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Editorial on the Research Topic
Cardioimmunology: Inflammation and Immunity in Cardiovascular Disease

Despite great advances in the diagnosis and treatment witnessed in the last decades, cardiovascular
disease (CVD) remains one of the leading causes of morbidity and mortality in Western
Countries. This is in part due to the fact that basic pathogenic mechanisms remain in most cases
poorly understood, thus significantly limiting the effectiveness of the therapeutic interventions.
In this regard, mounting recent evidence shows how immuno-inflammatory activation plays
a pivotal role in many cardiovascular disorders, thus opening new unconventional treatment
options. Indeed, after the demonstration that atherosclerosis is primarily a chronic inflammatory
disease of the arterial wall (1), data suggest that a dysregulation of the immune system and
inflammatory pathways may be the leading mechanisms in a large number of CVDs, including heart
failure, pericardial disease, cardiomyopaties, and rhythm disorders (2, 3). Immuno-inflammatory
mechanisms may play a role in mediating or modulating even hereditary cardiovascular disorders
with monogenic etiologies, such as long QT syndrome and arrhythmogenic right ventricular
cardiomyopathy (4-6). In the present Frontiers Research Topic, an international selection of
investigators contributed original data and up to date reviews to increase our current understanding
on the role of the immune system and inflammation in CVD to advance the field forward.

Several contributions focused on the impact of immunity and inflammation on the development
of atherosclerosis and related complications. Immune cell trafficking in homeostasis and
inflammation is specifically directed and orchestrated by a wide family of chemotactic cytokines,
collectively known as chemokines, representing an important protective response toward infectious
agents and other injuring factors. However, evidence indicates that excessive or inappropriate
activation of the chemokine network is involved in several autoimmune and allergic disorders,
transplant rejection, as well as in ischemic heart disease (7). Szentes et al. reviewed the role of the
chemokine receptor CXC3 and associated CXC chemokines in the pathogenesis of atherosclerosis
and during acute myocardial infarction. They provided evidence that intense chemokine signaling
occurs from the forming of the atherosclerotic plaque and plaque destabilization, to all phases of
acute coronary events and infarct healing. In this view, they proposed CXCR3-binding chemokines
as promising biomarkers for the risk assessment of coronary heart disease, despite the short half-life
and the high intra-individual variability. Validation studies in large populations are warranted.

Type 2 immunity, involving specific cell types, such as mast cells, eosinophils, basophils,
alternatively activated M2 macrophages, type 2 innate lymphoid cells, and T-helper (Th) 2 cells,
and cytokines (IL-4, IL-5, IL-9, IL-13, IL-25, IL-33), and thymic stromal lymphopoietin, are known
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to critically contribute to the pathogeneses of helminth
infection and allergic diseases. However, increasing evidence
points to an important role for type 2 immunity actors in
maintaining metabolic homeostasis and facilitating the healing
process after tissue injury (8). Xu et al. reviewed basic and
human data indicating that type 2 immunity-related cell
types and cytokines contribute to different physiological and
pathological responses after myocardial infarction, particularly
by inhibiting the inflammatory activation and promoting
angiogenesis and collagen deposition, critical for myocardial
repair. Moreover, mast cells can also actively regulate contractility
of cardiomyocytes, thereby conferring further potential benefits
to the infarcted myocardium. The review provides a framework
to deepen our understanding of how type 2 immune responses
may facilitate the recovery of cardiac functions after myocardial
function, also serving as potential biomarkers for disease severity
and prognosis.

Leukotrienes (LTs), acting via several receptors types
including BLT1 (receptor for LTB4), participate in various
cardiovascular diseases driven by vascular inflammation,
particularly atherogenesis and vascular remodeling after
angioplasty (9). However, the precise role of BLTR1 signaling
in monocytes during vascular inflammation remains unclear.
By studying a mouse model of wire-injured femoral artery,
Baek et al. provide original data demonstrating that BLTRI
in monocytes is a pivotal player in monocyte-to-macrophage
differentiation with subsequent macrophage infiltration into
neointima, leading to vascular remodeling after vascular
injury. This study adds to our knowledge in the basic
mechanisms of vascular inflammation, also supporting the
potential role of BLTR1 as an innovative therapeutic target for
cardiovascular disease.

Other papers in this Research Topic investigated specific
molecular aspects possibly underlying inflammatory pathways
involved in the development of CVD. Lysophosphatidylcholine
acyltransferase (LPCAT) is a key player in regulating the
composition of polyunsaturated phosphatidylcholines (PCs) in
mammalian membranes (10). LPCAT3 is highly expressed
in macrophages, cells actively involved in atherogenesis in
which the plasma membrane provides an important platform
that mediates inflammation. Starting from such premises,
Jiang et al. demonstrated that in animal models LPCAT3
deficiency promotes membrane PC remodeling and macrophage
inflammatory response, specifically increasing toll like receptor-4
expression and inflammatory cytokines release. However, these
changes had only a marginal influence on the development of
atherosclerosis in mice on a Western type diet.

In another study, Sdez et al. identified the activation of
endothelial connexin43 (Cx43) hemichannels as a new pathway
affected by inflammatory mediators, supporting a possible
involvement of these ion channels in the pathogenesis of
CVD. The authors intriguingly proposed that the reduction of
hemichannel activity by selective hemichannel blockers might
represent a strategy against endothelial dysfunction induced by
pro-inflammatory cytokines.

The key role of endothelium in CVD also represented
the focus of the paper by Anand et al, by reviewing the

impact of human immunodeficiency virus (HIV) on endothelial
cells. In fact, cardiovascular events have become an important
cause of morbidity and mortality in HIV-infected individuals,
where endothelial dysfunction has been identified as a critical
link between infection, immune-inflammatory activation, and
atherosclerosis (11). By discussing the multiple mechanisms by
which viral proteins can damage the vascular endothelium, the
authors highlighted how a more detailed exploration into the
mechanisms of HIV-induced endothelial dysfunction is essential
to develop targeted approaches to prevent and treat HIV-related
vascular diseases.

Given the increasingly recognized key role of inflammatory
activation in the induction and progression of atherosclerosis,
the development of inflammation-targeting therapies as an
innovative approach to CVD currently represents a field of great
interest. In this view, important lessons derive from rheumatic
diseases. In fact, these conditions represent spontaneous “human
models” of chronic systemic inflammation associated with
accelerated and diffuse atherosclerotic damage, in which anti-
inflammatory drugs constitute the cornerstone for patients
treatment (12). By focusing on the main mechanisms linking
the inflammatory pathogenic background underlying rheumatic
diseases and related vascular damage, Bartoloni et al. analyzed
current evidence on the potential atheroprotective effects of
disease-modifying anti-rheumatic drugs (DMARDs). Although
data suggest that DMARDs, particularly biologic therapies
such as TNFa antagonists, may improve surrogate markers of
CVD and reduce cardiovascular adverse outcome, the authors
highlight as the actual effect of anti-rheumatic therapies on
CVD in these patients is rather uncertain due to great literature
inconsistency, pointing out to still unresolved questions.

Dipeptidyl peptidase-4 inhibitors (DPP-4i), commonly used
as hypoglycemic agents, represent another attractive class of
drugs for treating CVD by targeting inflammation. DPP-4
is a protease widely expressed on cell membranes where it
plays important roles in immune-regulation, inflammation, and
oxidative stress (13). Data indicate that DPP-4i exert potent
activities in the cardiovascular system, particularly by regulating
blood pressure (BP). Starting from this evidence, Zhang et al.
reviewed the current literature and showed that DDP-4i can
decrease BP, at least in part by suppressing inflammatory
responses and oxidative stress, in turn improving vascular
endothelial function. Further research is needed to better define
the actual clinical impact of these non-conventional effects of
DDP-4i on the cardiovascular system.

The potential contribution of traditional Chinese medicine
to the pharmacotherapeutic —armamentarium targeting
inflammatory pathways involved in cardiovascular damage,
is the focus of the study by Zhang et al. These authors
investigated the anti-inflammatory activities of ginkolide B
(GB), a major monomer extract from leaves of Ginkgo biloba
traditionally used in Chinese herbal medicine, during myocardial
ischemia/reperfusion (I/R) injury. In fact, inflammatory signaling
not only mediates the properties of plaques that precipitate I/R,
but also influences the clinical consequences of the post-
infarction remodeling and heart failure (14). By using both in
vivo and in vitro I/R models, Zhang et al. provided evidence that
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GB significantly prevented ultrastructural myocardial changes,
also reducing the infarct size. Such beneficial effects resulted from
a suppression of the inflammatory response, as demonstrated by
the decline in nuclear factor-kappa B activation, inflammatory
cytokines expressions, and leukocyte tissue infiltration. Since
many patients pay for supplements with claims of benefits,
frequently not evidence-based, clinicians who are up to date on
the evidence for supplements of traditional Chinese medicine
could properly advise their patients on where there may or may
not benefit.

