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BACKGROUND: Recent data suggest that systemic inflammation can negatively affect atrioventricular conduction, regardless
of acute cardiac injury. Indeed, gap-junctions containing connexin43 coupling cardiomyocytes and inflammation-related cells
(macrophages) are increasingly recognized as important factors regulating the conduction in the atrioventricular node. The
aim of this study was to evaluate the acute impact of systemic inflammatory activation on atrioventricular conduction, and
elucidate underlying mechanisms.

METHODS AND RESULTS: We analyzed: (1) the PR-interval in patients with inflammatory diseases of different origins during active
phase and recovery, and its association with inflammatory markers; (2) the existing correlation between connexin43 expres-
sion in the cardiac tissue and peripheral blood mononuclear cells (PBMC), and the changes occurring in patients with inflam-
matory diseases over time; (3) the acute effects of interleukin(IL)-6 on atrioventricular conduction in an in vivo animal model,
and on connexin43 expression in vitro. In patients with elevated C-reactive protein levels, atrioventricular conduction indices
are increased, but promptly normalized in association with inflammatory markers reduction, particularly IL-6. In these subjects,
connexin4d3 expression in PBMC, which is correlative of that measured in the cardiac tissue, inversely associated with IL-6
changes. Moreover, direct IL-6 administration increased atrioventricular conduction indices in vivo in a guinea pig model, and
IL-6 incubation in both cardiomyocytes and macrophages in culture, significantly reduced connexin43 proteins expression.

CONCLUSIONS: The data evidence that systemic inflammation can acutely worsen atrioventricular conduction, and that IL-
6-induced down-regulation of cardiac connexind3 is a mechanistic pathway putatively involved in the process. Though re-
versible, these alterations could significantly increase the risk of severe atrioventricular blocks during active inflammatory
processes.
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PR-Interval and Inflammation

CLINICAL PERSPECTIVE

What Is New?

e In patients with elevated C-reactive protein lev-
els, regardless of the specific underlying inflam-
matory condition, electrocardiographic indices
of atrioventricular conduction are increased,
but promptly normalized when inflammatory
markers were reduced, particularly interleukin-6
(IL-B).

e In these subjects, connexind3 expression in
peripheral blood mononuclear cells, which cor-
relates with that measured in the cardiac tissue,
inversely associated with IL-6 changes.

e |[-6 direct administration in a guinea pig model
induced a significant increase of atrioventricular
conduction indices; in in vitro experiments, IL-6
incubation significantly reduced connexin43
protein expression in both cardiomyocytes and
macrophages in culture.

What Are the Clinical Implications?

* The study substantiates the recommendation
to always evaluate the possible impact of a
systemic inflammatory state on atrioventricular
conduction, particularly when it is of high grade
and occurs in elderly patients with history of
cardiac disease and/or taking drugs negatively
affecting theatrioventricular node function.

e |n subjects with severe atrioventricular blocks
occurring/worsening during active systemic
inflammation, a prompt and specific manage-
ment of the inflammatory process may be an
important, but often disregarded therapeutic
measure for the conduction disturbance.

e Anti-cytokine therapies, specifically targeting
the IL-6, may be an innovative anti-arrhythmic
short-term approach in these patients, possibly
sparing or delaying pacemaker implantation.

Nonstandard Abbreviations and Acronyms

AVB atrioventricular block

DPBS Dulbecco’s Phosphate
Buffered Saline

HR heart rate

IL-1 interleukin-1

IL-10 interleukin-10

IL-6 interleukin-6

IL-6R IL-6-receptor

PBMC peripheral blood mononuclear
cells

PRc-interval heart rate-corrected
PR-interval
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PRc-segment heart rate-corrected
PR-segment

qRT-PCR quantitative real time-
polymerase chain reaction

TNFa tumor necrosis factor-a

face ECG as a measure of the delay between

atrial and ventricular activation. A prolongation of
the PR-interval>200 ms, ie, first-degree atrioventricu-
lar block (I°AVB), is traditionally considered a benign
abnormality.’?

However, large population studies found that PR-
interval prolongation is an independent risk factor for
cardiac events, including severe AVBs requiring pace-
maker implantation, heart failure, atrial and ventricular
tachyarrhythmias, and cardiac death.®~" In addition, re-
cent data point to both gap-junctions and the immune-
inflammatory system as important factors regulating
atrioventricular conduction potentially involved in the
pathogenesis of AVBs.8-12

Physiologically, the electrical coupling between 2
adjacent cardiomyocytes is mediated by intercellu-
lar channels named gap-junctions, resulting from 2
hemichannels or connexons, in turn constituted by 6
transmembrane ion-channel proteins or connexins.'®4
Among the different connexins present in the cardiac
tissue, all characterized by a rapid turnover (half-life
1-5 hours),'”® connexin43 is the most abundant, and
expressed in atria, ventricles, and the conduction sys-
tem, including the lower atrioventricular node.'* Notably,
gap-junctions containing connexind3 also electrically
couple cardiomyocytes with non-cardiomyocyte cells,
playing key modulatory roles in cardiac electrophys-
iology.” Hulsmans et al' recently demonstrated that
cardiac macrophages, whose density is particularly
high in the distal part of the AV node, facilitate electri-
cal conduction through this region by coupling to car-
diomyocytes via connexin43. Such a mechanism has
a high physiological relevance, as either conditional
deletion of connexind3 in macrophages or congenital
absence of macrophages can critically delay atrioven-
tricular conduction.®

Accumulating data indicate that inflammation plays
an important role for cardiac electric remodeling, via
direct effects of cytokines on ion channels, including
connexins (inflammatory cardiac channelopathies).’®-2°
Specifically, several in vitro and ex vivo studies pro-
vided evidence that tumour necrosis factor-a (TNFa),
interleukin-6 (IL-6), and interleukin-1 (IL.-1) can decrease
connexin43 expression in cardiomyocytes,?'=?5 an ef-
fect which arises rapidly (within hours-days).?® It is very
likely, although not proven, that such changes might

The PR-interval is routinely evaluated on the sur-
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also occur in cardiac macrophages, given the central
role of these cells in the innate immune-inflammatory
response. Thus, it is reasonable to hypothesize that
systemic inflammatory processes can negatively af-
fect atrioventricular conduction via cytokine-mediated
inhibitory effects on connexin4d3 expression in car-
diac myocytes and macrophages, particularly those
localized in the atrioventricular node. The potential
clinical relevance of these mechanisms has been re-
cently emphasized by findings from the COVID-19,
frequently characterized by an exaggerated immune-
inflammatory response with high levels of circulating
cytokines, particularly IL-6.2"28 |_arge studies found that
arrhythmic events are relatively common in COVID-19,
including bradyarrhythmias in ~20% of the cases.?%°
Specifically, several authors reported new-onset AVBs
in COVID-19, mostly associated with elevated inflam-
mation markers and high short-term mortality rates,
despite the absence of acute cardiac injury signs.3'-33
Moreover, Pavri et al®* found that PR-interval was sig-
nificantly prolonged in 75 patients with COVID-19 when
compared with their pre-COVID-19 ECGs, and the
presence of PR-interval prolongation (or absence of
shortening with increasing heart rate) was associated
with a 4-fold risk of death. Notably, patients who died
not only very frequently showed PR-interval prolon-
gation (=80%), but also showed higher peak values of
CRP (C-reactive protein) than survivors.®* Consistent
findings were also provided by Moey et al,%® who re-
ported significant PR-interval prolongation in 107 pa-
tients with COVID-19, regardless of medication status
and troponin levels. In this cohort [°AVB was present
in 18.7% of cases, and 1 patient developed transient
Mobitz 2 II°AVB.3%

The aim of this study was to evaluate the acute im-
pact of systemic inflammatory activation on atrioven-
tricular conduction, regardless of specific cause, and
to elucidate the underlying mechanisms. We therefore
analyzed: (1) the behavior of PR-interval in patients with
inflammatory diseases from different origins during
active phase and recovery, and its association with
inflammatory markers; (2) the correlation existing be-
tween connexin43 expression in the cardiac tissue and
circulating blood cells, and the changes occurring in
patients with inflammatory diseases over time; (3) the
acute effects of IL-6 on atrioventricular conduction in
an in vivo animal model, and on connexin43 expres-
sion in vitro.

METHODS

The data underlying this article are available in the arti-
cle and in its online supplementary material.

