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Abstract

Aims: Cardiac contractile dysfunction is prevalent in rheumatoid arthritis (RA),
with an increased risk for heart failure. A hallmark of RA has increased levels of
peptidyl arginine deaminases (PAD) that convert arginine to citrulline leading to
ubiquitous citrullination, including in the heart. We aimed to investigate whether
PAD-dependent citrullination in the heart was linked to contractile function in a
mouse model of RA during the acute inflammatory phase.

Methods: We used hearts from the collagen-induced arthritis (CIA) mice, with
overt arthritis, and control mice to analyze cardiomyocyte Ca** handling and
fractional shortening, the force-Ca*" relationship in isolated myofibrils, the lev-
els of PAD, protein post-translational modifications, and Ca** handling protein.
Then, we used an in vitro model to investigate the role of TNF-a in the PAD-
mediated citrullination of proteins in cardiomyocytes.

Results: Cardiomyocytes from CIA mice displayed larger Ca** transients than
controls, whereas cell shortening was similar in the two groups. Myofibrils from
CIA hearts required higher [Ca®*] to reach 50% of maximum shortening, ie Ca**
sensitivity was lower. This was associated with increased PAD2 expression and
a-actin citrullination. TNF-«o increased PAD-mediated citrullination which was
blocked by pre-treatment with the PAD inhibitor 2-chloroacetamide.
Conclusion: Using a mouse RA model we found evidence of impaired cardiac
contractile function linked to reduced Ca** sensitivity, increased expression of
PAD?2, and citrullination of a-actin, which was triggered by TNF-a. This provides
molecular and physiological evidence for acquired cardiomyopathy and a poten-
tial mechanism for RA-associated heart failure.
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1 | INTRODUCTION

Patients with rheumatoid arthritis (RA) have a signifi-
cantly higher risk to develop heart disease, a major con-
tributor to the disease burden and mortality in RA.'™
Myocardial contractile function may be particularly vul-
nerable, as patients with RA have a greater risk of heart
failure,*° independent of traditional cardiovascular risk
factors, medication and, prevalent and incident isch-
emic heart disease.®” The mechanisms that link RA to
heart failure are incompletely known. Impaired vascular
smooth muscle contractility is described in animal models
of RA.'*! We recently demonstrated myocardial hyper-
trophy, fibrosis, and impaired contractility due to defec-
tive Ca®* handling in a mouse model of RA at a late stage
after remission of the synovial inflammation.'? The risk of
heart failure increases early after the onset of RA.%indicat-
ing that systemic factors in active RA can promptly impair
contractile function. How contractility and the contractile
mechanisms are affected in the early acute phase, with
overt arthritis, is yet unknown.

The myofibrillar contractile power is essentially graded
by the concentration of free cytoplasmic Ca**([Ca®*],).
Electrical stimulation of cardiomyocyte's plasma mem-
brane leads to transient elevation of [Ca®'], via the
opening of the L-type Ca®" channel (also known as dihy-
dropyridine receptor, DHPR), which triggers Ca** release
from the sarcoplasmic reticulum (SR) via the ryanodine
receptor 2 (RyR2) channel protein complex."® Binding of
Ca** to troponin C triggers contraction by allowing the
myosin cross-bridges to bind to actin. All these steps are
susceptible to diverse regulatory factors including post-
translational modifications of myofibrillar and Ca** han-
dling proteins.

Citrullination is a post-translational modification of
proteins caused by peptidyl arginine deaminases (PADs),
which convert the amino acid arginine to the non-classical
amino acid citrulline by replacing the primary positively
charged guanidine group with a neutrally charged ureido
group. While protein citrullination is a regulatory process
under normal conditions, increased protein citrullination
is a hallmark of RA and other inflammation-linked dis-
eases, such as multiple sclerosis and cancer.'*1® Cellular
Ca®* and inflammation signals are important regulators
of PAD expression and activity.'” Interestingly, PAD2-
dependent citrullination of sarcomeric proteins has been
observed in heart tissue of patients with cardiomyopa-
thies, and the myofibrillar Ca** sensitivity was decreased
in PAD2-exposed mouse cardiomyocytes.®

Contractile mechanisms and cardiac Ca** handling in
an acute phase of RA have, to our knowledge, never been
studied at a cellular level. We, therefore, aimed to inves-
tigate heart function in collagen-induced arthritis (CIA)

mouse, a model of human RA, which develops acute
arthritis and reflects the early inflammatory phase. To
study contractile regulation and PAD-dependent modi-
fications in the CIA heart we measured cardiomyocyte
Ca”* handling and shortening, Ca®* sensitivity in isolated
myofibrillar preparations, PAD2 expression, and protein
citrullination (Figure 1).

2 | RESULTS
2.1 | Cardiomyocyte Ca®>* handling and
contractility in CIA mice

Cardiomyocytes isolated from CIA mice displayed larger
[Ca®*]; transient amplitudes than controls (Figure 2A,B).
Moreover, the [Ca®*]; transient decay was faster in the CIA,
as indicated by a shorter time constant (Tau; Figure 2C).
Increased stimulation-induced [Ca®*]; transient ampli-
tudes might be due to increased SR Ca** stores. To test
this, CIA and control cardiomyocytes were superfused
with caffeine (10mM), which fully opens the RyR2 and
empties Ca®" from the SR." No difference in the caffeine-
induced increase in fluo-3 fluorescence was seen between
CIA and control cardiomyocytes (F/F,, control, 8.7 +0.6;
CIA 9.0+0.5, mean+SEM, p = 0.7, Figure 2D). This sug-
gests that the SR Ca®* load was unaltered in CIA cardio-
myocytes and hence could not explain the larger action
potential-induced [Ca®*]; transients seen in the CIA heart.