Diabetes mellitus (DM) is a progressive metabolic disease
characterized by an imbalance in glucose homeostasis, impaired
insulin secretion, and abnormal lipid and carbohydrate
metabolism. DM represents a major cause of CVD, at
least in part by inducing oxidative stress and activating
inflammatory pathways in the cardiovascular system. Edible
fungi, which contain a number of bioactive components with
few adverse effects, are reported to exert many pharmacological
effects, including metabolism regulation by reducing the
oxidative stress (15). Wang et al. treated diabetic mice with
an albino mutant strain of Auricularia cornea and reported
significant hypoglycemic effects by reducing blood glucose
levels, modulating glucose tolerance, and recovering the
serum levels of glycated hemoglobin Alc, glucagon, and
insulin. These changes were associated with evident anti-
oxidative and anti-inflammatory activities via the regulation
of NF-kB signaling. Further research is needed to understand
whether natural compounds may have a therapeutic role in
reducing the inflammatory burden in diabetes and related
cardiovascular involvement.

Heart failure (HF) represents a leading cause of morbidity and
mortality in Western countries. Accumulating data in the last
few years demonstrated how immune-inflammatory activation
is critically involved in the pathogenesis and progression
of this condition, with important diagnostic and therapeutic
implications (16). Some papers included in this topic further
support this view, by both providing new original data and
critically reviewing already existing information.

Cardiorespiratory fitness (CRF), defined as the ability of the
circulatory, respiratory, and muscular systems to supply oxygen
during sustained physical activity, is an objective measure of
habitual physical activity and a prognostic indicator in HF
(17). Serum levels of C-reactive protein (CRP), a systemic
inflammatory marker, and of N-terminal pro-brain natriuretic
peptide (NT-proBNP), a biomarker of myocardial strain, also
independently associate to adverse outcomes in HF patients
(18, 19). In this scenario, van Wezenbeek et al. demonstrated that
serum levels of CRP predict CRF impairment in patients with
HF across a wide range of ejection fraction, independently from
NT-proBNP levels. These new findings point to the inhibition
of systemic inflammation with anti-inflammatory drugs as an
independent therapeutic strategy improving CRF in patients
with HE thereby adding potential benefits to already existing
interventions alleviating myocardial strain.

Obesity is “the disease of the modern era.” It is accompanied
by structural and functional alterations in the heart ranging
from subclinical impairment of left ventricle systolic and
diastolic functions to overt forms of HF (20). Sokolova

et al. investigated the involvement of inflammatory pathways
in obesity-associated myocardial remodeling, specifically the
cytosolic pattern recognition receptor NLRP3, which is an
important regulator of the inflammatory cytokine cascade. The
evidence that they provided that cardiac concentric remodeling
in obesity is modulated by NLRP3 inflammasome, through the
effects on systemic inflammation and metabolic disturbances,
may open new avenues for preventing HF in obese patients. More
research in this fascinating area is warranted.

Systemic inflammation can negatively affect cardiac function
and sepsis represents an excellent proof of this concept. In
fact, acute HF due to myocardial dysfunction is one of the
major complications of severe sepsis, significantly contributing
to increased mortality (21). However, the precise underlying
mechanisms remain incompletely understood, thereby limiting
the development of effective therapies. In a mouse model
injected with lipopolysaccharide (LPS), Chen et al. tested
the potential benefits of trimetazidine (TMZ), a clinically
effective anti-anginal agent which showed protective effects
in HF (22). TMZ significantly attenuated cardiac dysfunction,
by promoting neutrophil recruitment to cardiac tissue and
reducing inflammatory programmed cell death (pyroptosis).
Future research is warranted to determine the clinical impact of
these intriguing, but yet preliminary data.

Mast cells are ubiquitous innate immune cells chiefly involved
in allergic disease and host defense. They act by producing
a number of mediators which are also deeply involved in
regulating the fibrotic process (23). Legere et al. reviewed
current knowledge on the relationship between mast cells
and cardiac fibrosis, also underlining how the manipulation
of their mediators may represent potential opportunities for
intervention. The authors alert us on discrepancies currently
existing in the results of both in-vitro and animal models,
alternatively suggesting mast cells with pro- or anti-fibrotic
activities. A better understanding of these findings is urgently
needed to move this field forward.

In addition to the unspecific inflammatory activation
mediated by the cells of the innate immune system, autoimmune
responses of the adaptive immune system to myocardial antigens
can contribute to the progression of HF. Starting from recent data
demonstrating that autoreactive CD4+-helper T cells specifically
targeting cardiomyocytes contribute to the progression of HF
(24), Groschel et al. investigated whether also CD8+4--cytotoxic
T cells are involved in an animal model of pressure overload-
HF induced by transverse aortic constriction (TAC). Although
CD8+-cells activate after TAC, this seems to be a largely
inefficient process leading only to low-grade cytotoxicity as the
progression from cardiac hypertrophy to HF was not significantly
accelerated. The authors concluded that, in contrast to CD4+-
T cells, CD8+-T cells do not have a major impact on pressure
overload-induced HF.

Myocarditis is the archetype of the inflammatory heart
disease, resulting from an intricate interplay between
microbial agents and immune response, both innate and
adaptive (25).

In this Frontiers Topic, Maisch focused on the cardio-
immunology of myocarditis, providing an up-to-date review
discussing pathogenetic phases and clinical faces of myocarditis,
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as well as specific treatment options beyond symptomatic HF
and anti-arrhythmic therapy. Although great advances in this
field have been achieved in the last several years, the author
warns the scientific community that there is still much work to
be done.

Myocarditis also represents the most common cardiac
immune-related adverse (irAE) during treatment
with immune checkpoint inhibitors (ICIs), a new class of
monoclonal antibodies, which have shown unprecedented
efficacy in treating multiple cancers by promoting the anti-
tumor immune response in the host. In fact, activation of
immune responses in non-target organs can induce a wide
spectrum of irAEs, in some cases also involving the heart.
Besides myocarditis, other cardiac irAEs include congestive HE,
Takotsubo cardiomyopathy, pericardial disease, arrhythmias, and
conduction disease. Tajiri and Ieda reviewed the mechanisms
and clinical aspects of cardiotoxicities associated with ICIs,
also analyzing available information regarding diagnosis,
management, and prognosis. The main message deriving from
this review is that although cardiac irAEs are relatively rare, they
can be life-threatening, thereby requiring high vigilance from
cardiologists and oncologists.

The role of innate lymphoid cells (ILCs) in myocarditis,
as well as during cardiac ischemia and healthy conditions,
is investigated by Bracamonte-Baran et al. ILCs are a subset
of leukocytes with lymphoid properties but lacking antigen
specific receptors, considered the link between the innate
and adaptive response. The authors demonstrated that the
heart, unlike other organs, cannot be infiltrated by circulating
ILCs even during cardiac inflammation or ischemia. Thus,
the ILCs present during inflammatory conditions, are derived
from the heart-resident and quiescent steady-state population,
at least in part driven by cardiac fibroblast-derived IL-33
production. If in one hand this study shows that the heart
is a unique niche in terms of the ILC compartment, on
the other hand it remains to be elucidated at what stage
of fetal development or early life, is the heart populated
by ILCs.

Accumulating data indicate that the immune system can
promote cardiac arrhythmias by means of autoantibodies
and/or inflammatory cytokines that directly affect the
expression and/or the function of specific ion channels
on the surface of cardiomyocytes (26, 27). For these
conditions, the terms of autoimmune and inflammatory
cardiac  channelopathies has recently been coined,
respectively (3, 4).

In this topic, Qu et al. comprehensively reviewed the role
of autoimmune calcium channelopathies in promoting cardiac
rhythm disturbances. They discussed how anti-calcium channel
autoantibodies, either inhibitory or agonist-like, are involved
in the pathogenesis of the immune-mediated congenital heart
block (iCHB), as well as ventricular arrhythmias in patients
with dilated cardiomyopathy. Future directions in diagnosis

event

and therapeutic approach are also provided, underlying the
potential role of innovative anti-arrhythmic interventions based
on the modulation of the immune system or the autoantibody
distraction from ion channel binding sites (decoy-peptide
based therapy).