Local Ethical Committee approved the study, and
patients from all groups gave their oral and written in-
formed consent in accordance with the Principles of
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the Declaration of Helsinki. All experiments involving
animals were approved by the local Animal-Care and
Use-Committee.

Study Populations

The impact of systemic inflammation on atrioventricu-
lar conduction was evaluated by 46 prospectively en-
rolled patients with elevated CRP levels due to different
inflammatory diseases, including acute inflammatory
processes, septic or aseptic, or chronic immuno-
mediated diseases during flares. ECG recordings and
blood sample withdrawals were performed in these
subjects during active disease (PRE), and after differ-
ent therapeutic interventions resulting in CRP decrease
>75% compared with the baseline (POST). None of
these patients was under treatment with drugs po-
tentially affecting atrioventricular conduction, specifi-
cally antiarrhythmics (beta-blockers, calcium channel
blockers, class | or Il antiarrhythmics), phenytoin, or
lithium. Demographic and clinical characteristics of this
population are detailed in Table S1.

A second group of 30 subjects comparable for age
and sex, without any history of systemic inflammation
or cardiac disease, was enrolled as controls (C) for
ECG and laboratory parameters (Table S2).

Finally, a third additional sample of 14 patients un-
dergoing cardiac surgery, different from the 2 above
cohorts, was specifically recruited to study the pos-
sible correlation of connexins43 expression between
peripheral blood mononuclear cells (PBMC) and car-
diac tissue. Details on this population are provided
below and in Table S3.

ECG Recordings

PR-interval, representing the sum of P wave duration
and PR segment, is a well-established tool to estimate
the atrioventricular conduction on the surface ECG.
While P wave duration reflects the electrical signals
that propagate through the atria, PR-segment corre-
sponds to the period during which electrical signals
are delayed at the atrioventricular node, before they
enter the ventricular branches. Thus, PR-segment
represents a more accurate ECG parameter to spe-
cifically evaluate atrioventricular nodal conduction. In
all patients and controls, simultaneous twelve-lead
ECG (25 mm/s and 10 mV/cm; sampling rate 1kHz)
was recorded (Cardioline ECT WS 2000, Remco ltalia,
Vignate-Milano, ltaly) in supine position, and during
spontaneous breathing, in the morning hours (be-
tween 08:00 am and 12:00 noon). Paper-printed ECGs
were scanned and digitized in order to achieve greater
precision in detecting and measuring PR-intervals/
segments. PR-interval and PR-segment were meas-
ured from 3 non-consecutive beats (mean value) by a
single investigator (M.A.) blinded to the subject clinical
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status. PR-interval duration was measured from the
beginning of the P-wave deflection to the beginning
of the QRS complex. PR-interval duration <200 ms
was considered normal. Thus, according to current
American College of Cardiology Foundation/American
Heart Association/Heart Rhythm Society guidelines,
I°’AVB is defined as abnormal prolongation of the PR
interval (>200 ms).%® To better evaluate the severity of
the atrioventricular delay, an additional, more stringent
cut-off (>220 ms) was also considered.?* It is well
documented that most of the physiological PR-interval
beat to beat or day to day variability for a given patient
is dependent on heart rate (HR) changes,3"3 and that
adjustment for the HR results in a high intra-subject
stability of this parameter throughout the time.®’
Accordingly, PR-interval was then adjusted for the HR
by using the Soliman-Rautaharju’s formula (PR-interval
+ 0.26 (HR—70) for age group younger than 60 years,
or PR-interval+0.42 (HR—70) for age group 60 years or
older) to obtain the heart corrected PR-interval (PRc-
interval).3? In this case, PRc-interval>205 ms (95th
percentile) was considered as the limit for IPAVB.%°
PR-segment duration was measured from the end
of the P-wave deflection to the beginning of the QRS
complex. According to Soliman et al,*® a PR-segment
duration <91 ms (95th percentile) was considered nor-
mal. Finally, given that no formulas to correct the PR-
segment for the HR presently exist and that, differently
to PR-interval, P-wave duration is not significantly af-
fected by heart rate changes*' (thereby implying that
PR-segment is the specific component of the PR-
interval which actually require HR-adjustment), the
Soliman-Rautaharju’s formula®® was also applied to
the PR-segment to estimate, for research purposes,
the heart corrected PR-segment (PRc-segment).

Laboratory Analysis

Blood samples were centrifuged at 2000g and
serum samples were stored at —80 °C. CRP was as-
sayed by a particle-enhanced turbidimetric method
(COBAS-6000 platform, Roche Diagnostics GmbH,;
Mannheim, Germany) and the values were expressed
as mg/dL (normal values <0.5). A multiplex assay for
cytokine quantification (Bioplex, Bio-Rad, Hercules,
CA) was used to measure circulating levels of inflam-
matory cytokines IL-6, TNFa, and IL-1, and the anti-
inflammatory cytokine IL-10. Cytokine concentrations
were calculated using a standard curve established
from serial dilutions of each cytokine standard as de-
scribed in the manufacturer’s protocol and expressed
as pg/mL. Since no established reference values for
cytokine levels are currently available, an internal refer-
ence control group of 10 healthy subjects (mean age
55.5+4.3 years) without clinical signs of ongoing acute
infections was used.
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Correlation Study of Cardiac Tissue

and Circulating Levels of Connexin43 in
Patients Undergoing Cardiac Surgery
Previous studies already have demonstrated that a
strong correlation exists between mRNA expression of
several cardiac ion channels in PBMC and the cardiac
tissue.'®2442 Moreover, the presence of a strict relation-
ship between mMRNA and protein levels of connexin43
has been demonstrated by several authors either in
cardiac**=%% or in PBMC.*® Based on this evidence,
in order to specifically evaluate whether connexin43
expression in PBMC may be a reflection of cardiac
connexin43 expression, PBMC and cardiac tissue
specimens from atria and/or ventricles were obtained
from 14 consecutive patients undergoing cardiac sur-
gery, including valve surgery (n=9), heart transplanta-
tion (n=3), septal myomectomy (n=1), and interatrial
communication (n=1), for a total of 19 myocardial
samples collected (right atrium n=7, left atrium n=5,
left ventricle n=4, right ventricle n=3; Table S3). Blood
samples were withdrawn 1-12 hours before surgical
procedures, and cardiac tissues were obtained prior to
the establishment of extracorporeal circulation. Tissue
specimens were collected in a Dulbecco’s Phosphate
Buffered Saline (DPBS) 1% penicillin-streptomycin so-
lution and immediately homogenized and stored at
—80 °C for further RNA extraction. Heparinized periph-
eral blood samples were diluted 1:1 with DPBS and
PBMCs collected after a “Lympholyte density gradient
separation.” PBMCs were washed twice in DPBS and
the pellet obtained was immediately lysed, frozen and
stored at —80°C for further RNA extraction. For each of
these patients, connexind3 MRNA levels were meas-
ured in both cardiac tissue and PBMCs.

Circulating Connexin43 Levels in Patients
With Inflammatory Diseases

Peripheral blood samples were withdrawn in PRE and
POST conditions in 13/46 consecutive, unselected pa-
tients with inflammatory diseases, as well as in 25 con-
trols, to isolate PBMCs and analyze connexin43 mRNA
expression in these cells.

Analysis of Connexin43 mRNA by gRT-
PCR

Total RNA was isolated from the heart tissue (B0pQ)
and PBMCs (10x10) using the RNeasy Lipid Tissue
Mini Kit and miRNeasy Mini Kit respectively, following
the datasheet provided by the manufacturer. For cDNA
synthesis, RT? First Strand Kit was used, according to
manufacturer’s instructions. gRT-PCR was performed
using customized RT? PCR arrays with primers for
connexind3 (GJAT). B-actin and HPRT were selected
and used as reference genes to normalize mRNA
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expression data obtained with gRT-PCR experiments.*?
Primers for the genes of interest were synthesized by
the manufacturer and provided already dispensed in
customized RT? PCR arrays. All kits and reagents were
purchased at Qiagen S.p.A, Milano, Italy.