Surprisingly, despite the increased [Ca®'], tran-
sient amplitudes in the CIA cardiomyocytes, fractional
shortening was similar to control (Figure 2E). We plot-
ted the Ca*" fluorescence on the X axis and the con-
tractility (FS%) on the Y axis for each cardiomyocyte.
Cardiomyocytes of the CIA group showed higher Ca**
transients as their distribution is displayed on the right
part of the graph (Figure 2F). This indicates impaired
myofibrillar cross-bridge function in CIA cardiomyo-
cytes manifested as decreased Ca*" sensitivity, although
an additional general reduction in cross-bridge con-
tractility may also be present. To distinguish between
these two possibilities, cardiomyocytes were exposed to
the inotropic p-adrenergic agonist isoproterenol (ISO,
100nM). In the presence of ISO, [Ca**]; transients be-
came larger and faster with no difference in ampli-
tude (Figure S1A) and little difference in decay rate
(Figure S1B) between CIA and control cardiomyocytes.
The fractional shortening in the presence of ISO was
about twice as large as under control conditions and
there was no significant difference between CIA and
control cardiomyocytes (Figure S1C). The ISO-exposure
experiments indicate that the response to adrenergic
stimulation was not affected in cardiomyocytes isolated
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FIGURE 1 Development of the
collagen-induced arthritis (CIA) mouse
model of Rheumatoid Arthritis. DBA
mice were subcutaneously (s.c.) injected
with 100 pg of type II collagen (CII) and
300 pug of M tuberculosis in 0.1 ml of

the emulsion into the base of the tail.
On day 5, the animals were boosted
with a subcutaneous (s.c.) injection of
100 pg of CII in Freund's incomplete
adjuvant. Control mice were injected
with 0.1 ml saline on both occasions.
The CIA mice were sacrificed when they
had developed overt arthritis in at least
2 paws (day 10-15) and the hearts were
collected for: cardiomyocytes isolation
([Ca?*]; transients), myofibrils (force-Ca**
relationship) and biochemistry (western
blot).
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from CIA animals. Indeed, upon maximal stimulation,
there were no changes in Ca®" transients amplitude
with a slight but not significant decrease in fractional
shortening. This supports the notion that decreased
Ca*" sensitivity rather than a generally reduced cross-
bridge contractility is the cause of the impaired shorten-
ing response to the [Ca*]; as seen at baseline.

Inflammatory signals may alter mitochondrial func-
tion, including altered Ca** handling and increased
production of oxygen radicals.””*! We measured mito-
chondrial Ca** using the fluorescent indicator Rhod-2.%**
In the CIA cardiomyocytes, the increase in Rhod-2 signals
was larger than in control cardiomyocytes (Figure 3A,B).
These results imply increased mitochondrial Ca** uptake
in CIA cardiomyocytes, which would act to decrease,
rather than increase, the amplitude of [Ca2+]i transients.
However, mitochondria might play a minor role in the
cytosolic Ca** buffering of ventricular cardiomyocytes.*
We also measured reactive oxygen species (ROS) gener-
ation in the mitochondria with the mitochondrial ROS
indicator MitoSOX Red,*** and the results show higher
MitoSOX Red fluorescence in CIA than in control cardio-
myocytes (Figure 3C,D). Thus, mitochondria from CIA
mice were more prone to take up Ca** and produce ROS
during pacing.

To address the mechanism causing the larger [Ca®*];
transients in CIA than in control cardiomyocytes, we mea-
sured the expression of proteins critical for cardiomyo-
cyte Ca®* handling. No difference in protein expression

between CIA and control hearts was found for the Ca**
channels RyR2 or DHPR, the SR Ca?* buffer CSQ2, or the
SERCA regulatory protein phospholamban (Figure 4A,B).
On the contrary, the expression of the SR Ca** ATPase
SERCA 2a was markedly higher in CIA than in control
hearts (Figure 4A,B), which is consistent with the larger
and faster [Ca®']; transients in CIA cardiomyocytes.*®