Among autoimmune calcium channelopathies, the most
investigated is the iCHB. It is a rare but potentially life-
threatening rhythm disorders critically related to the
transplancental passage of anti-Ro/SSA from the mother to
the fetus (28). Ample experimental evidence demonstrated
the an inhibitory cross-reactivity of these autoantibodies with
the L- and T-type calcium channels plays a key role in the
pathogenesis of the disease (29, 30). Fredi et al. provided
the first report from the Italian Registry on iCHB, in which
89 cases have been recruited between 1969 and 2017. The
paper provided important information regarding pre- and
post-natal outcomes, treatment, recurrence rate and maternal
follow-up. The authors stated that the registry at present is
mainly rheumatological, but the involvement of pediatric
cardiologists and gynecologists is planned. Reducing the
heterogeneity in management patterns throughout different
Italian centers represent the other key point which emerged from
this registry.

Aortic valve stenosis, representing the major cardiac valve
disease, is characterized by inflammation, atherosclerosis,
and calcification (31). Small non-coding RNA (miRNAs) are
increasingly recognized as master regulators of gene expression
in several physiological and pathological conditions. Specifically,
miR-146 is actively involved in the regulation of the immune
response as well as in inflammatory process of atherosclerosis
(32, 33). Petrkova et al. provided the first report plausibly
implicating miR-146a in aortic valve stenosis, thereby indirectly
supporting a role for immune-inflammatory activation in the
pathogenesis of the disease. More research in this emerging area
are warranted.

In conclusion, the high quality contributions of this
Research Topic significantly enriched our knowledge of
the emerging field of Cardioimmunology, both in terms
of basic/translational mechanisms and clinical implications
for patients management. In addition, by emphasizing
challenges and unmet needs, this Research Topic provides
important directions for further investigation in this fascinating

area of cardiovascular medicine and autoimmune and
inflammatory diseases.
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The present work was done to elucidate whether hemichannels of a cell line derived
from endothelial cells are affected by pro-inflammatory conditions (high glucose and
IL-1B/TNF-o) known to lead to vascular dysfunction. We used EAhy 926 cells treated
with high glucose and IL-1p/TNF-a. The hemichannel activity was evaluated with the
dye uptake method and was abrogated with selective inhibitors or knocking down
of hemichannel protein subunits with siRNA. Western blot analysis, cell surface bioti-
nylation, and confocal microscopy were used to evaluate total and plasma membrane
amounts of specific proteins and their cellular distribution, respectively. Changes in
intracellular Ca?* and nitric oxide (NO) signals were estimated by measuring FURA-2
and DAF-FM probes, respectively. High glucose concentration was found to elevate
dye uptake, a response that was enhanced by IL-13/TNF-a. High glucose plus IL-1p/
TNF-a-induced dye uptake was abrogated by connexin 43 (Cx43) but not pannexini
knockdown. Furthermore, Cx43 hemichannel activity was associated with enhanced
ATP release and activation of p38 MAPK, inducible NO synthase, COX,, PGE, receptor
EP+, and P2X7/P2Y, receptors. Inhibition of the above pathways prevented completely
the increase in Cx43 hemichannel activity of cells treated high glucose and IL-1p/TNF-a.
Both synthetic and endogenous cannabinoids (CBs) also prevented the increment in
Cx43 hemichannel opening, as well as the subsequent generation and release of ATP
and NO induced by pro-inflammatory conditions. The counteracting action of CBs also
was extended to other endothelial alterations evoked by IL-1/TNF-a and high glucose,
including increased ATP-dependent Ca?* dynamics and insulin-induced NO production.
Finally, inhibition of Cx43 hemichannels also prevented the ATP release from endothelial
cells treated with IL-1p/TNF-a and high glucose. Therefore, we propose that reduction
of hemichannel activity could represent a strategy against the activation of deleterious
pathways that lead to endothelial dysfunction and possibly cell damage evoked by high
glucose and pro-inflammatory conditions during cardiovascular diseases.
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Séez et al.

Inflammation and Endothelial Hemichannels

INTRODUCTION

The endothelial cell lining of vessels walls plays central roles in
regulating vascular homeostasis, such as the maintenance of
vessel integrity, supply of oxygen and nutrients to underlying
tissues and promotion of a well-balanced redox and immune
environment (1). Under physiological conditions, endothelial
cells maintain a proper interface barrier between blood and tis-
sue; surveilling and combating possible perturbations of invading
pathogens or endogenous threats in response to tissue damage (2).
The endothelium rapidly reacts to acute damage by modulating
blood flow, permeability, leukocyte infiltration, and tissue edema
(2). If the stimulus persists, chronic endothelial activation accom-
panied of sustained inflammation may lead to vascular dysfunc-
tion, precipitating macrophage recruitment, angiogenesis, and
subsequent loss of vascular homeostasis (3). Chronic activation
and dysfunction of endothelial cells are common features and
part of the underlying origin of myocardial infarction, diabetes,
stroke, obesity, unstable angina, metabolic syndrome, and sudden
cardiac death (4). Although diverse conditions are present dur-
ing these diseases, including high blood glucose levels, insulin
resistance, oxidative stress, and upregulated cytokine production
(5), the full underlying mechanisms associated with endothelial
activation and dysfunction are not fully understood.

In the last decade, several studies have established that
hemichannels mediate the physiological release of different
signaling molecules (e.g., ATP, glutamate, NAD*, and PGE,) that
preserve the progression of multiple biological processes, includ-
ing long-term synaptic transmission (6), vessel contractility (7),
and glucose sensing (8), among others. Hemichannels result from
the oligomerization of six connexin monomers around a central
pore, which along with forming the building blocks of gap junc-
tion channels, also acts as a solitary or non-junctional channels in
the plasma membrane (9). Hemichannels are permeable to ions
and small molecules; constituting routes of exchange between
intracellular and extracellular compartments (10). Under certain
pathophysiological scenarios, rather than being beneficial, the
prolonged opening of hemichannels contributes to disease
progression by different ways, including the enhanced release
of paracrine substances (e.g., ATP and glutamate), intracellular
Ca** handling alterations, and ionic and osmotic imbalance
(11). A cornerstone underlying this phenomenon rise from the
overproduction of inflammatory mediators as result of impaired
operation of the innate and adaptive immune system (12).

There are plenty of data pointing out the detrimental effects of
inflammation on endothelial function (2) and hyperglycemia is
one of the most emblematic pro-inflammatory condition during
different cardiovascular diseases (13, 14). Indeed, animal and
clinical studies have shown that hyperglycemia causes the sys-
temic production of pro-inflammatory cytokines such as TNFa
and IL-1p (15, 16), as well as endothelial dysfunction (5). Among
other changes, high glucose concentration in concert with pro-
inflammatory cytokines alters numerous intracellular signaling
pathways in endothelial cells (17, 18), which consequently lead to
reduced endothelial barrier function, compromised vascular tone
regulation and insulin resistance (5). Although prior evidence
has described that IL-1p/TNF-a or high glucose (25-45 mM)

causes a prominent opening of hemichannels in diverse brain
cell types (8, 19-23), whether high glucose concentration and/or
pro-inflammatory cytokines can modulate hemichannel activity
in endothelial cells remain poorly studied.

We hypothesize that high glucose concentration in combina-
tion IL-1B/TNF-« increase the hemichannel activity of endothe-
lial cells, resulting in several cell alterations. Here, we show
that high glucose concentration and IL-1B/TNF-a and increase
the activity of endothelial connexin 43 (Cx43) hemichannels.
Inhibition of these channels prevented the alterations of puriner-
gic signaling, [Ca®*]; signal dynamics, and nitric oxide (NO)
production. Moreover, two endogenous cannabinoids (CBs):
methanandamide (Meth) or 2-arachidonylglycerol (2-AG), as
well as one synthetic CB: WIN 55,212-2 (WIN), prevent these
events. In particular, they counteracted the persistent opening
of endothelial Cx43 hemichannels mainly due to increase in the
amount of Cx43 in the cell surface, which consequently prevented
the manifestation of different endothelial alterations.