Guinea Pig Study

Dunkin-Hartley guinea pigs (350-450 g) were anesthe-
tized with 2%-4% isoflurane using a Tec-3 precision
vaporizer (Patterson Veterinary, Greeley, CO). Animal
was placed on a pad heated with recirculating water
(Patterson Veterinary, Prostration Rodent Workstation;
T/Pump, Stryker, Portage, MI). After acclimation to the
heating pad and anesthesia, basal ECG recordings in
lead-1 were obtained followed by IL-6 (200ng/mL) and
IL-6-receptor (IL-6R, 200 ng/mL) (Sigma Aldrich, St.
Louis, MO) administered intraperitoneally. IL.-6R was
co-administered with IL-6 to mimic the existing high
levels of the soluble form of IL-6R during inflamma-
tory processes. ECG recordings were obtained every
30 minutes for 2 hours (sampling rate 1kHz). Acquisition
hardware included an Animal Bio Amp (ML136), Dual
Bio Amp (ML135), and PowerlLab 8/30 (ML870) all
from ADInstruments (Colorado Springs, CO). Software
acquisition and analysis performed using LabChart6
(ADInstruments).

Protein Extraction and Western Blotting
in Mouse HL-1 Cardiomyocytes and
Raw264.7 Macrophages in Cultures
HL-1 mouse cardiomyocytesare one of the most cur-
rently used models for adult cardiac cells,*” particularly
to examine Cx43 expression.*®-%0 HL-1 cells cardiomy-
ocytes were maintained in gelatin-fibronectin-coated
flasks in Claycomb medium (Sigma-Aldrich, Boston,
MA) supplemented with 10% FBS (Sigma-Aldrich,
Boston, MA), 0.1 mmol/L norepinephrine (Sigma-
Aldrich, Boston, MA), 100 U/mL penicillin, 100 mg/mL
streptomycin (Gibco, Invitrogen, Grand Island, NY),
and 2 mmol/L L-glutamine (Gibco, Invitrogen, Grand
Island, NY) and kept semi-confluent at all times.
Raw264.7 is a cell line of mouse blood monocytes/
macrophages very similar to macrophages derived
from circulating PBMCs. Physiologically, adult car-
diac resident macrophages are distinct cells origi-
nated from embryo precursors that migrate to the
heart from yolk sac and fetal liver prior to birth and
maintain themselves by in situ renewal, mostly in the
absence of the adult blood mononuclear cell pool.5!
Nevertheless, when self-renewal declines with age or
after cardiac insult, cardiac tissue can be repopulated
by monocyte-derived macrophages.®? In this regard,
it has been demonstrated that Raw264.7 (similar to
circulating PBMC) can be recruited by expression of

J Am Heart Assoc. 2021;10:e022095. DOI: 10.1161/JAHA.121.022095

PR-Interval and Inflammation

the chemokine (C—C motif) receptor-2 and are capable
of cell-cell interaction.®®%* Raw264.7 macrophages,
kindly provided by C.T. Baldari, University of Siena,
were grown in DMEM High-Glucose (Sigma-Aldrich,
Milano, Italy) supplemented with 10% FBS (Euroclone,
Milano, Italy).

Both cell lines were untreated or treated with IL-6
(100 pg/mL, Sigma-Aldrich) for 24 hours. Cell pel-
lets were lysed in RIPA buffer with protease inhibitors
(25 mmol/L Tris-HCI, pH 7.6 containing 150 mmol/L
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)
for 30 minutes at 4 °C and centrifuged at 10 000g for
15 minutes. The supernatant after centrifugation was
resolved by SDS-PAGE on a 4%-15% Tris-HCI gel
(Bio-Rad) and transferred on to a PVDF membrane
(Bio-Rad). Blots were blocked with 5% milk for an hour
and probed with polyclonal rabbit anti-connexin 43 an-
tibody (Sigma-Aldrich, 1:200) and, as loading controls,
anti GAPDH (Sigma-Aldrich, 1:5000) or mouse anti-3
actin (Merck-Millipore 1:1000) antibodies, respectively,
for HL-1 or Raw264.7, overnight at 4 °C. Further it was
probed with anti-rabbit IgG HRP (Santa Cruz) at a
1:5000 or and anti-mouse IgG HRP-linked (1:10000,
Invitrogen) dilution at room temperature for 1 hour. The
signal was detected with Clarity ECL substrate (Bio-
Rad) and blots were scanned in a C-Digit blot scanner
(LI-COR) at high sensitivity to obtain the image.

Statistical Analysis
Descriptive statistics is reported as frequency count
and percentage for qualitative data and mean+SD or
median and range of variation for quantitative data.
The following parametric or non-parametric statis-
tical analyses were carried out: the two-tail Student’s
paired “t” test, or the two-tail Wilcoxon matched-pairs
test, or the two-tail Student’s unpaired “t” test, or the
two-tail Mann-Whitney test to evaluate differences in
quantitative variables between 2 groups of data paired
(changes in PR-intervals/segments, CRP, cytokines,
PBMC connexind3 expression in inflammatory pa-
tients, PRE versus POST; IL-6-dependent changes in
connexin43 expression in cardiomyocytes or macro-
phages versus baseline) or unpaired (comparisons of
age, PR-intervals/segments, CRP, cytokines, PBMC
connexin43 expression in inflammatory patients versus
controls or in inflammatory patients with PRc>200 ms
versus <200 ms), respectively; the Spearman rank
correlation-test to verify possible statistical association
between quantitative variables in patients with inflam-
matory diseases (PR-intervals/segments versus CRP,
cytokines, or PBMC connexin43 expression; CRP or
cytokines versus PBMC connexin43 expression) and
in patients undergoing cardiac surgery (cardiac ver-
sus PBMC connexind3 expression); the two-sided
McNemar test, or the two-sided Fisher's exact test
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were performed to evaluate statistical association
between categorical variables in patients with in-
flammatory diseases and controls (PR-intervals/seg-
ments, PRE versus POST, PRE/POST versus controls,
PRc>200 ms versus PRc<200 ms). The Dunnett’s test
was applied when patients with inflammatory diseases
in PRE/POST conditions were compared to controls.

We also performed a sample size and power anal-
ysis to define the number of subjects to include in
both groups of patients and controls. For the study,
an effect size of about 0.8, a first type error of 0.05
and a power of 90% were considered, obtaining 44
study cases and 28 controls, using Mann-Whitney
test. Nevertheless, considering 46 study patients for
the PRE-POST comparison, the effect size decreases
to about 0.5, still maintaining a power of 90% based on
Wilcoxon-test. The sample size was estimated with the
GPower software.

P values <0.05 were considered significant
(GraphPad-InStat, version 3.06 for Windows 2000).

RESULTS

PR-interval in Patients With Inflammatory
Diseases and its Relationship With
Inflammatory Markers
Patients with active inflammatory diseases showed
PR-interval prolongation in 15%-17% of cases (de-
pending on the cutoff used: >200 ms, 8/46; >220 ms
7/46), a percentage greater than that observed in
controls (>200 ms: 1/30 [3%)], P=0.08; >220 ms: 0/30
[0%], P=0.038; two-sided Fisher’s exact test). A simi-
lar trend was also observed for median PR-interval
values, which were 168.4 ms in inflammatory pa-
tients versus 156.7 ms in controls (P=0.10, two-tails
Mann-Whitney test). However, in the inflammatory
group the median HR was significantly higher than in
control subjects (80.0 versus 66.5 bpm; P<0.0001,
two-tails Mann-Whitney test), a factor which might
have underestimated the differences. In fact, it is well
known that HR and PR-interval have inverse relation-
ship, with PR-interval becoming shorter with increas-
ing HR and vice-versa.®® Accordingly, after correcting
the PR-interval values for the heart rate by using the
Soliman-Rautaharju’s formula,®® the resulting PRc-
interval became significantly different in inflammatory
versus control subjects, both in terms of median val-
ues (173.1 versus 156.9 ms; P=0.012, two-tails Mann-
Whitney test) and prolongation percentages (>200 ms:
11/46 [24%] versus 0/30 [0%], P=0.0026; >205 ms:
9/46 [20%)] versus 0/30 [0%], P=0.0097; >220 ms: 7/46
[15%)] versus 0/30 [0%], P=0.038; two-sided Fisher’s
exact test; Table 1; Figure 1; Table S2).