2.2 | Miyofibrillar force-Ca’* relationship

The [Ca*']-shortening data described above, where a
higher [Ca®*]; did not increase shortening in CIA car-
diomyocytes, suggests that myofibrillar Ca** sensitivity
was reduced. To study this further, we used atomic force
cantilevers to directly measure the force generated by
myofibrils activated at different concentrations of Ca**.
The results showed markedly lower submaximal forces
in CIA than in control myofibrils, whereas there was no
difference in maximal force (Figure 5A). The [Ca**] re-
quired to achieve 50% of the maximum force (Ca,,) was
significantly higher in CIA than in control myofibrils,
i.e. the Ca" sensitivity was decreased in CIA myofibrils
(Figure 5B). The rates of force development at the onset
of maximum contractions (K,.) and redevelopment after
the shortening step (Kp,) were both lower in CIA than in
control myofibrils (Figure 5C,D). The rate of relaxation
following deactivation did not differ between CIA and
control myofibrils (Figure 5E).
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FIGURE 2 [Ca®'];and fractional shortening measured in isolated cardiomyocytes, Fluo-3 AM was used to measure [Ca®']; transients
in cardiomyocytes that were electrically paced (1 Hz) to elicit repeated contractions. Representative [Ca®*]; transient records (A). Mean
data of [Ca®*]; transient amplitudes (B), Tau, [Ca®*]; decay time-constant (C). Caffeine (10mM) was used to trigger the opening of the RyR2
and cause the maximum release of SR Ca®* (D). Fractional shortening (E) of cardiomyocytes stimulated at 1 Hz under control conditions
(n = 19-33). (F) XY graph of Ca’* fluorescence on the X axis and contractility (FS%) on the Y axis for each cardiomyocyte. Cardiomyocytes
of the CIA group showed higher Ca®" transients as they distributed on the right part of the graph and right shifting of the linear regression
curve of the CIA group. Control > 0.069, p = 0.29, slope 0.731 0.7, CIA r* 0.183, p <0.05, slope 0.139 +0.5. Data are presented as box and

whiskers min and max including all points. *p <0.05, ¥p <0.01, £p <0.001 with unpaired ¢ test.

2.3 | PAD2-dependent
citrullination of the sarcomeric protein a-
actin and SR Ca’* channel RyR2

PAD enzymes, which catalyze the conversion of arginine
to citrulline in proteins, can increase under inflammatory
conditions. Accordingly, PAD2 expression was signifi-
cantly higher in the CIA than in control hearts (Figure 6A).
Interestingly, impaired myofilament Ca®" sensitivity in
heart failure has been linked to increased PAD-dependent
citrullination of sarcomeric proteins.'® We assessed citrul-
lination by measuring the binding of an anti-citrulline
specific antibody to immunoprecipitated preparations of
a-actin from heart tissue of CIA and control mice and ob-
served a significantly higher level of citrullination in the
CIA than in the control group (p <0.001) (Figure 6B).

Functional alterations in excitation-contraction cou-
pling are often due to post-translational protein modifi-
cations (i.e. oxidation, phosphorylation). We used heart
lysates from WT and CIA mice hearts and blotted for
oxidation marker such as Malondialdehyde (MDA). Our
results showed no difference in MDA levels between the
control and CIA groups (Figure S2). This suggests that ox-
idative stress mediated by peroxidation cannot explain the
difference in Ca** sensitivity.

The SR Ca** channel RyR2 can regulate the ampli-
tude of Ca®' transients, where protein kinases A (PKA)-
dependent phosphorylation of the RyR2, is an important
post-translational modification that can increase SR Ca**
release under conditions of adrenergic stress.?” Therefore,
we measured in heart biopsies of mice, the phosphoryla-
tion levels of RyR2 using a specific antibody (RyR2-S2808)
targeting the PKA phosphorylation site.”” However, our
results showed no significant difference between the con-
trol and CIA groups suggesting that the increased cyto-
plasmic Ca®" transient amplitude in the CIA group was
not a consequence of PKA-mediated adrenergic stress.

Furthermore, we checked the citrullination levels of
RyR2 in cardiac tissues during the inflammatory phase of
RA. Our results showed that the CIA group has a higher
grade of citrullination in RyR2 compared to the control
group (Figure 6C), which could potentially affect the per-
meability of Ca** through this channel.

24 | TNF-a-induced PAD-dependent
citrullination of proteins in cardiomyocytes

To investigate the role of proinflammatory cytokines
in PAD-mediated citrullination and provide more
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FIGURE 3 Mitochondrial Ca®" uptake and ROS production in cardiomyocytes from CIA and control mice. (A) Mean (+SEM) of
mitochondrial Ca®" in cardiomyocytes electrically paced at 0.5-3 Hz by brief current pulses, n = 21-30. Rhod-2 fluorescence is normalized
to the resting value in each cardiomyocyte. (B) Representative images of Rhod-2 fluorescence in CIA (i and ii) and control (iii and iv)
cardiomyocytes at the end of 0.5 Hz (i and iii) and 3 Hz (ii and iv) pacing. (C) Mitochondrial ROS in cardiomyocytes was measured as
MitoSOX Red fluorescence (mean data+SEM, n = 12-22) at 0.5-3 Hz electrical stimulation. Hydrogen peroxide (H,0,; 1 pM) was used as
a positive control at the end of the experiment. (D) Representative images of MitoSOX Red fluorescence in CIA (i and ii) and control (iii
and iv) cardiomyocytes at the end of 0.5 Hz (i and iii) and 3 Hz (ii and iv) pacing. Data are presented as mean + SEM. *p <0.05, ¥p <0.01,
$p <0.001 with Mann-Whitney non-parametric test.
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FIGURE 4 Ca’" handling protein expression in hearts of CIA and control mice. (A) Representative immunoblots of, ryanodine receptor
2 (RyR2), dihydropyridin receptor (DHPR), calsequestrin 2 (CSQ2), SERCA2a, phospholamban (PLN, pentameric and monomeric form) and
housekeeping protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) Mean band densities normalized to GAPDH and the mean
value in control hearts set to 1.0 (n = 6-8). Data are presented as box and whiskers min and max including all points. *p <0.05, tp <0.01,

+p<0.001 with unpaired ¢ test. Data were analyzed with Mann-Whitney non-parametric test.

mechanistic insights, an in vitro model to mimic RA was
employed (Figure 7A).