MATERIALS AND METHODS

Reagents and Antibodies

The mimetic peptides Gapl9 (KQIEIKKFK, intracellular loop
domain of Cx43), Tat-L2 (YGRKKRRQRRRDGANVDMHLK
QIEIKKFKYGIEEHGK, second intracellular loop domain of
Cx43), and “panxl [WRQAAFVDSY, first extracellular loop
domain of pannexinl (Panx1)] were obtained from Genscript
(NJ, USA). HEPES, water (W3500), Dulbeccos Modified Eagle
Medium (DMEM), A74003, MRS2179, brilliant blue G (BBG),
oxidized ATP (0ATP), ns-398, sc-19220, indometacin, L-N6,
SB203580, Lucifer yellow (LY), Meth and 2-AG, WIN-55,212-2
(WIN), Cx43 polyclonal antibody, ethidium (Etd) bromide, and
probenecid (Prob) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Fetal bovine serum (FBS) was obtained from
Hyclone (Logan, UT, USA). Penicillin, streptomycin, FURA-
2AM, DAF-FM diacetate, diamidino-2-phenylindole (DAPI),
BAPTA-AM, goat anti-mouse Alexa Fluor 488 were obtained
from Invitrogen (Carlsbad, CA, USA). The CB1 receptor antago-
nist (SR1): SR-141716A and the CB2 receptor antagonist (SR2):
SR-144528 were kindly provided by Sanofi-Aventis Recherche
(Bagneux, France). Normal goat serum (NGS) was purchased
from Zymed (San Francisco, CA, USA). Anti-Cx43 monoclonal
antibody (610061) was obtained from BD Biosciences (Franklin
Lakes, NJ, USA). IL-1p and TNF-o were obtained from Roche
Diagnostics (Indianapolis, MI, USA). Horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG, Sulfo-NHS-SS-biotin, and
NeutrAvidin immobilized on agarose beads were purchased from
Pierce (Rockford, IL, USA).

Cell Cultures

The human endothelial cell line EAhy 926 was kindly donated
by Cora-Jean S. Edgell, University of North Carolina, Chapel
Hill. ECs were seeded onto plastic dishes (Nunclon) or onto glass
coverslips (Gassalem, Limeil-Brevannes, France) in DMEM,
supplemented with penicillin (5 U/ml), streptomycin (5 pg/mL),
and 10% FBS and kept at 37°C in a 5% CO,/95% air atmosphere
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at nearly 100% relative humidity. Passaging was performed at
~90% confluence and cells were re-seeded at 1 X 10* cells/cm?
Primary endothelial cells were isolated by collagenase (0.25 mg/
mL) digestion from umbilical cord veins (HUVEC) from normal
pregnancies and cultured (37°C, 5% CO,) up to passage 2 in
medium 199 (M199) containing 10% new born calf serum, 10%
fetal calf serum, 3.2 mM L-glutamine, and 100 U/mL penicillin-
streptomycin. Passaging was performed at ~90% confluence and
cells were re-seeded at 1 X 10* cells/cm?.

Treatments

Cells were treated for 1, 24, 48, or 72 h with a mixture of IL-1
and TNF-a (10 ng/mL of each) plus different concentrations
of glucose (5, 25, or 45 mM). Mimetic peptides against Cx43
hemichannels (gap19 and Tat-L2, 100 pM) and Panx1 channels
(**panx1, 100 uM), as well as Prob (500 uM), were applied to cell
cultures 15 min prior to and co-applied with Etd for time-lapse
recordings (see below). CB agonists: WIN, Meth, and 2-AG were
applied 1 h prior to and co-applied with the cytokines and glucose
treatment. SR1 and SR2 antagonists were co-applied with the CB
agonists. Similarly, in another set of experiments, SB203580 (p38
MAP kinase inhibitor), L-N6 [inducible NO synthase (iNOS)
inhibitor], indomethacin (COX, and COX, inhibitor), sc-560
(COX, inhibitor), ns-398 (COX; inhibitor), sc-19220 (EP, recep-
tor antagonist), BAPTA-AM (intracellular Ca** chelator), BBG
(non-competitive P2X; antagonist), oATP (P2X; antagonist),
MRS2179 (P2Y, antagonist), or A740003 (P2X; antagonist) were
applied 1 h prior to and co-applied with IL-1p and TNF-a plus
25 mM glucose for 72 h.

siRNA Transfection

siRNA duplexes against mouse Cx43 or Panx1 were predesigned
and obtained from Origene (Rockville, MD, USA). siRNA (10 nM)
was transfected using Oligofectamine (Invitrogen) according to
the Origene application guide for Trilencer-27 siRNA. Sequences
for siRNAs against human Cx43 and Panx1 were siRNA-Cx43:
rGrCrCrTrTrCrTrTrGrCrTrGrArTrCrCrArGrTrGrGrTrAr-
CrATC and siRNA-Panxl: rGrArTrCrTrCrGrArTrTrGrGr-
TrArCrArCrArGrArTrArArGrCTG, respectively. Transfection
experiment was performed 24 h before treating cells with IL-1p
and TNF-a plus 25 mM glucose for 72 h.

Dye Uptake and Time-Lapse Fluorescence
Imaging

For time-lapse fluorescence imaging, cells plated on glass cover-
slips were washed twice in Hank’s balanced salt solution. Then,
cells were incubated with Locke’s solution containing 5 uM Etd
and mounted on the stage of an Olympus BX 51W1I upright
microscope with a 40X water immersion objective for time-lapse
imaging. Images were captured by a Retiga 13001 fast-cooled
monochromatic digital camera (12-bit) (Qimaging, Burnaby,
BC, Canada) controlled by imaging software Metafluor software
(Universal Imaging, Downingtown, PA, USA) every 30 s (expo-
sure time = 0.5 s; excitation and emission wavelengths were 528
and 598 nm, respectively). The fluorescence intensity recorded

from 25 regions of interest (representing 25 cells per coverslip)
was defined as the subtraction (F-FO) between the fluorescence
(F) from respective cell (25 cells per field) and the background
fluorescence (FO) measured where no labeled cells were detected.
The mean slope of the relationship F-F0 over a given time interval
(AF/AT; FO remained constant along the recording time) repre-
sents the Etd uptake rate. To assess for changes in slope, regression
lines were fitted to points before and after the various experimen-
tal conditions using Excel software, and mean values of slopes
were compared using GraphPad Prism software and expressed
as AU/min. At least four replicates (four sister coverslips) were
measured in each independent experiment.

Western Blot Analysis

Cells were rinsed twice with PBS (pH 7.4) and harvested by
scraping with a rubber policeman in ice-cold PBS containing
5 mM EDTA, Halt (78440), and M-PER protein extraction
cocktail (78501) according to the manufacturer instructions
(Pierce, Rockford, IL, USA). The cell suspension was sonicated
on ice. Proteins were measured using the Bio-Rad Bradford assay.
Aliquots of cell lysates (100 pg of protein) were resuspended in
Laemmli’s sample buffer, separated in an 8% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
electro-transferred to nitrocellulose sheets. Nonspecific protein
binding was blocked by incubation of nitrocellulose sheets in
PBS-BLOTTO (5% nonfat milk in PBS) for 30 min. Blots were
then incubated with primary antibody at 4°C overnight, followed
by four 15 min washes with PBS. Then, blots were incubated
with HRP-conjugated goat anti-rabbit antibody at room tem-
perature for 1 h and then rinsed four times with PBS for 15 min.
Immunoreactivity was detected by enhanced chemiluminescence
reaction using the SuperSignal kit (Pierce, Rockford, IL, USA)
according to the manufacturer’s instructions.

Cell Surface Biotinylation and

Quantification

Cells cultured on 100-mm dishes were washed three times with
ice-cold Hank’s saline solution (pH 8.0), and 3 mL of sulfo-
NHS-SS-biotin solution (0.5 mg/mL) was added followed by a
30 min incubation at 4°C. Then, cells were washed three times
with ice-cold saline containing 15 mM glycine (pH 8.0) to block
unreacted biotin. The cells were harvested and incubated with
an excess of immobilized NeutrAvidin (1 mL of NeutrAvidin per
3 mg of biotinylated protein) for 1 h at 4°C after which 1 mL of
wash bulffer (saline solution, pH 7.2 containing 0.1% SDS and 1%
Nonidet P-40) was added. The mixture was centrifuged for 2 min
at 600 g at 4°C. The supernatant was removed and discarded, and
the pellet was resuspended in 40 uL of saline solution, pH 2.8
containing 0.1 M glycine, to release the proteins from the biotin.
After the mixture was centrifuged at 600 g at 4°C for 2 min, the
supernatant was collected, and the pH was adjusted immediately
by adding 10 uL of 1 M Tris, pH 7.5. Relative protein amount
was measured using Western blot analysis as described above.
Resulting immunoblot signals were scanned, and the densitomet-
ric analysis was performed with IMAGE] software.
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Dye Coupling

Cells plated on glass coverslips were bathed with recording
medium (HCO; free F-12 medium buffered with 10 mM HEPES,
pH 7.2) and permeability mediated by gap junctions was tested
by evaluating the transfer of LY to neighboring cells. Briefly,
single ECs were iontophoretically microinjected with a glass
micropipette filled with 75 mM LY (5% w/v in 150 mM LiCl) in
recording medium containing 200 uM La** to avoid cell leakage
of the microinjected dye via hemichannels, leading to underscore
the extent of dye coupling. Fluorescent cells were observed using
a Nikon inverted microscope equipped with epifluorescence
illumination (Xenon arc lamp) and Nikon B filter to LY (exci-
tation wavelength 450-490 nm; emission wavelength above
520 nm) and XF34 filter to Dil fluorescence (Omega Optical, Inc.,
Brattleboro, VT, USA). Photomicrographs were obtained using a
CCD monochrome camera (CFW-1310M; Scion; Frederick, MD,
USA). Three minutes after dye injection, cells were observed to
determine whether dye transfer occurred. The incidence of dye
coupling was scored as the percentage of injections that resulted
in dye transfer from the injected cell to more than one neighbor-
ing cell. Three experiments were performed for every treatment
and dye coupling was tested by microinjecting a minimum of 10
cells per experiment.