Based on the underlying inflammatory disease,
a specific treatment in each patient was initiated,
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including antibiotics, anti-infammatory drugs or
protease inhibitors (Table S1). Such interventions
lead to a rapid (mean follow-up time 19.9+24.4 days,

Table 1. Changes in Clinical, Electrocardiographic,
Laboratory and Echocardiography Parameters in Patients
With Inflammatory Diseases (n=46), During Active Disease
(PRE) and After Therapeutic Interventions Resulting in a CRP
decrease >75% When Compared With the Baseline (POST)

PRE POST P value
CRP, mg/dL (r.v.<0.5) 12.5 (15.5) 1.6 (1.9) <0.0001*
IL-6, pg/mL (r.v.0.49-1.25) 14.0(22.4) |3.04.2 <0.0001*
IL-1, pg/mL (rv.0.08-0.29) 0.37 (0.39) |0.27 (0.21) |0.045*
TNFa, pg/mL (rv.0.60-3.24) 075(010) | 0.75(015) | 0.57
IL-10, pg/mL (r.v.0-3.60) 0.56 (0.52) |0.55(0.27) |0.45
Heart rate, bpm 80.0 (14.0) 74.0 (17.5) 0.0007*
PR-interval, ms 168.4 (45.6) | 163.0 (28.6) | 0.19
Patients with PR- 8 (17%) 5 (11%) 0.37
interval>200 ms, n
Patients with PR- 7 (15%) 3 (7%) 013
interval>220 ms, n
PRc-interval, ms 173.1 (39.4) | 162.5(30.1) | 0.0091*
Patients with PRc- 11 (24%) 5 (11%) 0.041*
interval>200 ms, n
Patients with PRc- 9 (20%) 5 (11%) 0.07
interval>205 ms, n
Patients with PRc- 7 (15%) 3 (7%) 013
interval>220 ms, n
PR-segment, ms 59.7 (36.2) 57.3(26.9) |0.09
Patients with PR- 8 (17%) 5 (11%) 0.37
segment>91 ms, n
PRc-segment, ms 63.7 (33.4) |59.8(23.4) |0.0021*
Patients with PRc- 9 (20%) 5 (11%) 0.13
segment>91 ms, n
Potassium, mEq/L (r.v.3.5-5.5) 4.0+0.5 4.2+0.6 0.33
Calcium, mg/dL (r.v.8-11) 8.5+0.8 8.6+0.6 0.92
Magnesium, mg/dL (r.v.1.5-2.5) 1.9+0.3 1.8+0.4 0.19
Creatinine, mg/dL (rv.0.7-1.2) 1.1+£0.5 0.9+0.2 0.10
pO,, mm Hg (r.v.70-100) 70.1+13.4 72.8+10.2 0.27
pH (r.v.7.35-7.45) 7.44+0.05 7.44+0.04 |0.96
Left atrial diameter, mm (rv.<40) | 39.9+2.9 39.8+3.0 0.99
Ejection fraction, % (r.v.>50) 57.0+31 57.9+3.1 0.20
Left ventricular internal 47.8+4.5 47.7+4.9 0.19
dimension, mm (r.v.<56)
Estimated pulmonary artery 33.0+6.6 29.8+5.6 0.10
pressure, mm Hg (r.v.<30)

Cytokine level range measured in an internal reference group of healthy
controls.

Values are expressed as median (interquartile range), or mean+SD, or
frequency count and percentages.

Differences were evaluated by the two-tail Student’s paired “t” test, or the
two-tail Wilcoxon matched pairs test. Difference in categorical variables were
evaluated by McNemar test.

CRP indicates C-reactive protein; IL-1, interleukin-1; IL-10, interleukin-
10;,IL-6, interleukin-6; PRc interval, heart rate-corrected PR interval; PRc
segment, heart rate-corrected PR segment; r.v., reference values; and TNFa,
tumor necrosis factor alpha.

*statistically significant difference.
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Figure 1. PR-interval changes and their correlation with C-reactive protein (CRP) in patients with

inflammatory diseases, during active disease (PRE) and after therapeutic interventions resulting
in CRP decrease >75% when compared with the baseline (POST), and controls (C).

A, Representative ECG strips of an 82-year-old patient with polymyalgia rheumatica, during active disease
(PRE: heart rate-corrected PR[PRc]-interval 253 ms) and after a 11-day treatment with prednisone (POST:
PRc-interval 194 ms). Red vertical lines and horizontal arrows in leads Il, V1 and V2, indicate PR-interval.
B, Changes in PRc-interval observed in PRE and POST conditions in the entire population of patients with
inflammatory diseases; two-tail Wilcoxon matched-pairs test, **P<0.01. C, Comparison of PRc-interval
in patients with inflammatory diseases, in PRE and POST conditions, and controls; two-tail Dunnett’s
test, *P<0.05, n.s. not significant. D, Relationship between PRc-interval and CRP levels; Spearman test.

Patients, n=46; controls, n=30.

median 10.0 days) and significant decrease in CRP
levels (median -87.2%) as well as PRc-interval
duration (median APRc=-10.6 ms, from 173.1 to
162.5 ms) (Table 1; Figure 1A through 1C). Notably,
PRc-interval decreased reaching median values not
significantly different from controls (Figure 1C). Hence,
the percentage of patients showing PRc-interval
prolongation decreased (>200 ms: 5/46 [11%)]; >205 ms:
5/46 [11%]; >220 ms: 3/46 [7%]). Notably, about a half
of the subjects who presented I°’AVB in PRE conditions
showed a normal atrioventricular conduction when re-
evaluated in POST conditions (Table 1). Moreover, the
prevalence of PRc-interval prolongation found in the
patients after treatment was no longer different to that
observed in controls (>200 ms: 5/46 [11%] versus 0/30
[0%], P=0.15; >205 ms: 5/46 [11%] versus 0/30 [0%)],
P=0.15; >220 ms: 3/46 [7%] versus 0/30 [0%)], P=0.27;
two-sided Fisher’s exact test).

J Am Heart Assoc. 2021;10:e022095. DOI: 10.1161/JAHA.121.022095

Changes in CRP levels and PRc-interval significantly
correlated throughout the study period (r=0.33, P<0.01;
Figure 1D). On the contrary, no appreciable variations
in other laboratory (electrolytes, arterial blood gases,
pH, renal function) or echocardiography findings was
demonstrated when PRE and POST conditions were
compared (Table 1).

Circulating IL-6 levels showed a marked elevation
during the active inflammatory phase, but rapidly re-
duced to near-normal values when CRP decreased
(Table 1; Figure 2A). Notably, IL-6 levels significantly as-
sociated with PRc-interval values throughout the study
time, even more than that observed for CRP (r=0.38,
P<0.001; Table 1; Figure 2B). A smaller but significant
increase of IL-1 concentration was also demonstrated
at baseline which decreased after therapeutic inter-
ventions and correlated with PRc-interval changes
(r=0.27, P<0.05; Table 1; Figure 2C and 2D). On the
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Figure 2. Changes in cytokines and their correlation with heart rate-corrected PR-interval (PRc-
interval) in patients with inflammatory diseases, during active disease (PRE) and after therapeutic
interventions resulting in CRP decrease >75% when compared with the baseline (POST), and
controls (C).

A, Comparison of interleukin-6 (IL-6) levels in patients with inflammatory diseases, in PRE and POST
conditions, and controls; two-tail Dunnett’s test, ***P<0.001, n.s. not significant. B, Relationship between
PRc-interval and IL-6 levels; Spearman test; C, Comparison of interleukin-1 (IL-1) levels in patients with
inflammatory diseases, in PRE and POST conditions, and controls; two-tail Wilcoxon matched-pairs test,
*P<0.05; two-tail Dunnett’s test, n.s. not significant. D, Relationship between PRc-interval and IL-1 levels;
Spearman test. Patients, n=46; controls, n=30. Horizontal dotted line indicates the upper limit values in a

reference healthy population, ie, 1.25 pg/mL for IL-6, and 0.29 pg/mL for IL-1.

contrary, TNFa and IL-10 levels were not different when
compared to controls and did not show any substantial
change following therapy (Table 1).

PR-Segment in Patients With
Inflammatory Diseases and Association
With Cytokine Levels

A previous study demonstrated that systemic inflam-
mation, via IL.-6 increase, can affect intra-atrial conduc-
tion.?* Given that the PR-interval reflects the summation
of electric signal propagation in atria and atrioventricu-
lar node, we also evaluated the impact of inflamma-
tory activation on the PR-segment, as it corresponds
to the period that the electric signals are delayed at
the atrioventricular node.®® By comparing patients
with inflammation to controls, median PR-segment
values tended to be higher, but not significantly (569.7
versus 53.3 ms; P=0.13, two-tails Mann-Whitney test).
However, the percentages of inflamed patients with

J Am Heart Assoc. 2021;10:e022095. DOI: 10.1161/JAHA.121.022095

a prolonged PR-segments (>91 ms) was significantly
higher than in controls (>91 ms: 8/46 [17%)] versus 0/30
[0%)], P=0.022; two-sided Fisher’s exact test). Again,
these differences became more evident when the
PRc-segment was used, both in term of median val-
ues (63.7 versus 55.6 ms; P=0.0073, two-tails Mann-
Whitney test), and prolongation percentages (>91 ms:
9/46 [20%] versus 0/30 [0%], P=0.0097; two-sided
Fisher’s exact test; Table 1; Figure 3; Table S2).