We used cardiomyocytesisolated from DBA mice treated
for 20 h with TNF-a, with or without 2-chloroacetamidine
(2-CA), a small molecule that inhibits all PADs active-
site.”>**  QOur results showed that cardiomyocytes
treated with TNF-a presented significantly higher levels

of PAD-mediated citrullination, while pretreatment with
2-chloroacetamide maintained PAD activity at basal lev-
els (Figure 7B-D). These findings suggest that a major
pro-inflammatory cytokine that is elevated in RA such as
TNF-a plays a role in modulating PAD activity in cardio-
myocytes, which could impact the function of myofibrillar
proteins during RA.
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FIGURE 5 Reduced Ca’" sensitivity in myofibrils isolated from CIA hearts. (A) The submaximal Ca*" activated force was lower in

isolated myofibrils from CIA hearts than in controls, whereas maximal Ca*" activated force was not different between the groups. (B) The

[Ca**] needed to achieve 50% of maximal myofibrillar force (Cas,) was significantly increased in the CIA group, showing that myofibrillar

Ca** sensitivity was lower in the CIA hearts. (C,D) The rates of force development at the onset of maximum contractions (K, ) and

redevelopment after a shortening step (Kr,) were both reduced in CIA than in control myofibrils. (E) The rate of relaxation following

deactivation (Kg,;) did not differ between CIA and control myofibrils. Average data in (A-E) is displayed as box and whiskers min and max
including all points., n = 9. *p <0.05, p <0.01, £p <0.001, repeated measurements ANOVA (A), ¢ test (B-E).

3 | DISCUSSION

Inflammation is a key pathogenic mediator of cardiovascu-
lar disease and it is increasingly recognized particularly in
heart failure. In this context, it is clear that myocardial dis-
ease is prevalent in RA, which is seen by a high incidence
of clinical heart failure as well as sub-clinically impaired
cardiac function.® Yet, mechanisms of cardiac dysfunction
in RA have not been thoroughly addressed. Intriguingly,
heart failure with preserved ejection fraction is a diagno-
sis overrepresented in RA patients.” Moreover, patients
with rheumatoid arthritis are susceptible to more rapid
subclinical changes in diastolic function than the general
population.®® Here, we found that mouse hearts from a
model of acute CIA-induced RA, display PAD-dependent
post-translational modifications in core components of
contractile regulation actin myofilaments, which were
linked to reduced myofilament Ca®* sensitivity.

Enhanced cardiomyocyte Ca®" release could be due to
augmented opening of the RyR2, and/or increased driving
force for Ca** across the SR caused by an increase in SR lu-
minal [Ca**]. Our results do not support the second alterna-
tive, as the [Ca?*]; amplitude of a maximal SR Ca** release
induced by caffeine stimulation was similar CIA and control
cardiomyocytes. Furthermore, we observed no difference in
the expression of the major SR Ca** buffering protein, calse-
questrin-2, between CIA and control hearts, which indicates
that the SR Ca®" buffering capacity was unchanged in CIA

cardiomyocytes. However, molecular forms of calsequestrin-2
and its abundance in junctional SR via altered trafficking may
affect the SR Ca** buffering capacity, although mechanisms
governing these phenomena remain unresolved.*?

The enhanced [Ca®']; transients in CIA cardiomyo-
cytes cannot be explained by altered expressions of RyR2,
DHPR, CSQ2, or phospholamban since these did not dif-
fer between CIA and control cardiomyocytes. In contrast,
the markedly increased expression of SERCA2a in CIA
hearts would result in enhanced Ca®* cycling and could
explain the larger and faster Ca*" transients.?

Anincreased [Ca”*]; transient amplitude may also be due
to decreased cytosolic Ca** buffering.** Accordingly, the de-
creased myofibrillar Ca®" sensitivity in CIA cardiomyocytes
can reflect reduced Ca** binding to troponin C, which would
act toward increased [Ca2+]i transient amplitudes. In con-
trast, we observed an increased mitochondrial Ca** uptake
during pacing in CIA cardiomyocytes, which would tend to
decrease the amplitude of [Ca®*]; transients, although the
potential of mitochondria to serve as an effective cytosolic
Ca®* buffer has not yet reached unanimous scientific con-
sensus.** To sum up, augmented RyR2 opening appears to
be the most likely explanation for the increased [Ca®*]; tran-
sient amplitude in CIA cardiomyocytes but further experi-
ments are required to reveal the exact mechanism.