Immunofluorescence

Cells grown on glass coverslips were fixed at room temperature
with 2% paraformaldehyde for 30 min and then washed three
times with PBS. Then, cells were incubated three times for 5 min
in 0.1 M PBS-glycine, followed by 30 min incubation with 0.1%
PBS-Triton X-100 containing 10% NGS. The permeabilized cells
were incubated with anti-p-tubulin monoclonal antibody (Sigma,
1:400) and anti-Cx43 polyclonal antibody (SIGMA, 1:400) diluted
in 0.1% PBS-Triton X-100 with 2% NGS at 4°C overnight. After
five rinses in 0.1% PBS-Triton X-100, cells were incubated with
goat anti-mouse IgG Alexa Fluor 555 (1:1,000), goat anti-rabbit
IgG Alexa Fluor 488 (1:1,000), or Alexa Fluor 488-phalloidin at
room temperature for 50 min. After several rinses, coverslips
were mounted in DAPI Fluoromount-G medium and examined
with an Olympus BX 51W1I upright microscope with a 40X water
immersion objective or a confocal laser-scanning microscope
with a 63X objective (Olympus, Fluoview FV1000, Tokyo, Japan).

Intracellular Ca?* and NO Imaging

Cells plated on glass coverslips were loaded with 5 uM Fura-
2-AM or 5 uM DAF-FM diacetate in DMEM without serum at
37°C for 45 min and then washed three times in Locke’s solution
(154 mM NaCl, 5.4 mM KCl, 2.3 mM CaCl,, 5 mM HEPES, pH
7.4) followed by de-esterification at 37°C for 15 min. The experi-
mental protocol for Ca?* signal and NO imaging involved data
acquisition every 5 s (emission at 510 and 515 nm, respectively) at
340/380-nm and 495 excitation wavelengths, respectively, using
an Olympus BX 51WII upright microscope with a 40X water
immersion objective. Changes were monitored using an imaging
system equipped with a Retga 13001 fast-cooled monochromatic
digital camera (12-bit) (Qimaging, Burnaby, BC, Canada),
monochromator for fluorophore excitation, and METAFLUOR
software (Universal Imaging, Downingtown, PA, USA) for image

acquisition and analysis. Analysis involved determination of
pixels assigned to each cell. The average pixel value allocated to
each cell was obtained with excitation at each wavelength and
corrected for background. Due to the low excitation intensity, no
bleaching was observed even when cells were illuminated for a
few minutes. The FURA-2 ratio was obtained after dividing the
340-nm by the 380-nm fluorescence image on a pixel-by-pixel
base (R = F340nm/F3s0 nm)-

Measurement of Extracellular ATP

Concentration

Cells were seeded (2 X 10° cells in 35 mm dishes) in DMEM con-
taining 10% FBS and treated with IL-18 and TNF-« plus 25 mM
glucose for 72 h. Supernatants were collected, filtered (0.22 um),
and stored at —20°C before used for experiments. Then, extracel-
lular ATP was measured using a luciferin/luciferase biolumi-
nescence assay kit (Sigma-Aldrich). The amount of ATP in each
sample was inferred from standard curves and normalized for the
protein concentration as determined by the BCA assay (Pierce).

Data Analysis and Statistics

For each data group, results were expressed as mean + SEM; n
refers to the number of independent experiments. Detailed statis-
tical results were included in the figure legends. Statistical analy-
ses were performed using GraphPad Prism (version 7, GraphPad
Software, La Jolla, CA, USA). Normality and equal variances were
assessed by the Shapiro—-Wilk normality test and Brown-Forsythe
test, respectively. Unless otherwise stated, data that passed these
tests were analyzed by unpaired ¢ test in case of comparing two
groups, whereas in case of multiple comparisons, data were ana-
lyzed by one or two-way analysis of variance (ANOVA) followed,
in case of significance, by a Tukey’s post hoc test. A probability of
P < 0.05 was considered statistically significant.

RESULTS

IL-18/TNF-a Plus High Glucose Enhance
the Activity of Cx43 Hemichannels in
Endothelial Cells

Previous studies have revealed that stimulation with IL-1p/TNF-
a or high glucose (25-45 mM) causes a prominent opening of
hemichannels in diverse brain cell types (8, 19-22). Given that
inflammatory mediators play crucial roles in the activation of
endothelial cells and because hemichannels may contribute to
this process as they do in other tissues (24, 25), we examined
whether two pro-inflammatory cytokines and high glucose could
modulate the activity of these channels in the human endothelial
cell line EAhy 926. The functional state of hemichannels was
evaluated by measuring the rate of ethidium (Etd) uptake. Etd only
move across the plasma membrane in normal cells by permeating
specific large-pore channels such as hemichannels (26). After its
binding to RNA and DNA, Etd becomes fluorescent, revealing
channel opening when appropriate blockers are employed.

After incubation with 45 mM but not 25 mM glucose, EAhy
cells exhibited a significant twofold increment in Etd uptake
compared with physiological glucose concentration (5 mM)
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FIGURE 1 | High glucose and IL-1B plus TNF-a increase the activity of connexin 43 (Cx43) hemichannels in endothelial cells. (A) Averaged Etd uptake rate of EAhy
cells treated for 72 h with different concentrations of glucose alone (control, white circles) or in combination with a mixture of IL-1p/TNF-« (red circles; 10 ng/mL for
each). *p < 0.05, 45 mM glucose (control) compared to 5 mM glucose (control), *p < 0.05, IL-1B/TNF-a compared to control; éo < 0.05, high glucose (IL-1p/TNF-a)
compared to 5 mM glucose (IL-1B/TNF-a) [two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test]. (B) Time-lapse measurements of Etd uptake by
EAhy cells treated for 72 h with 5 mM glucose (control, white circles) or 25 mM glucose and IL-18/TNF-a (red circles). (C-E) Representative immunofluorescence
images depicting phalloidin-actin (green) and Etd-nucleus (red) staining from dye uptake measurements (10 min exposure to dye) in EAhy cells treated for 72 h with
5 mM glucose [control (C)], 25 mM glucose and IL-1p/TNF-a (D) alone or plus 100 uM gap19. (F) Averaged Etd uptake rate by EAhy cells treated for several time
periods with 5 mM glucose (control, white circles) or 25 mM glucose and IL-1p/TNF-a (red circles). “o < 0.05, IL-1p/TNF-a and high glucose compared to control
(two-way ANOVA followed by Tukey’s post hoc test). (G) Averaged Etd uptake rate normalized with control condition (dashed line) by EAhy cells treated for 72 h with
25 mM glucose and IL-1p/TNF-a alone or in combination with the following blockers: 100 uM Tat-L2, 100 UM Tat-L2"126K118N 100 uM gap19, 100 uM gap19'e4,
SIRNA®43, 100 uM "%panx1, 500 uM probenecid (Prob), SiRNA™™'; and siRNA®™®. *p < 0.05, IL-1p/TNF-a and high glucose compared to control; *o < 0.05, effect of
blockers compared IL-18/TNF-a and high glucose (one-way ANOVA followed by Tukey’s post hoc test). Data were obtained from at least three independent
experiments (see scatter dot plot) with four repeats each one (>35 cells analyzed for each repeat). Calibration bar = 20 pym.

