured range rather
than as a mechanistic hypothesis.

At the tissue level, the results show that the experimen-
tal CV reduction cannot be reproduced by ionic remodel-
ing alone. The ionic changes produced a 14.8% reduction
in CV without AFER, compared with 31.7% after the ad-
ditional reduction in tissue conductivity. This is consis-
tent with the reported remodeling of gap junctions in EAT-
exposed myocardium [1, 5] and indicates that both cellular
ionic remodeling and reduced intercellular coupling con-
tribute to the observed slowing of conduction.

The effects of FS and AFER on refractoriness are not
additive. The two act in opposite directions: FS prolongs
ERP, whereas AFER shortens it. Because FS slows con-
duction and lengthens ERP simultaneously, WL is longer
under FS than in the corresponding control condition.
Thus, the wavelength criterion alone does not predict an
increased vulnerability to reentry under FS. Since exper-
iments report the opposite [4, 5], other mechanisms have
to be considered. Two mechanisms are suggested by the
present results. The first is spatial heterogeneity. The non-
uniform distribution of EAT and the spatial penetration of
its effects can generate regions with different electrophys-
iological properties, creating conditions favorable to con-
duction block and reentry. The second is rate-dependent
conduction failure. FS without AFER lost 1:1 propagation
below BCL =400 ms and therefore failed to sustain higher
stimulation rates. In a spatially heterogeneous substrate,
such rate-dependent conduction failure may contribute to
wave break and reentry. The nearly flat restitution obtained
with FS and AFER further indicates reduced rate adapta-
tion.

The study has some limitations. The calibration targets
are derived from animal data and from a limited set of AP
markers; calcium-handling alterations reported for EAT
exposure [3] were not included; and interpatient variability
in secretome composition is not represented. Extension to
anatomically detailed biatrial models with patient-specific
fat distributions is required to assess these mechanisms in
a spatially resolved substrate.
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Figure 2. Dynamic restitution of APDs5g, APDgy and
APDg (mean =+ SD over the last ten beats of each train):
(A) Control, (B) Control + AFER, (C) FS, (D) FS + AFER.

5. Conclusions

A CRN-based description of FS-induced electrophysio-
logical remodeling was calibrated at the cellular level and
characterized in a 1D cable. FS shifted the resting poten-
tial toward less negative values, prolonged APD, reduced
APA and dV/dtax, slowed conduction by approximately
one third, and prolonged ERP. The reduction in CV re-
quired both cellular ionic remodeling and reduced tissue

conductivity. Because WL was longer under FS than in the
corresponding control condition, the effect of FS on reen-
try is likely explained by spatial heterogeneity and rate-
dependent conduction failure and should therefore be in-
vestigated using spatially resolved models.
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