Modifications of RyR2 leading to increased chan-
nel open probability can mediate increased Ca”* tran-
sients,””** but also lead to SR Ca®" leak that over time
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reduces SR Ca?" stores and diminishes Ca*" release.>>3¢

If RyR2 modifications lead to increased or decreased
SR Ca®' release seems to be reliant on, for instance,
the type of modification, local redox balance, duration,
and changes in the interaction between RyR2 and asso-
ciated proteins.*”*® In this study, we investigated post-
translational modifications of RyR2 that could explain
the increased Ca®" transient amplitude at unchanged SR
Ca®* load observed in the acute inflammatory phase of
RA. Our results showed that in the hearts of CIA mice,
the levels of PKA-mediated phosphorylation were un-
changed. On the contrary, we found increased PAD-
dependent post-translational modifications of RyR2,
which might be linked to the enhanced Ca’** permea-
bility. Moreover, the RyR2 protein sequence is particu-
larly abundant in arginine, which is a positively charged
amino acid that has high aqueous pKa's (13.8 pKa)* indi-
cating a strong propensity to carry charge at physiological
pH affecting protein structure and function that involve
electrostatic interaction and protein solvation. Therefore,
the conversion of arginine to citrulline by removing the
positively charged amine group (NH,, weak base) might

have consequences on the permeation properties of the
channel, facilitating Ca®* flux when the gate opens or af-
fects the core and cytoplasmic shell portion of the chan-
nel, which controls the gating activity.*’

Moreover, the larger [Ca®*]; transients in CIA cardiomyo-
cytes were counteracted by the reduced myofibrillar Ca** sen-
sitivity; hence, the fractional shortening of cardiomyocytes
was similar between the two groups. In our preclinical model
of acute inflammatory RA, where heart remodeling might
not have occurred yet, the contractility observed in vitro was
not different between groups, then we did not expect to see
major differences in systolic function between CIA and con-
trol in vivo. Nevertheless, we previously showed that a pre-
clinical model of chronic RA presented cardiac remodeling
and systolic function impairment both in vitro and in vivo."?

3.1 | Reduced Ca’' sensitivity
in myofibrils

Analyses at the myofibrillar level using atomic force can-
tilevers (AFC) revealed lower submaximal forces in CIA
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FIGURE 7 TNF-a triggered PAD-dependent citrullination in cardiomyocytes. (A) Cartoon depicting the in vitro model to mimic the
inflammatory phase of RA. We used cardiomyocytes isolated from DBA mice (N = 4 mice) treated for 20h with TNF-« (50 ng/ml), pretreated
with or without 2-chloroacetamidine (2-CA, 200 pM) a small molecule that inhibits PADs active-sites. Then, PAD-dependent citrullination
was measured and normalized to baseline levels (e.g. cells untreated, CTR). (B) Representative immunoblots from cardiomyocytes lysates
blotted for PAD2, citrullination, and GAPDH. (C) Mean band density of PAD2 normalized to GAPDH. (D) The mean band density of
protein citrullination normalized to GAPDH, which appeared to be significantly increased in cardiomyocytes treated with TNF-a. Data

are presented as box and whiskers min and max including all points. *p <0.05, ¥p <0.01, £p <0.001 with one-way ANOVA test, multiple

comparisons.

than in control myofibrils, whereas the maximum force
was similar in the two groups. This fits with a reduced
myofibrillar Ca** sensitivity in CIA myofibrils and can
explain the inability of CIA cardiomyocytes to respond
to the larger [Ca®"]; transients with greater shortening.
Moreover, the unaltered maximum force in CIA myofibrils
fits with the results obtained when isolated cardiomyo-
cytes were exposed to the p-adrenergic agonist isoproter-
enol,*! which showed similar fractional shortenings in
CIA and control cells at presumably saturating [Ca**];
transient amplitudes. The lower rates of force develop-
ment in myofibrils from CIA than from control hearts fur-
ther illustrates an impaired myofibrillar function in CIA

hearts. The rate of force development represents the sum
of the rates of myosin cross-bridge attachment (f,,,) and
detachment (gapp) to the actin filament, whereas the rate
of relaxation only reflects the detachment rate.** The rate
of relaxation was similar in CIA and control myofibrils,
which means that the reduced rate of force development
in CIA myofibrils reflects a decreased f,,, combined with
an unaltered g,,,. Interestingly, a decreased f,,,/8,,p ratio
can be linked to reduced forces at submaximal [Ca®*] and
hence decreased myofibrillar Ca®* sensitivity.** The fact
that K, which involves Ca®" activation of the actin fila-
ment, and K, where the actin filament is already active,
were equally decreased in CIA myofibrils indicates that
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the major mechanism behind the reduced myofibrillar
Ca*t sensitivity in CIA cardiomyocytes was altered cross-
bridge kinetics rather than decreased activation due to im-
paired Ca** binding to troponin C.*

3.2 | Citrullination during
rheumatoid arthritis

Circulating anti-citrulline protein autoantibodies (ACPA)
and anti-PAD2 antibodies is a common finding used to
diagnose seropositive RA.* The suggested background to
the formation of ACPA in RA is an immune reaction to
the increased PAD activity and presence of citrullinated
proteins.'® Moreover, the levels of ACPA in the blood of
naive RA patients correlate with the worsening of global
longitudinal systolic strain and LV systolic function.***
Although the formation of circulating ACPA may possibly
be triggered by the increased presence of citrullinated pro-
teins with RA, it should be noted that circulating ACPA
is not a clear-cut biomarker for effects mediated by pro-
tein citrullination. Interestingly, a cardiac postmortem
immunohistology study showed higher protein citrulli-
nation in heart tissue of RA patients.45 In our RA model,
we found higher expression levels of PAD2 in the heart
together with significantly increased levels of citrullina-
tion in a-actin. Other post-translational modifications in
myofibrillar proteins including PKA-mediated phospho-
rylation and oxidation-mediated hypo-phosphorylation of
cTnl may affect the Ca** sensitivity of cardiomyocytes.***’
However, citrullination of sarcomeric proteins has been
reported to reduce Ca®" sensitivity of myofibrils during
heart failure,”® and our study provided supporting evi-
dence that citrullination of cardiac a-actin and RyR2 also
occurred in a preclinical model of the acute inflamma-
tory phase of RA. Furthermore, our in vitro experiments
showed that the proinflammatory cytokine TNF-« plays a
key role in the PAD-mediated citrullination of proteins in
cardiomyocytes. These novel findings suggest that TNF-a
is not only a valuable predictive biomarker of disease ac-
tivity in RA patients,”° but it is also involved in modu-
lating excitation-contraction coupling in cardiomyocytes
through PAD-dependent signaling.