In patients with inflammation, the therapeutic interven-
tion resulted in a significant PRc-segment shortening
(median APRc= -3.9 ms, from 63.7 t0 59.8 ms; Table 1;
Figure 3A through 3C), until reaching median values
not significantly different from controls (Figure 3C).
Moreover, while the prevalence of patients showing
PRc-segment prolongation after treatment was re-
duced, but not significantly when compared to PRE
conditions (Table 1), such a percentage was no longer
different to that observed in controls (5/46 [11%)] ver-
sus 0/30 [0%)], P=0.15; two-sided Fisher’s exact test).
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Figure 3. PR-segment changes and their correlation with interleukin(IL)-6 levels in patients with
inflammatory diseases, during active disease (PRE) and after therapeutic interventions resulting
in CRP decrease >75% when compared with the baseline (POST), and controls (C).

A, Representative ECG strips of a 74-year-old patient with acute cholangitis, during active disease (PRE:
heart rate-corrected PR[PRc]-segment 178 ms) and after a 16-day treatment with piperacillin/tazobactam
(POST: PRc-segment 105 ms). Red vertical lines and horizontal arrows in leads Il and V4, indicate PR-
segment. B, Changes in PRc-segment observed in PRE and POST conditions in the entire population of
patients with inflammatory diseases; two-tail Wilcoxon matched-pairs test, **P<0.01. C, Comparison of
PRc-segment in patients with inflammatory diseases, in PRE and POST conditions, and controls; two-
tail Dunnett’s test, **P<0.01, n.s. not significant. D, Relationship between PRc-segment and IL-6 levels;

Spearman test. Patients, n=46; controls, n=30.

Notably, a significant association with IL-6 levels was
also confirmed for PRc-segment changes observed
over time (r=0.29, P=0.016; Figure 3D). Altogether,
these data suggest that inflammation can delay atrio-
ventricular conduction via IL-6-mediated specific ef-
fects on the atrioventricular node.

Determinants of Different Magnitude of
PR-interval/PR-Segment Changes in
Patients With Inflammatory Diseases

As observed in Figures 1 and 3, the magnitude of
PR-interval/PR-segment changes markedly differed
throughout the patients with inflammatory diseases,
the most evident variations occurring in those who pre-
sented I°AVB during active disease (= a quarter of the
entire population). In order to better characterize this
phenomenon and underlying causes, we conducted a

J Am Heart Assoc. 2021;10:e022095. DOI: 10.1161/JAHA.121.022095

subanalysis by dividing the patients in 2 groups based
on PRc-interval values in PRE conditions, ie >200 ms
(11/46, 24%) versus <200 ms (35/46, 76%). We found
that in the PRc>200 group, PRE/POST changes
were noticeably more evident than those observed
in the PRc<200 group, both in terms of PRc-interval
(PRc>200 group: median APRc=-36.2 ms, from
231.6 to 195.4 ms; PRc<200 group: median APRc=
—7.7 ms, from 164.6 to 156.9 ms) and for PRc-segment
(PRc>200 group: median APRc= -32.5 ms, from 112.7
to 80.2 ms; PRc>200 group: median APRc= —4.1 ms,
from 61.8 to 57.7 ms).

Comparisons of demographic, clinical, electrocar-
diographic and laboratory findings (Table S4) showed
that patients in the PRc>200 group were older and
reached significantly higher median IL-6 levels during
active disease (=2-fold) with respect to those in the
PRc<200 group. Moreover, in the PRc>200 group
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both the median PRc-interval and PRc-segment du-
rations, although markedly shortened after therapy, re-
mained significantly longer than in the PR<200 group
also when the active inflammatory phase was resolved
(POST conditions). Conversely, no differences in terms
of heart disease, hypertension or diabetes prevalence
were observed between the 2 groups.

Overall, these findings suggest that patients with the
higher risk of developing severe atrioventricular delays
during inflammation are those in whom IL-6 levels are
substantially increased (>20 pg/mL), and a preexisting
conduction reserve deficit is present, more commonly
age-related. Accordingly, in this group of subjects the
correlation existing over time between conduction
parameters and circulating IL-6 was markedly stron-
ger than that observed in the whole population (PRc-
interval/IL-6: r=0.54 [versus 0.38]; PRc-segment/IL-6:
r=0.48 [versus 0.29]; Figure S1).

Correlation Between Cardiac and
Circulating Levels of Connexin43 in
Patients Undergoing Cardiac Surgery
Connexin43 is expressed in PBMC, and critically regulates
leukocyte recruitment and development, as well as T-cell
activation by accumulating at the level of the so-called im-
munological synapse.5®” Paired analysis of mRNA levels
of connexin43 from cadiac (atrial and/or ventricular) tissue
and PBMC demonstrated a strong center-periphery cor-
relation (=0.58, P=0.0091; Figure 4A), thereby providing
evidence that PBMC-derived expression of connexin43 is
correlative to the their expression levels in the myocardial
tissue in the atria and ventricles.

Relationship Between Circulating
Connexin43 levels, PRc-interval/segment
and Inflammatory Markers in Patients
With Inflammatory Diseases

In 13 unselected, consecutive patients with inflamma-
tory diseases, connexind3 expression analyses was
performed in PBMCs, to compare PRE and POST
conditions (mean follow-up time 11.2+6.6 days, me-
dian 11.0 days). Values of PRc-interval/segment and
inflammatory markers of these subjects in PRE and
POST conditions show that they were representative
of the entire cohort (Table S5).

Although a rise in mMRNA levels of connexin43 was
observed in these patients after the CRP decrease of
>75% when compared with baseline (1.01+0.44 [me-
dian 1.00] versus 1.24+0.87 [1.08]), such a difference
did not reach the statistical significance (Table S5).
Nevertheless, in these patients, connexind3 levels in
PRE, but not in POST conditions, were significantly
lower than those observed in controls (1.31+0.52
[1.10]; Figure 4B). Moreover, connexind3 expression
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Figure 4. Correlation between cardiac and connexin43
transcript expression in patients undergoing cardiac
surgery, and changes of connexin43 transcript expression
in patients with inflammatory diseases.

A, Relationship between connexind3 mRNA levels in atrial and/
or ventricular tissue and peripheral blood mononuclear cells
(PBMCs); Spearman test; patients, n=14; samples, n=19. B,
Comparison of circulating levels of connexind3 mRNA levels
in patients with inflammatory diseases, during active disease
(PRE) and after therapeutic interventions resulting in CRP
decrease >75% when compared with the baseline (POST), and
controls; two-tail Dunnett’s test, *P<0.05, n.s. not significant;
patients, n=13; controls (C) n=25. C, Relationship over time
between circulating connexind3 mRNA and IL-6 levels in patients
with inflammatory diseases; Spearman rank correlation. D,
Relationship over time between PRc-interval and IL-6 levels in
patients with inflammatory diseases; Spearman rank correlation;
patients, n=13. E, Relationship over time between PRc-segment
and IL-6 levels in patients with inflammatory diseases; Spearman
rank correlation; patients, n=13.

significantly and inversely correlated with IL-6 con-
centrations over time (=-0.42, P=0.033; Figure 4C),
which in turn were directly associated with both PRc-
interval (=0.47, P=0.020) and PRc-segment (r=0.52,
P=0.0089) changes (Figure 4D and 4E).

Acute Effect of IL-6 on Guinea Pig PR-
Interval

In order to further support the role of IL.-6 in the patho-
genesis of inflammation-induced atrioventricular

10
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Table 2. Changes in Electrocardiographic Parameters
of Guinea Pigs (n=5) Before and After Administration of
Interleukin(IL)-6

BASELINE IL-6 P value
Heart rate, bpm 260.1 (9.7) 226.9 (11.7) 013
P-wave, ms 19.7 (1.0) 20.1 (0.9 0.74
PR-interval, ms 51.4 (2.4) 58.2 (2.7) 0.0068*
PR-segment, ms 31.7 (2.2) 381 (2.7) 0.042*

Values are expressed as mean+SEM.