(Figure 1A). Relevantly, a combination of IL-1f and TNF-a  as to “high glucose”) only increased Etd uptake when applied
(10 ng/mL of each) enhanced the response evoked by 45 mM glu-  in combination with IL-1B/TNF-a (Figures 1A-D). Moreover,
cose (Figure 1A), whereas 25 mM glucose (hereinafter referred ~ IL-1B/TNF-a and high glucose triggered a time-dependent
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proportional rise in Etd uptake, being 72 h of treatment the most
significant as it evoked a 3.5-fold augment in relation to control
treatment (Figure 1F). No changes in Etd uptake were observed
upon treatment with IL-1p/TNF-« and plus high sucrose or high
mannitol excluding the possibility of an osmolarity-mediated
response (Figure S1A in Supplementary Material).

Endothelial cells express functional Cx43 hemichannels (27-
29) and Panxl1 channels (30, 31). Pannexins encompass a three-
member protein family that constitute unopposed membrane
channels referred as pannexons that—just like hemichannels—
allow paracrine/autocrine communication in cellular tissues
(32). The involvement of Cx43 hemichannels in IL-1/TNF-«a
and high glucose-mediated Etd uptake was examined employing
specific mimetic peptides (Tat-L2 and gap19) with sequences
homologous to intracellular L2 loop domains of Cx43 (33, 34).
Cells treated with IL-1p/TNF-o and high glucose for 72 h and
incubated for 15 min of incubation with Tat-L2 (100 uM) or gap19
(100 uM) before and during the dye uptake evaluation showed an
Etd uptake close to that of control cells (Figures 1C,E,G). In addi-
tion, a mutated TAT-L2 (200 uM TAT-L2M26K1130N) i which 2 aa
crucial for interaction of L2 domain to the carboxyl tail of Cx43
are modified, was unsuccessful in trigger a comparable inhibition
(Figure 1G). Likewise, we noticed that an inactive form of gap19
containing the 1130A modification (gap19"**), did not inhibit
the IL-1B/TNF-a and high glucose-induced Etd uptake in EAhy
cells (Figure 1G). Consistent with these findings, knockdown of
Cx43 with siRNA fully abolished the Etd uptake caused by IL-1p/
TNF-a and high glucose (Figure 1G). Conversely, scrambled
siRNA, siRNA for Panxl, the Panxl mimetic peptide “panxl
(100 uM), or probenecid (200 uM) failed to cause a similar sup-
pression (Figure 1G). These results strongly bring up that IL-1p/
TNF-aand high glucose significantly increase the activity of Cx43
hemichannels, but not Panx1 channels in EAhy endothelial cells.

Endothelial Cx43 Hemichannel Activity
Induced by IL-18/TNF-a Plus High Glucose
Depends on p38 MAP Kinase/iNOS/COX./

EP, and Purinergic Pathways

During inflammatory conditions, endothelial cells display a
strong stimulation of the iNOS and cyclooxygenase 2 (COX;) (35,
36), two enzymes that generate byproducts (NO and prostaglan-
dins, respectively) associated with Cx43 hemichannel activation
(37-39). In addition, prior research has unveiled the participation
of p38 MAP kinase (p38 MAPK) in both the opening of Cx43
hemichannels (20) and inflammatory activation of endothelial
cells (40, 41). Accordingly, we examined the influence of p38
MAPK, iNOS, and COX, pathways on the IL-1p/TNF-a and
high glucose-induced Etd uptake in EAhy cells. The Etd uptake
triggered by IL-1B/TNF-a and high glucose treatment for 72 h
was greatly reduced by blockade of p38 MAPK with SB202190
(10 pM) or inhibition of iNOS with L-N6 (5 uM) (Figure 2A).
Notably, COX inhibition by indomethacin (15 uM) reduced the
~3.5-fold increase on Etd uptake evoked by IL-1p/TNF-a and
high glucose to control conditions (Figure 2A). To investigate
which COX was implicated in the above effect, we used sc-560
and ns-398, specific inhibitors for COX; and COX,, respectively.
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FIGURE 2 | Endothelial connexin 43 (Cx43) hemichannel opening evoked by
high glucose and IL-1p/TNF-a depends on Ca?* signaling and activation of
p38 MAPK/inducible NO synthase/COX,-dependent pathways and EP:/P2
receptors: prevention by cannabinoids. (A) Averaged Etd uptake rate
normalized with control conditions (5 mM glucose, dashed line) of EAhy cells
treated for 72 h with 256 mM glucose and IL-1p/TNF-a alone or in combination
with the following agents: 10 uM SB203580, 1 uM L-N6, 15 uM indometacin
(indomet); 1 uM sc-560; 5 UM ns-398; 20 UM sc-19220, 10 uM BAPTA,

10 pM Birilliant blue G (BBG), 200 uM oxidized ATP (0ATP), 10 uM MRS2179;
and 10 pM A740003. *p < 0.05, effect of blockers compared to IL-13/TNF-a
and high glucose [one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test]. (B) Averaged Etd uptake rate normalized with control
conditions (5 mM glucose, dashed line) by EAhy cells treated for 72 h with

25 mM glucose and IL-1p/TNF-a (red bar) alone or in combination with the
following cannabinoids: WIN (5 uM, white bars), 2-arachidonylglycerol (5 uM,
light gray bars), and Meth (5 uM, dark gray bars). It is also shown the effect of
the respective cannabinoid co-treatment with the CB; or CB, receptor
antagonist, SR-141716A (5 uM) and/or SR-144528 (5 pM), respectively.

*p < 0.05, effect of each cannabinoid compared to the effect induced by 72 h
treatment with IL-18/TNF-a and high glucose; #o < 0.05, effect of each
cannabinoid receptor antagonist compared to the effect of the respective
cannabinoid (one-way ANOVA followed by Tukey’s post hoc test). Data were
obtained from at least three independent experiments (see scatter dot plot)
with four repeats each one (>35 cells analyzed for each repeat).

sc-560 (1 uM) failed in neutralizing the Etd uptake caused by
IL-1p/TNF-a and high glucose, whereas ns-398 (5 pM) com-
pletely abolished it (Figure 2A).

Previous findings indicate that NO elevates COX; activity and
prostaglandin E, (PEG,) generation in macrophages (42) and
a similar phenomenon seems to occur in inflamed endothelial
cells (43). Given that activation of PEG; receptor 1 (EP,) lead to
increases in [Ca?*]; (44) and the latter is a well-known mechanism
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that increase the open probability of Cx43 hemichannels (45), we
examined if this signaling is involved in the IL-1p/TNF-a and
high glucose-mediated Etd uptake in EAhy cells. Blockade of
EP; receptor with sc-19220 (20 uM) was found to diminish the
Etd uptake caused by IL-1p/TNF-a and high glucose, whereas
5 uM BAPTA-AM, a Ca?* chelator, caused a similar inhibition
(Figure 2A). The opening of Cx43 hemichannels has been
correlated with [Ca?*]-mediated purinergic signaling (46, 47),
thereby, we tested if purinergic receptors participate in the IL-1p/
TNF-a and high glucose-induced Etd uptake in EAhy cells.
Remarkably, 200 uM oATP, a general P2X receptor blocker, or
10 uM A740003 and 10 pM BBG, both P2X; receptor inhibitors,
partially antagonized the Etd uptake induced by IL-1p/TNF-«
and high glucose (Figure 2A). Similarly, the blockade of P2Y;
receptors with 10 uM MRS2179 evoked a partial but significant
reduction in the IL-1p/TNF-a and high glucose-induced Etd
uptake. All these data suggest that endothelial Cx43 hemichan-
nel activity triggered by IL-1p/TNF-a and high glucose rely on
the stimulation of p38 MAPK/iNOS/COX,/EP;-dependent
pathway(s) and the P2X;/P2Y, receptor-mediated changes in
cytoplasmic Ca** signal.

CBs Counteract the Opening of Cx43
Hemichannels Induced by IL-1p/TNF-a
Plus High Glucose in Endothelial Cells

An unresolved topic in the field of hemichannels is to recognize
compounds that could prevent their increased opening during
pathological conditions. Possible aspirants for this intent are CBs,
as they successfully prevent the persistent Cx43 hemichannel
opening triggered by different inflammatory conditions in glial
cells (48-50). Whether plant-derived, synthetic, or endocan-
nabinoids, CBs are biolipid molecules that activate at least two
CB receptors: CB; and CB; (51). Because endothelial cells express
CB,/CB; receptors (52) and CBs elicit anti-inflammatory defense
facing cytokine-dependent endothelial dysfunction (53), we
examined whether CBs could ameliorate the increase in Cx43
hemichannel activity evoked by IL-1B/TNF-a and high glucose
in EAhy cells.