3.3 | Myocardial function in RA patients

The reduced myofilament Ca*" sensitivity in the CIA
cardiomyocyte would result in a reduced contractile re-
serve in vivo. This mechanism fits with the evidence that
myocardial function in RA patients, also without clinical
signs of heart failure, is slightly impaired when measured
with sensitive methods such as myocardial wall strain in
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speckle tracking echocardiography.”™** Moreover, this
myocardial functional detriment fits with the increased
incidence of developing clinical heart failure in RA, inde-
pendent of ischemic heart disease.® It remains unknown
whether RA predisposes more to heart failure with re-
duced or with preserved ejection fraction, but in both
syndromes, systolic strain is reduced, thus RA can con-
ceivably be a risk factor for both.

3.4 | Conclusion

In conclusion, hearts from mice with acute experimen-
tal RA display increased PAD-dependent citrullination
of the sarcomeric protein a-actin and reduced myofila-
ment Ca®* sensitivity (Figure 8). In this acute RA model,
the decreased Ca®* sensitivity is counterbalanced by in-
creased [Ca2+]i transients. In chronic RA, on the contrary,
citrullination of contractile proteins together with im-
paired SR Ca®* release might lead to declined contractile
function and pumping capacity, which could explain the
higher incidence of heart failure and mortality amongst
patients with RA,*” thus highlighting the importance of
monitoring RA patients for the development of myocar-
dial dysfunction. Remarkably, a late-stage RA model pre-
sented reduced Ca”' transient amplitudes and reduced
contractility in isolated cardiomyocytes as a consequence
of diminished SR Ca®* stores linked to oxidative post-
translation modifications of Ca** handling proteins.'?
Our present results, on the other hand, showed that in
the acute inflammatory phase of RA, citrullination rather
than oxidative modification of proteins plays a crucial role
in the excitation-contraction coupling of cardiomyocytes.
Therefore, we propose that the grade of inflammation and
the stage of RA represent key factors in the modulation of
cardiac contractile function.

3.5 | Study limitation

From a translational point of view, there is supportive evi-
dence that citrullination occurs in heart of patients with
heart failure and that PAD-dependent citrullination af-
fects the hearts of RA patients. Whether there is citrulli-
nation of alpha-actin in heart of RA patients is not known
yet. A limitation of our study is the absence of human car-
diac biopsies to confirm our preclinical findings. However,
our preclinical results reveal mechanisms that are likely
to apply also in human patients.

Citrullination of sarcomeric proteins in cardiac biop-
sies of heart failure patients was associated with decreased
Ca”* sensitivity of myocytes.'® Preventing citrullination by
knocking down PAD2 in RA is potentially an experiment
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regulation, which causes reduced myofilament Ca** sensitivity (e.g. increased amount of Ca®* needed to elicit 50% of maximal myofibrillar
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contractile reserve that sensitizes the heart to insults is a factor that could explain the high prevalence of heart failure amongst patients with

RA and shows the importance of monitoring RA patients for the development of HF.

that might provide mechanistic insights. However, based
on the current literature, we believe that it will not provide
conclusive results because preclinical models of chronic
inflammatory diseases show that protein citrullination
can occur independently of the presence of PAD-2,>*3*
suggesting that ablation of citrullination requires knock-
out of all PAD activity (e.g. blocking the PAD active site
with 2-Chloroacetamide).

4 | MATERIALS AND METHODS
All the material submitted is conformed with good pub-
lishing practice in physiology.>®

4.1 | Ethics approval

All experimental procedures were approved by the
Stockholm North Ethical Committee on Animal
Experiments. Animal experiments complied with the
Swedish Animal Welfare Act, the Swedish Welfare ordi-
nance, and recommendations and applicable regulations
from Swedish authorities.

4.2 | Animals

We used female DBA mice 12-16weeks old for CIA-
induction (N = 17) and control mice (N = 15). The gen-
eration of the CIA mice has been previously described.>®
In short, 100 pg of type II collagen (CII) and 300 pg of M
tuberculosis in 0.1 ml of emulsion were subcutaneously
injected into the base of the tail. On day 5, the animals
were boosted with a subcutaneous injection of 100 pg of
CII in Freund's incomplete adjuvant (0.1 ml). Control
mice were injected with 0.1 ml saline (same administra-
tion route) on both occasions (cartoon Figure 1). The
development of arthritis was followed daily by assessing
erythema and swelling of the metatarsophalangeal and
ankle joints. When a CIA mouse displayed overt arthri-
tis, in at least 2 paws, it was sacrificed by rapid neck
disarticulation.