Differences were evaluated by the two-tail Student’s paired “t” test, or the
two-tail Wilcoxon matched pairs test.

*statistically significant difference.

conduction delay, IL-6 was directly injected intraperito-
neally into guinea pigs (n=5), a suitable animal model
for PR-interval studies because of the similarities of
ECG features with humans.®®

As shown in Table 2 and Figure 5, IL-6 intraperi-
toneal administration was associated with significant
prolongation of both PR-interval (mean APR-interval:

PR-Interval and Inflammation

+6.8 ms, P<0.01) and PR-segment (mean APR-
segment: +6.4 ms, P<0.05), despite no significant
changes in heart rate or P wave duration. Figure 5A
illustrates representative ECGs from a guinea pig be-
fore and after IL-6 injection, respectively, with a APR-
interval of +6 ms and a APR-segment of +6 ms.

Effect of IL-6 on Connexin43 Protein
Expression in HL-1 Cardiomyocytes and
Raw264.7 Macrophages

The direct effect of IL-6 (100 pg/mL for 24 hours) on
connexin43 protein expression was evaluated both in
HL-1 cardiomyocytes and in Raw264.7 macrophages
by using western blots.

HL-1 cell incubation with IL-6 led to a significant de-
crease in connexin43 (-54%, P=0.007; Figure 6A and
6B). Although less marked, a significant IL-6-dependent
decrease of connexind3 was also observed in cultured
macrophages (-43%, P=0.008; Figure 6C and 6D).

A a. Baseline

A:\; T

PR-segment

PR-interval

o A

b.IL-6

0.5V

100 ms

B *¥k
1

70
— o)
é 65 - IS
‘_;’ 60 - 8
g d o o
£ 50 o)
X 451 o

40 4 : :

Baseline IL-6
c *
1

50+ 5
g 451 0
v 401 o
g 35- o o
C) v:
o 30- o o)
E 25 -

20 : :

Baseline IL-6

Figure 5.

Impact of interleukin(IL)-6 on PR-interval and PR-segment in guinea pigs.

A, Representative lead-I ECG from a female guinea pig during basal condition (A) with a normal sinus
rhythm at 245 beat/min with a PR-interval= 44 ms and a PR-segment=23 ms, and (B) at 120 minutes after
intraperitoneal injection with IL-6/1L-6-receptor(R) (200 ng/mL each) in the same guinea pig, demonstrating
a sinus rhythm at 219 beat/min, a PR-interval=50 ms and a PR-segment=29 ms; shaded areas in light blue
indicate the PR-segment and PR-interval respectively. B, Changes in PR-interval observed at baseline
and 120 minutes after intraperitoneal injection with IL-6/IL-6R for each guinea pig (n=5); two-tail paired
T test, **P<0.01. C, Changes in PR-segment observed at baseline and 120 minutes after intraperitoneal
injection with IL-6/IL-6R for each guinea pig (n=5); two-tail paired T test, “P<0.05.
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Figure 6. Effects of IL-6 on connexin43 protein expression
in HL-1 cardiomyocytes and Raw264.7 macrophages in
culture.

A, Western blot for connexin(Cx)43 in cardiomyocytes at baseline
(B) and after treatment with IL-6 (100 pg/mL) for 24 hours, and (B)
the corresponding histograms for Cx43 normalized to GAPDH
(n=5; mean percentage decrease=54%). Two-tails Mann-
Whitney test: **P<0.01. C, Western blot for Cx43 in macrophages
at baseline (B) and after treatment with IL-6 (100 pg/mL) for
24 hours, and (D) the corresponding histograms for Cx43
normalized to (B-actin (n=5; mean percentage decrease= 43%).
Two-tails Unpaired “t” test: **P<0.01.

DISCUSSION

The novel findings of the present study are: (1) in pa-
tients with elevated CRP levels, regardless of the spe-
cific underlying inflammatory condition, ECG indices of
atrioventricular conduction are increased, but promptly
normalized when inflammatory markers were reduced,
particularly IL-6; (2) in these subjects, connexin43 ex-
pression in PBMC, which correlates with that meas-
ured in the cardiac tissue, inversely associated with IL-6
changes; (3) IL-6 direct administration in a guinea pig
model induced a significant increase of atrioventricular
conduction indices; (4) in in vitro experiments, IL-6 in-
cubation significantly reduced connexin43 protein ex-
pression in both cardiomyocytes and macrophages in
culture.

Accumulating data, mostly emerging from the re-
cent COVID-19 pandemic, suggest that systemic
inflammation can negatively affect atrioventricular con-
duction, regardless of the cardiac injury, and that this
alteration is associated with higher short-term mortal-
ity rates.?931-35 Pytative underlying mechanisms for
death include the progression to severe AVBs,>6 atrio-
ventricular dyssynchrony promoting heart failure,*6
and increased propensity for malignant arrhythmias.”
Furthermore, previous studies identified PR-interval

J Am Heart Assoc. 2021;10:e022095. DOI: 10.1161/JAHA.121.022095
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prolongation as an independent predictor of cardiac
mortality in large populations.®~

Although it is well known that long-lasting inflam-
matory activation can promote coronary artery dis-
ease and heart failure,®®-%" representing 2 established
causes of AVBs,% increasing evidence intriguingly
suggests that inflammation could delay atrioven-
tricular conduction also in the short-term via direct
cytokine-mediated effects on the cardiac tissue.'®'®
By combining in vivo, ex vivo, and in vitro data from
humans, animals and cell models, the present study,
for the first time, demonstrated the existence of this
second mechanism and its relevance in the clinical
setting.

An important piece of evidence derives from our co-
hort of patients with elevated CRP levels due to different
inflammatory processes, infective, immune-mediated,
or from other origins. In these subjects, both the PRc-
interval duration and the prevalence of PRc-interval
prolongation were found to be significantly increased
when compared with controls, but rapidly normalize
(median ~10 days) after the treatment lowered CRP
levels. Moreover, PRc-interval length directly correlated
over time with CRP and circulating cytokines, more
strongly with IL-6. Notably, similar changes and cor-
relation with IL-6 levels were also demonstrated when
the PRc-segment was specifically analyzed, thereby
suggesting that inflammation-mediated atrioventricu-
lar conduction delay is primarily due to direct effects
of IL-6 on the atrioventricular node. Importantly, the
magnitude of PRc-interval/segment prolongation was
particularly relevant (>30 ms) in elderly subjects with a
preexisting lower conduction reserve, in the presence
of substantially high IL-6 levels (>20 pg/mL). Based on
these data, and on the evidence that PR-interval in the
general population progressively increases with age
(median values from 140 ms [18-20 years] to almost
190 ms [over 80 years)),%? it is anticipated that while
usually not clinically relevant in the younger people,
inflammation-induced changes may conversely repre-
sent an important precipitant factor for higher degree
AVBs in a number of elderly subjects.

In addition, the fact that such modifications are re-
versible in hours/days only, a timescale mismatched
with structural changes due to collagen deposition
and fibrosis, strongly points to functional mechanisms
responsible for an electrical remodelling of the atrio-
ventricular node. In this regard, the hypothesis that,
in these patients, IL-6 elevation can prolong the PR-
interval by down-regulating connexin43 expression in
atrioventricular node cells (myocytes and/or macro-
phages) is particularly attractive. Indeed, connexin43 is
characterized by a very rapid physiological turnover,'s
and both in vitro and ex vivo studies demonstrated that
inflammatory mediators significantly reduce its cardiac
expression in the course of few hours/days.?*2%
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In order to provide support to this pathogenic cas-
cade, we performed ex-vivo experiments to investi-
gate changes of connexin43 expression in patients
with inflammatory diseases. To address this point,
we preliminarily evaluated a cohort of subjects that
have undergone cardiac surgery and established that
mRNA expression of connexin43 in PBMC and car-
diac tissue (atrial and ventricular specimens, physio-
logically including both myocytes and macrophages)'
are strongly correlated, thereby proving that circulating
connexin43 levels are correlative of those expressed
in the heart. Accordingly, we then analyzed PBMC
connexin4d3 expression in patients with inflammatory
diseases demonstrating that while it was significantly
reduced in PRE conditions when compared with con-
trols, such a difference was no longer detectable after
therapeutic interventions (POST). Moreover, circulat-
ing connexind3 levels were inversely associated over
time with IL-6 concentrations, which in turn strictly
correlated with both PRc-interval and PRc-segment
duration. Overall, these data support the hypothesis
that systemic inflammation can rapidly induce signifi-
cant IL.-6-mediated connexin43 remodelling through-
out the heart, including in the atrioventricular node
cells (myocytes and macrophages), and that these
changes may contribute to PR-interval prolongation
and related clinical risks.