To elucidate whether CBs could regulate the Cx43 hemichan-
nel activity in EAhy cells, we pre-incubated the cells with synthetic
and endogenous CBs for 1 h and then were co-applied for 72 h
along with IL-1p/TNF-a and high glucose. WIN-55,212-2 (WIN;
5 uM), a synthetic agonist of CB,/CB, receptors, completely
blunted the IL-1p/TNF-a and high glucose-induced Etd uptake
in EAhy cells since these cells showed an Etd uptake comparable
to control values (Figure 2B). Furthermore, we used two endog-
enous CB,/CB, receptor agonists: 2-AG and methanandamide
(Meth), the latter being a synthetic analog of the endocannabi-
noid anandamide. We observed that 5 pM 2-AG and 5 pM Meth
reduced the increase in Etd uptake rate of EAhy cells caused
by the IL-1/TNF-a and high glucose treatment to ~169 and
~146%, respectively (Figure 2B). CB, and CB, receptor antago-
nists, SR-141716 (SR1) and SR-144528 (SR2), respectively, were
employed to characterize the sub-type of CB receptor implicated
in the counteracting response on Etd uptake evoked by IL-1p/
TNF-a and high glucose (Figure 2B). With the application of

10 uM SR1 antagonist, WIN, 2-AG, and Meth failed in preventing
the IL-1p/TNF-o and high glucose-mediated Etd uptake in EAhy
cells, whereas 10 pM SR2 was ineffective in evoke a comparable
preventing effect (Figure 2B). These findings indicate that CB, but
not CB, receptors are the major contributors to the WIN, 2-AG,
and Meth counteracting responses of the IL-13/TNF-a and high
glucose-evoked Cx43 hemichannel activity in endothelial cells.

WIN Counteract the Increment in Cx43
Surface Amount and Gap Junctional
Uncoupling Triggered by IL-18/TNF-a Plus
High Glucose in Endothelial Cells

Connexin 43 hemichannel activity could depend on increments
in both the open probability per channel and/or the number of
channels at the cell surface. Previous studies have correlated the
hemichannel-dependent Etd uptake with elevated surface levels
of Cx43 in different cell types (8, 39, 50) or increase in open
probability without changes in the total amount of Cx43 in the
cell surface (54). Here, we evaluated if the counteracting effect of
CBs on IL-1p/TNF-a and high glucose-mediated hemichannel
activity depend on changes in surface amount of Cx43. IL-1p/
TNF-a and high glucose caused a slight but significant ~30%
decrease in total Cx43 compared to control conditions, a response
fully suppressed by 5 uM WIN (Figures 3A,B). Moreover, IL-1p/
TNF-a and high glucose also evoked a ~1.7-fold rise in surface
amount of Cx43 and experiments with WIN fully blunted this
effect (Figures 3A,B). Therefore, the ameliorative effects of CBs
on IL-1B/TNF-a and high glucose-induced Cx43 hemichannel
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FIGURE 3 | WIN counteracts the increase in surface levels of connexin 43
(Cx43) induced by high glucose and IL-1p/TNF-a in endothelial cells. (A) Total
(upper panel) and surface (bottom panel) levels of Cx43 by EAhy cells treated
for 72 h with 5 mM glucose (control), 25 mM glucose, and IL-13/TNF-a alone
or in combination with 5 uM WIN. The Cx43 phosphorylated (P1-P2) and non-
phosphorylated (NP) forms are indicated in the left. Total and surface amount
of each analyzed band were normalized according to the amount of a-tubulin
and Na*/K* ATPase detected in each lane, respectively. (B) Quantification of
total (white bars) and surface (black bars) amount of Cx43 normalized to
control (dashed line) in EAhy cells harvested 72 h after treatment with 25 mM
glucose and IL-18/TNF-a alone or in combination with 5 pM WIN. *p < 0.05,
IL-1B/TNF-a and high glucose compared to control; o < 0.05, effect of each
cannabinoid compared to the effect induced by IL-18/TNF-a and high glucose
(two-tailed Student’s unpaired t-test). Averaged data were obtained from at
least three independent experiments (see scatter dot plot).

Frontiers in Immunology | www.frontiersin.org

17

August 2018 | Volume 9 | Article 1899


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Séez et al.

Inflammation and Endothelial Hemichannels

activity may take place because they interfere with the increment
in surface amount of Cx43.

Endothelial-to-endothelial gap junctional communication
is critical for the endothelium-derived hyperpolarization and
concomitant vasodilation of the arteriolar smooth muscle (55).
Given that increased Cx43 hemichannel opening induced by
inflammatory conditions has been described to occur along

with a rise in endothelial dye coupling (27), we evaluated if the
endothelial gap junction coupling was altered upon treatment
with IL-1/TNF-a and high glucose. Under control conditions
around ~80% of EAhy cells exhibited LY intercellular diffusion
to neighboring cells (Figures 4A,D,G). Nonetheless, 72 h after
treatment with IL-1B/TNF-a and high glucose intercellular
dye transfer decreased by ~38% compared with control levels

control

[ control

control

IL-1B/TNF=0. 72 h
(25 mM gluc)

yellow = 60 pm, and green = 25 pm.

IL-1B8/TNF-a. 72 h

FIGURE 4 | WIN prevents the high glucose and IL-18/TNF-a-induced decrease in endothelial coupling through a mechanism that does not involve changes in
connexin 43 (Cx43) distribution. (A-F) Representative fluorescence and phase contrast micrographs of Lucifer yellow (LY) transfer by EAhy cells treated for 72 h with
5 mM glucose [control (A,D)], 25 mM glucose, and IL-1p/TNF-a (B,E) alone or in combination with 5 pM WIN (C,F). (G) Averaged data of dye coupling (percentage
of injections that resulted in LY transfer) of EAhy cells treated for 72 h with 5 mM glucose (control, white bar), 25 mM glucose, and IL-1p/TNF-a (red bars) alone or in
combination with 5 pM WIN. *p < 0.05, IL-1p/TNF-a and high glucose compared to control; *o < 0.05, effect of each cannabinoid compared to the effect induced
by IL-1p/TNF-a and high glucose (one-way analysis of variance followed by Dunnett’s post hoc test). Data were obtained from at least three independent
experiments (see scatter dot plot) with four repeats each one (>10 cells analyzed for each repeat). (H-K) Representative fluorescence images depicting Cx43
(green), tubulin (red), and DAPI (blue) immunolabeling of EAhy cells treated for 72 h with 5 mM glucose [control (H,I)] and 25 mM glucose plus IL-13/TNF-a (J,K).
Insets: 1.7x magnification of the indicated area of panels (I,K). White arrows indicate Cx43 labeling in cell-cell interfaces. Calibration bars: white = 35 pm,
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(Figures 4B,E,G). Equivalently, to the counteracting influence on
IL-1p/TNF-a and high glucose-evoked Etd uptake, WIN entirely
prevented the reduction in endothelial cell-cell coupling induced
by IL-18/TNF-« and high glucose (Figures 4C,EG). Given that
endocytosis of gap junctions from the plasma membrane is
a process that might cause cellular uncoupling, we explored if
IL-1B/TNF-a and high glucose-induced endothelial uncoupling
was correlated with alterations in the cellular distribution of
Cx43. In control EAhy cells, Cx43 was observed as fine to large
granules scattered at cellular interfaces and perinuclear regions
(Figures 4H,I) and comparable features were detected in those
treated with IL-1p/TNF-a and high glucose (Figures 4],K) or plus
5 uM WIN (Figures S1B-D in Supplementary Material). These
findings indicate that IL-1p/TNF-a and high glucose-induced
cell-to-cell uncoupling may depend on a mechanism implicating
the closure and/or decreased permeability of Cx43 gap junctions
rather than withdrawal from the apposition membranes.