4.3 | Cardiomyocyte isolation

Single viable cardiomyocytes were isolated freshly from
cardiac ventricles of 3 CIA mice and 3 control mice for
each experiment (including Ca®" transient, contractility
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experiments mitochondrial Ca*" and MitoSox experi-
ments) following the protocol developed by the Alliance
for Cellular Signaling (AfCS Procedure Protocol ID
PP00000125).%%>7

4.4 | Confocal imaging

Cardiomyocytes were plated on laminin-coated glass bot-
tom dishes (Mattek). The dishes were placed in a custom-
built perfusion/stimulation chamber and continuously
perfused with 0,/CO, (95/5%) bubbled Tyrode solution
(room temperature) with the following composition (in
mM): NaCl 121, KCI 5.0, CaCl, 1.8, MgCl, 0.5, NaH,PO,
0.4, NaHCO; 24, EDTA 0.1, glucose 5.5. Throughout the
experiments, cardiomyocytes were generally stimulated to
contract at 1 Hz with supra-threshold electrical current
pulses delivered via two platinum electrodes attached to
the perfusion/stimulation chamber. Measurements were
only performed in cardiomyocytes that contracted upon
electrical stimulation and displayed normal morphology
(e.g. striated, “brick shaped”). Cells that displayed spon-
taneous contractions were discarded. Fluorescence was
measured using a confocal microscope (Biorad 1024; 40x
oil immersion lenses). Fiji-ImageJ software was used to
quantify changes in fluorescence.

4.5 | Measurement of [Ca’*]; with
Fluo-3 AM

Cardiomyocytes were loaded with the fluorescent indica-
tor Fluo-3 AM (~5 pM; Invitrogen) for ~20min. [Ca**];
transients was measured using confocal microscopy in
line scan mode. A wavelength of 491 nm was used for ex-
citation and emitted light was collected at >515nm. The
line scan was oriented along the long axis of the cardio-
myocyte. The fluorescent signal (F/F,) was calculated as
the ratio of the maximum fluorescence (F) and resting
fluorescence before the start (F,) of the [Ca**]; transient.>’
The fractional shortening (FS) of cardiomyocytes was
measured as the length in diastole (Max length) and sys-
tole (Min length). FS% was calculated as: (Max length—
Min length)/Max lengthx100. In subset experiments,
isolated myocytes were acutely exposed to the p-receptor
agonist isoproterenol (ISO; 100nM in Tyrode solution) as
a positive control for an inotropic response. In other ex-
periments, isolated cardiomyocytes were exposed to caf-
feine (10mM in Tyrode solution) that triggers the opening
of RyR2 allowing the total SR Ca®* load to be assessed.'
All the experiments were conducted blinded regarding the
treatment of the mice.
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4.6 | Measurement of mitochondrial
Ca’* using Rhod-2 AM

Isolated cardiomyocytes were incubated with the fluores-
cent indicator Rhod-2 AM (5 pM; Invitrogen) for ~1 h at
room temperature, followed by washout. The cardiac cells
were perfused with Tyrode solution and electrically paced
to contract with incremental pacing frequencies (0.5, 1, 2,
and 3 Hz). The Rhod-2 fluorescence was measured using
excitation at 568 nm and the emitted signal was collected
through a bandpass filter (585nm). Confocal images were
taken at rest and then at regular intervals after a series of
contractions of cardiomyocytes, while pacing was tempo-
rarily stopped. The fluorescent signal in each cardiomyo-
cyte normalized to that at the start of the experiment.

4.7 | Confocal imaging of ROS
production using MitoSOX Red

The fluorescent indicator MitoSOX Red was used to meas-
ure mitochondrial ROS production. Cardiomyocytes, iso-
lated as above, were loaded with MitoSOX Red (~5 pM;
Invitrogen) in Tyrode for ~20min at room temperature,
followed by washout. Confocal images were obtained by
excitation at 488 nm and measuring the emitted light at
>515nm. Cardiomyocytes were electrically paced to con-
tract with incremental stimulation frequencies (0.5, 1, 2,
and 3 Hz). Confocal images were taken at rest and then
at regular intervals after a series of contractions of cardio-
myocytes, while pacing was temporarily stopped. The flu-
orescent signal in each cardiomyocyte normalized to that
at the start of the experiment.

4.8 | Measurement of the myofibrillar
force-Ca’* relationship

Small pieces of the heart samples from CIA and con-
trol mice, were homogenized following standard pro-
cedures,”® vyielding a solution containing isolated
myofibrils. The myofibrils were transferred into an ex-
perimental chamber and placed on top of an inverted
microscope equipped with a system of atomic force
cantilevers (AFC).* In this system, a laser shone upon
and reflected from a pre-calibrated AFC, which acts as
a force transducer. The cantilever deflection caused by
myofibril activation was detected and recorded using a
photo-quadrant detector. Since the stiffness of the AFC
(k) was known and we measured the amount of cantile-
ver displacement (Ad), the force (F) can be calculated as
F =kxAd.
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Myofibrils chosen for mechanical testing displayed
an evenly distributed striation pattern and between 10
and 30 sarcomeres in series. Under high magnifica-
tion, the contrast between the dark bands of myosin
(A-bands) and the light bands of actin (I-bands) pro-
vided a dark-light intensity pattern, representing the
striation pattern produced by the sarcomeres, which
allowed measurements of sarcomere length during the
experiments. Using micromanipulators, the myofibrils
were attached between the AFC and a rigid glass needle.
The rigid glass needle was connected to a piezoelectric
motor and length changes during the experiments were
induced by moving the needle. A computer-controlled,
multichannel fluidic system connected to a double-
barreled pipette was used for activation of the myofibril
in solutions (15°C) with different Ca** concentrations:
1.0, 1.78, 3.16, 10.0, and 31.6 pM.