Further animal and in vitro experiments were per-
formed in this study to verify the validity of our hypoth-
esis, specifically to substantiate a role of key mediator
for IL-6 in acutely delaying atrioventricular conduction
by decreasing connexin43 expression in cardiomyo-
cytes and macrophages.

First, we established an animal model in which to
investigate the direct impact of IL-6 on PR-interval
and PR-segment. For this purpose, we administered
guinea pigs with IL-6, along with IL-6R to reproduce
the conditions observed in vivo during inflammatory
activation. In these animals, the treatment resulted in a
significant, rapidly occurring (2 hours) prolongation of
both PR-interval and PR-segment, without any appre-
ciable change in P-wave duration or heart rate.

Then, we investigated the in vitro effects of IL-6 in-
cubation on the connexin43 protein expression in car-
diomyocytes and macrophages in culture. Our results
showed a clear-cut inhibitory activity of this cytokine in
both the cell types, particularly in myocytes.

Altogether, these data provide additional mecha-
nistic support to the view that IL.-6 can promote acute
worsening of atrioventricular conduction at least in part
by inducing remodelling of the gap-junctions contain-
ing connexin43, which couple adjacent myocytes, as
well as myocytes and macrophages, at the atrioven-
tricular node (Figure 7).

The study has strengths and limitations. One im-
portant strength is the translational methodology used,
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Figure 7. IL-6-induced PR-interval prolongation: proposed
mechanism of action.

Systemic inflammatory activation, by increasing circulating IL-
6 levels could promote PR-interval prolongation by affecting
the electric properties of different cells in the atrioventricular
(AV) node. The results of the present study suggest that these
changes may consist, at least in part, in a down-regulation of
the gap-junctions containing connexin43 (Cx43), which couple
adjacent myocytes, as well as myocytes and macrophages, at
the AV node.

by which human data were combined with basic/trans-
lational mechanistic experiments to dissect a specific
clinical problem.

On the other hand, a possible limitation could be
the lack of direct data from the atrioventricular node
to confirm that the observed gap-junction remodel-
ling actually occurs in this specific part of the heart. In
fact, while in the ex vivo study we established a cor-
relation between connexin43 expression in atrial and
ventricular specimens and PBMC, such an evalua-
tion did not specifically include any sample from the
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atrioventricular node, as the collection of this tissue is
not feasible in the clinical practice. Nevertheless, the
evidence that such a correlation is present both above
(atria) and below (ventricles) the atrioventricular node,
ie heart regions in which likewise connexin43 is well-
expressed and both myocytes and macrophages are
present, makes it highly probable that these findings
can be extended to the atrioventricular node.

In addition, we did not explore the potential in vivo
IL.-6-dependent changes in connexin43 expression di-
rectly in the atrioventricular node by western blotting.
However, it was not a possible approach because of
anatomical considerations, specifically the need of
significant amounts of atrioventricular node tissue to
perform these experiments. Notably, while connexin43
plays a pivotal role in facilitating atrioventricular con-
duction, its expression is restricted to a specific part of
the node only (the distal part), thereby amplifying the
inherent technical challenge due to the small dimen-
sion of the guinea pig atrioventricular node.

Another possible limitation is that more biologi-
cally relevant cells could be used for the cellular stud-
ies, specifically human induced pluripotent stem cells
(hiPSCs)-derived cardiomyocytes differentiated into
nodal cells.®3 However, their usability as a human adult
cardiomyocyte model was limited by their functional
immaturity,64 as well as by the very small amount of
nodal-like cells among hiPSCs-derived cardiomyocytes
(less than 10%, with a shift into an atrial/ventricular-like
phenotype in the range of 7-t0-95 days during devel-
opment).8%56 Moreover, there is no evidence to date
that hiPSCs-derived cardiomyocytes express larger
amount of connexin43 than HL-1 cells.®”

Finally, accumulating evidence in the recent years
demonstrated that IL-6 can induce significant cardiac
electrical remodeling also independently of macro-
phages, by affecting trafficking and function of several
ion channels in cardiac myocytes. For example, it has
been demonstrated that IL-6 can markedly blunt hERG
channel protein levels and inhibit |, current in guinea
pig ventricular myocytes,®® as well as significantly de-
crease connexind0 expression in mouse cardiomyo-
cytes.? Given that both these channels are expressed
in the atrioventricular node®° and loss-of-function
mutations in the corresponding encoding genes can
cause AVB,27" it is likely that IL-6-mediated delaying
effects on atrioventricular conduction observed in
vivo result from multiple and synergistically operat-
ing electrophysiological mechanisms, among which
connexin43 downregulation in cardiomyocytes and
macrophages is included (not necessarily it being the
most important one). In this complex scenario, also
connexin45 could be involved, given its important con-
tributing role in atrioventricular node conduction.%"?
Although this subject warrants further investigation,
in this study we specifically focused on the role of
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connexin43 and for this reason the potential effects of
IL-6 on other ion channels and connexins expressed
in the atrioventricular node was beyond the scope of
our work.

In conclusion, this study for the first time provides
evidence that systemic inflammation via IL-6 eleva-
tion can acutely worsen atrioventricular conduction.
Moreover, we demonstrate that these changes are
associated with evident cardiac electrical remodeling,
and that IL-6-induced down-regulation of connexin43
is a mechanistic pathway putatively involved in the pro-
cess. Though promptly reversible, these electrophysi-
ological alterations may significantly increase the risk
of severe AVBs and other adverse clinical events re-
lated to the prolongation of atrioventricular conduction
times and, consequently, the risk of cardiac death in
the presence of active inflammatory processes.

While our data can provide a possible explana-
tory mechanism contributing to COVID-19-associated
AVBs, on the other hand, they more in general support
the hypothesis that inflammatory activation is per se
able to delay atrioventricular conduction, regardless
the specific underlying disease involved. From a tele-
ological point of view, it is intriguing to speculate that
cytokine-induced PR-interval prolongation could be a
protective mechanism, unless higher grade AVB devel-
ops. In fact, slowing atrioventricular nodal conduction
in the face of cytokine-induced tachycardia'®'®"3 could
increase the diastolic interval and allow for mainte-
nance of cardiac output.

The study also substantiates the recommendation
for the clinician to always carefully evaluate the possible
impact of a systemic inflammatory state on atrioventric-
ular conduction and related complications, particularly
when it is of high grade and occurs in elderly patients
with history of cardiac disease and/or taking drugs
negatively affecting the atrioventricular node function.
In these subjects, a prompt management of inter-
current infections or other concomitant inflammatory
processes may be an important therapeutic measure,
although often disregarded. As such, it is an intriguing
perspective that anti-cytokine therapy, specifically tar-
geting the IL-6, may be an innovative anti-arrhythmic
short-term approach for severe AVBs occurring/wors-
ening during active inflammatory states, possibly spar-
ing or delaying pacemaker implantation.
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SUPPLEMENTAL MATERIAL



Table S1. Demographic and clinical characteristics, and ongoing therapies of patients with
inflammatory diseases.

Patients, n 46
Age,years(range) 73.9+£16.8 (18.5)
Females, n 25/46 (54%)
Definite inflammatory diseases, n 46/46 (100%)
Acute infections 31/46 (68%)
Pneumonia 12/31 (41%)
Sepsis 6/31 (19%)
Biliary tract infection 5/31 (16%)
Urinary tract infection 4/31 (12%)
Acute bronchitis 3/31 (9%)
Spondylodiscitis 1/31 (3%)
Skin infection* 1/31 (3%)
Immune-mediated diseases 13/46 (28%)
Rheumatoid arthritis 10/13 (77%)
Inflammatory bowel disease* 1/13 (8%)
Polymyalgia rheumatica 1/13 (8%)
Cryoglobulinemic vasculitis 1/13 (8%)
Other 2146 (4%)
Acute microcrystalline arthritis 1/2 (50%)
Acute pancreatitis 1/2 (50%)
Therapeutic interventions for inflammatory disease, n 46/46 /100%)
Antibiotics 32/46 (70%)
Piperacillin/Tazobactam 14/32 (42%)
Ceftriaxone 5/32 (15%)
Amoxicillin/Clavulanate 4/32 (12%)
Levofloxacin 4/32 (12%)
Vancomycin 4/32 (12%)
Metronidazole 2/32 (9%)
Clarithromycin 2/32 (6%)
Imipenem 2/32 (6%)
Ceftazidime 1/32 (3%)
Teicoplanin 1/32 (3%)
Meropenem 1/32 (3%)
Oxacillin 1/32 (3%)
Colistin 1/32 (3%)
Fluconazole 1/32 (3%)
Anti-inflammatory drugs 13/46 (28%)
Corticosteroids 10/13 (77%)
Tocilizumab 9/13 (69%)
Methotrexate 2/40 (15%)
Cyclosporine 1/13 (8%)
Leflunomide 1/13 (8%)
Abatacept 1/13 (8%)
Colchicine 1/13 (8%)
Other 1/46 (2%)
Gabexate mesilate 1/1 (100%)

Age is expressed as mean tstandard deviation (interquartile range).