Once the myofibrils were fully activated and maxi-
mal force for a given Ca’* concentration was obtained,
they underwent a fast shortening (amplitude 30% of sar-
comere length; speed 10 pm/s) during which the force
declined and then rapidly redeveloped to reach a new
force plateau. The force produced by the myofibrils after
force re-development and stabilization were averaged
for a period of 2 s. All forces were normalized to the
myofibril cross-sectional area and expressed relative
to the force produced at saturating [Ca**]. The [Ca®*]
required to achieve 50% of the maximum force (Cas)
was, for each myofibril, obtained by interpolation be-
tween the force immediately below and above 50%
force. Rates of force development at the onset of con-
traction (K,..) and during the force redevelopment after
the shortening (Ky,) at saturating [Ca®*] were analyzed
with a two-exponential equation (ax(1—exp(—Kxt)—
exp(—1xt))+b), and the rate of relaxation (Kg.) was
analyzed with a single-exponential equation (axex-
p(—K x [t—c]) +b). For both equations, t is time, K is the
rate constant, a is the amplitude of the force change,
and b and c are constants. All the experiments were con-
ducted blinded regarding the treatment of the mice.

4.9 | Invitro model of inflammatory
phase during RA

Cardiomyocytes were isolated from DBA mice (12weeks
old, N = 4) and aliquoted in tubes (~100000 cells/tube).
The cells were washed with Tyrode's buffer and incu-
bated for 20h at RT with TNF-a (50ng/ml, R&D 410-MT-
025/CF), pre-treated with or without the PAD inhibitor
2-chloroacetamide (200 pM, 2-CA, Sigma Aldrich C0267-
500G). PAD activity was measured through quantifica-
tion of protein citrullination normalized to the baseline

levels of cardiomyocytes incubated with Tyrode's solution
(Control, CTR).

410 | Protein immunoblotting

Crude tissue homogenate from cardiac ventricles was
separated by electrophoresis and transferred onto PVDF
membranes. Membranes were incubated with primary an-
tibodies: anti-PAD2 (1:1000, Abcam, ab16478), anti-RyR2
(1:5000, Abcam, ab2728), anti-phosphorylated-S2808-
RyR (1:5000, donated by Andrew R Marks, Columbia
University), anti-dihydropyridine receptor (1:1000,
Abcam, ab2864), anti-calsequestrin 2 (1:1000, Abcam,
ab3516), anti-SR Ca*™-ATPase 2a (SERCA 2a; 1:1000,
Abcam ab2861), anti-phospholamban (1:1000, AbCam,
ab2865), a-actin (1:1000, Abcam ab28052), anti-citrulline
antibody (1:1000, Millipore, 07-377), Malondialdehyde
(MDA) antibody (1: 1000, Abcam, ab27642), GAPDH
(1:1000, Abcam, ab9485), and infrared-labeled second-
ary antibodies (1:5000, Licor IRDye 680 and IRDye 800).
Immunoreactive bands were analyzed using the Odyssey
Infrared Imaging System. Band densities were quantified
with Image J and normalized to GAPDH. All the experi-
ments were conducted blinded regarding the treatment of
the mice.

4.11 | Protein immunoprecipitation
Dynabeads Protein G (Invitrogen) were incubated
with anti-a-actin (Abcam, ab28052) or RyR2 antibody
(Abcam, ab2728) for 40min at RT to allow the cross-
binding between beads and antibody, then the beads
were washed three times with phosphate buffer solution
(PBS). Cardiac ventricle lysate (500 pg) was incubated at
4°C overnight with the beads conjugated to the anti-a-
actin antibody. The immunocomplex was washed once
with lysis buffer and then three times with PBS. Finally,
the immunoprecipitate was collected in 50 pl of Laemmli
buffer 2x (Bio-Rad #161-0737, with p-Mercaptoethanol
10% and DTT 0.05M). Proteins were separated by elec-
trophoresis and immunoblots were performed as de-
scribed above and quantified relative to the RyR2 or
a-actin expression.

4.12 | Statistics

Data in graphs are presented as box and whiskers min and
max including all individual points. The sample size was
calculated using a significance level of 5% and 80% power
in order to detect any difference between the control and



PIRONTI ET AL.

CIA groups. The normality distribution of the data was
tested with D'Agostino and Pearson test. Statistical dif-
ference between the two groups was calculated using the
Mann-Withney test for non-normally distributed data
or unpaired Student's ¢ test repeated measurements or
ANOVA as indicated. p <0.05 was regarded as statistically
significant. In the figures p values were indicated as fol-
lows: *p<0.05, 'p<0.01, "p<0.001.
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PHYSIOLOGIC RELEVANCE

These results provide a potential mechanism as to why
RA patients are prone to develop heart failure, providing
a potential molecular target to impact the Ca®* sensitivity
of cardiomyocytes. Our findings emphasize the contribu-
tion of systemic inflammation to the development of heart
failure.
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