*In one patient, both skin infection and inflammatory bowel disease were concomitantly detected. This patient has been
counted in the “Immune-mediated disease” group.



Table S2. Demographic, electrocardiographic and laboratory characteristics of subjects in the

control group.

Subjects, n 30

Age, years 73.415.2 (7.0)1
Females, n 19 (63%)T
Heart rate, bpm 66.5 (14.2)
PR interval, ms 156.7 (19.2)
Patients with PR interval>200 ms, n 1 (3%)
PRc interval, ms 156.9 (24.2)
Patients with PRc interval>200 ms, n 0 (0%)

PR segment, ms 53.3(23.3)
PRc segment, ms 55.6 (21.1)
CRP, mg/dl 0.11 (0.17)
IL-6, pg/ml 0.09 (0.33)
IL-1, pg/mi 0.05 (0.32)
TNFa, pg/ml 0.42 (0.22)
IL-10, pg/ml 0.52 (0.19)
Cx43 1.31+0.52

PRc interval: heart rate-corrected PR interval; PRc segment: heart rate-corrected PR segment; CRP: C-reactive protein
(reference values <0.5 mg/dl); IL-6: interleukin-6 (reference values 0.49-1.25 pg/ml)*; IL-1: interleukin-1 (reference
values 0.08-0.29 pg/ml)*; TNFa: tumor necrosis factor alpha (reference values 0.6-3.24 pg/ml)*; IL-10: interleukin-10
(reference values 0-3.6 pg/ml)*; Cx43: connexin 43 mRNA levels in peripheral blood mononuclear cells.

*Cytokine level range measured in an internal reference group of healthy controls.

+p>0.05 vs patients with systemic inflammation (two tail Mann-Withney test and Fisher exact test, respectively).

Values are expressed as median (interquartile range), or frequency count and percentages. Age is expressed as mean
+standard deviation (interquartile range).



Table S3. Demographic, clinical, laboratory and echocardiography characteristics of patients studied for correlation of
connexin43 expression between atrial and/or ventricular tissue and blood.

Patient cfgﬁl;ter Age, years Sex Diagnosis EF, % | proBNP, pg/ml CRP, mg/dl
Left atrium
1 Left ventricle 63 Male Ischemic cardiomyopathy <20 842 0.15
Right ventricle
2 Right atrium 59 Male Aortic valve prosthetic endocarditis 60 3149 5.68
3 Left atrium 79 Female Aortic valulopathy 60 131 0.08
4 Right atrium 79 Male Mitral and aortic valulopathy 55 58 0.57
5 Right atrium 81 Male Mitral and aortic valulopathy 55 821 1.15
6 Right atrium 60 Male Mitral and aortic valulopathy 60 132 0.03
7 Left atrium 60 Female Mitral valulopathy 70 77 0.46
8 Right atrium 73 Female Aortic valulopathy 50 346 0.01
Left atrium
9 Left ventricle 55 Male Ischemic cardiomyopathy <20 813 4.06
Right ventricle
10 Right atrium 56 Male Interatrial communication with pgrtial 55 1697 0.35
anomalous pulmonary venous drainage
11 Right atrium 75 Female Mitral and aortic valulopathy 55 155 0.53
12 Left atrium 57 Male Mitral valulopathy 60 131 0.03
13 Fle_izfr:tv\;a:r:::::clfe 47 Female Hypertrophic cardiomyopathy 35 5066 0.34
14 Left ventricle 59 Female Hypertrophic cardiomyopathy 40 524 0.08

EF: ejection fraction; proBNP: pro-brain natruiretic peptide; CRP: C-reactive protein.



https://www.ncbi.nlm.nih.gov/pubmed/28716834

Table S4. Demographic, clinical, electrocardiographic and laboratory findings in
inflammatory disease patients with PRc>200 ms vs those with PRc<200 ms during active
disease (PRE).

PRc>200 ms PRc<200 ms p

Patients, n 11/46 (24%) 35/46 (76%) -
Age, years 84.8+9.0 (16.5) 70.1+17.3 (23.0) 0.0052
Females, n 6/11 (55%) 19/35 (54%) 1.0
IL-6 (PRE), pg/ml 22.0 (38.5) 11.2 (12.3) 0.048
PRc-interval (POST), ms 195.4 (42.6) 156.9 (23.9) <0.0001
PRc-segment (POST), ms 80.2 (36.9) 57.7 (12.3) <0.0001
CVD,n 5/11 (45%) 18/35 (51%) 1.0

Heart disease*, n 1/11 (9%) 9/35 (26%) 0.24

Hypertension, n 4/11 (36%) 8/35 (23%) 0.44

Diabetes, n 2/11 (18%) 5/35 (14%) 1.0

CVD: patients with heart disease and/or hypertension and/or diabetes; PRc-interval: heart rate-corrected PR interval,
PRc-segment: heart rate-corrected PR segment; IL-6: interleukin-6 (reference values 0.49-1.25 pg/ml); PRE: active
disease; POST: after therapeutic interventions resulting in a CRP decrease >75% when compared to the baseline.
Cytokine level range measured in an internal reference group of healthy controls.

*Including: chronic heart failure, coronary artery disease, hypertensive heart disease, valvular heart disease.

Values are expressed as median (interquartile range), or meanzstandard deviation, or frequency count and percentages.

Differences were evaluated by the two-tail Mann-Whitney test or unpaired T-test.
Difference in categorical variables were evaluated by the two-sided Fisher’s exact test.
P values <0.05 are presented in bold.



Table S5. Changes in laboratory and electrocardiographic parameters in a sub-cohort of patients
with inflammatory diseases (n=13) underwent expression analysis of circulating connexin43,
during active disease (PRE) and after therapeutic interventions resulting in a CRP decrease >75%
when compared to the baseline (POST).

PRE POST p
CRP,mg/dI 16.8 (12.8) 1.8 (1.5) <0.0001
IL-6, pg/ml 22.3 (57.4) 3.7(4.7) 0.004
IL-1, pg/ml 0.39 (0.47) 0.32(0.41) 032
TNFa, pg/ml 0.80 (0.31) 0.80(0.32) 0.73
IL-10, pg/ml 0.60 (0.22) 0.49 (0.16)  0.96
PRc-interval, ms 179.1 (68.1) 167.5 (29.6) 0.024
PRc-segment, ms 84.6 (65.1) 69.3 (36.7) 0.012
Cx43 1.01+0.44 1.24+0.87 0.15

PRc-interval: heart rate-corrected PR interval; PRc-segment: heart rate-corrected PR segment; CRP: C-reactive protein
(reference values <0.5 mg/dl); IL-6: interleukin-6 (reference values 0.49-1.25 pg/ml); TNFa: tumor necrosis factor
alpha (reference values 0.6-3.24 pg/ml); IL-1: interleukin-1 (reference values 0.08-0.29 pg/ml). Cytokine level range
measured in an internal reference group of healthy controls.

Values are expressed as meanzstandard deviation or median (range).

Differences were evaluated by the two-tail Student’s paired “t” test, or the two-tail Wilcoxon matched pairs test.



Figure S1. Relationship over time between PRc-interval and PRc-segment with IL-6 levels in inflammatory disease patients presenting with
PRc-interval>200 ms during active disease.
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Spearman test. Patients, n=11. PRc-interval: heart rate-corrected PR interval; PRc-segment: heart rate-
corrected PR segment; |L-6: interleukin-6.