IL-18/TNF-a Plus High Glucose Promotes
the Cx43 Hemichannel-Induced Release of
ATP From Endothelial Cells: Counteracting
Action by WIN

Endothelial cells subjected to inflammatory conditions exhibit
elevated release of ATP via the opening of Cx43 hemichannels
(27, 56), a major signal involved in leukocyte recruitment and
vascular inflammation (57). Given that P2X; and P2Y, recep-
tors are involved in the Etd uptake evoked by IL-1B/TNF-a
and high glucose in EAhy cells (Figure 2A), we evaluated
whether this treatment could also impact the release of ATP via
Cx43 hemichannels. IL-18/TNF-a and high glucose strongly
enhanced the release of ATP by ~6-folds compared to control
conditions (Figure 5). Importantly, gapl9 and Tat-L2, but not
"panx1 or probenecid, prominently reduced to control values
the extracellular ATP concentration of cells treated with IL-1f/
TNF-a and high glucose-induced release of ATP (from ~68
to ~13 and ~12 pmol/10° cells, respectively) (Figure 5). These
findings indicate that IL-1B/TNF-a and high glucose elevate
the release of ATP in a Cx43 hemichannel-dependent form in
EAhy endothelail cells. In this context, we tested the probable
counteracting influence of WIN on this response. We observed
that 1 h pretreatment and co-incubation with 5 uM WIN drasti-
cally reduced the IL-1p/TNF-a and high glucose-mediated
release of ATP (from ~68 to ~11 pmol/10° cells) (Figure 5).
Interestingly, WIN failed in decreasing the ATP release in EAhy
cells pre-incubated with 10 uM SR1 antagonist. Altogether, these
findings support that CB, receptors are the main contributors to
the WIN-mediated inhibition of Cx43 hemichannel-dependent
release of ATP evoked by IL-1B/TNF-a and high glucose in
endothelial cells.

IL-18/TNF-a and High Glucose-Induced
Changes in ATP-Dependent Ca?*
Dynamics Are Prevented by WIN in
Endothelial Cells

Although cytoplasmic Ca** is crucial for proper endothelial
barrier permeability and remodeling, its abnormal signaling
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FIGURE 5 | WIN mitigates the connexin 43 (Cx43) hemichannel-dependent
release of ATP evoked by high glucose and IL-1p/TNF-a in endothelial cells.
Averaged data of ATP release from EAhy cells treated for 72 h with 5 mM
glucose (control, white bar), 256 mM glucose, and IL-13/TNF-a (black bars)
alone or in combination with the following agents: 100 uM gap19, 100 uM
Tat-L2, 100 uM "°panx1, 500 uM probenecid (Prob), 5 uM, WIN and/or 5 uM
SR-141716A (SR1). *p < 0.05, IL-1p/TNF-a and high glucose compared to
control; *o < 0.05, effect of each agent compared to the effect induced by
IL-1B/TNF-a and high glucose; ¥p < 0.05, effect of each cannabinoid
receptor antagonist compared to the effect of the respective cannabinoid
(one-way analysis of variance followed by Tukey’s post hoc test). Data were
obtained from at least three independent experiments (see scatter dot plot)
with four repeats each one.

during inflammatory conditions could lead to multiple vascular
diseases (58, 59). Relevantly, both endothelial [Ca®*] signaling
and hemichannel functional state are interdependent processes
that may be enhanced during pathological conditions (60). In this
context and because intracellular BAPTA greatly blunted IL-1f/
TNF-a and high glucose-mediated Etd uptake (Figure 1A), we
investigated if this condition could modulate the basal Ca®* signal
in EAhy cells. As indicated by the assessment of Fura-2 ratio
(340/380), IL-1p/TNF-a and high glucose-stimulated EAhy cells
showed basal Ca?* signal that was similar to control conditions
(Figures 6A,C,K). Despite that IL-1B/TNF-a and high glucose
fail in modulate basal Ca** signal, these data do not rule out
whether this condition affects the Ca** signal responses evoked
by autocrine/paracrine signals, including ATP. With this in mind,
we also studied the impact of IL-18/TNF-a and high glucose on
ATP-mediated Ca** signaling, as this transmitter can be released
through Cx43 hemichannels from EAhy cells (Figure 6). Under
control conditions, treatment with 500 uM ATP caused arapid Ca**
signal response with a small peak amplitude (Figures 6A,B,E,L).
However, high glucose induced a sustained ATP-dependent Ca**
signal response with a peak amplitude ~4-fold higher than that
of control conditions (Figures 6C,D,EL). This phenomenon was
accompanied of a ~4- and ~4.5-fold increment in the integrated
ATP-dependent Ca** signal response (Figure 6M) and the
remaining difference between final and initial basal Ca** signal
(Figure 6N), respectively.

In endothelial cells, ATP-mediated [Ca**]; responses involve
different purinergic receptors, including P2X; and P2Y, recep-
tors (61, 62), both being implicated in the hemichannel opening
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FIGURE 6 | High glucose and IL-1p/TNF-a enhance ATP-dependent Ca?* dynamics in endothelial cells: prevention by WIN. (A-D) Representative photomicrographs
of basal (A,C) or 500 uM ATP-induced (B,D) Ca?* signal denoted as Fura-2 ratio (340/380 nm excitation) of EAhy cells treated for 72 h with 5 mM glucose [control
(A,B)] or 25 mM glucose and IL-1p/TNF-a (C,D). Calibration bar: 180 pm. (E~J) Representative plots of relative changes in [Ca?*] signal over time induced by

500 uM ATP (gray vertical line) in EAhy cells treated for 72 h with 5 mM glucose [control (E)], 256 mM glucose, and IL-18/TNF-a (F) alone or in combination with the
following agents: 10 uM A740003 (G), 10 pM A740008 plus 10 uM MRS2179 (H), 5 uM, WIN (1) and 5 pM, WIN plus 5 uM SR-141716A [SR1 (J)]. (K) Averaged
data of basal Fura-2 ratio by EAhy cells treated for 72 h with 5 mM glucose (control, white bar), 256 mM glucose, and IL-1p/TNF-a (red bars) alone or in combination
with the following agents: 10 uM A740003 (A74), 10 uM A740008 plus 10 pM MRS2179 (A74 + MRS), 5 uM WIN (WIN) and 5 uM, WIN plus 5 uM SR-141716A
(WIN + SR1). (L-N) Averaged data of ATP-induced peak amplitude normalized to basal Fura-2 ratio (L), integrated ATP-induced Fura-2 ratio response (M), and
altered basal Fura-2 ratio (N) of EAhy cells treated for 72 h with 5 mM glucose (control, white bar), 25 mM glucose, and IL-18/TNF-a (red bars) alone or in
combination with the following agents: 10 uM A7400083 (A74), 10 pM A740003 plus 10 uM MRS2179 (A74 + MRS), 5 uM WIN (WIN) and 5 pM, WIN plus 5 uM
SR-141716A (WIN + SR1). *p < 0.05, IL-1p/TNF-a and high glucose compared to control; “o < 0.05, effect of each pharmacological agent compared to the effect
induced by IL-1p/TNF-a and high glucose; ép < 0.05, effect of each cannabinoid receptor antagonist compared to the effect of the respective cannabinoid (one-way
analysis of variance followed by Tukey’s post hoc test). Data were obtained from at least three independent experiments (see scatter dot plot) with four repeats each

one (>35 cells analyzed for each repeat).

triggered by IL-1p/TNF-a and high glucose (Figure 2A). Notably,
blockade of P2X; receptors with 10 pM A740003 completely
suppressed the sustained response pattern of ATP-mediated
Ca’* signal in IL-1p/TNF-a and high glucose-stimulated EAhy
cells (Figure 6G). In addition, A740003 partially inhibited the
integrated and remaining basal ATP-dependent Ca®* signal
responses (Figures 6M,N), but did not affect the peak amplitude
induced by IL-1B/TNF-a and high glucose (Figure 6L). Notably,
simultaneous inhibition of P2X; and P2Y, receptors with 10 uM
A740003 and 10 uM MRS2179, respectively, completely blunted
the ATP-dependent Ca** signal in IL-1p/TNF-a and high glucose-
stimulated EAhy cells (Figure 6H). The latter was paralleled with
a total suppression of the IL-1p/TNF-o and high glucose-induced
increase of the Ca?* signal evoked by ATP (Figures 6L-N). These
findings indicate that upon ATP exposure, the transient peak
in [Ca**]; signal recorded in IL-1B/TNF-a and high glucose-
stimulated EAhy cells, likely came from Ca** released from
intracellular stores due to stimulation of P2Y, and IP; receptors,
whereas the following sustained Ca*" signal could involve the
participation of P2X; receptors. Interestingly, IL-1p/TNF-a
and high glucose-stimulated EAhy cells showed ATP-mediated
Ca’ signals similar to those recorded in control conditions
when they were pre-treated with 10 uM WIN (Figures 6I,L-N).
Moreover, WIN-induced prevention of ATP-induced Ca?* signal
did not occur in IL-1p/TNF-a and high glucose-stimulated
EAhy cells co-incubated with the CB, receptor antagonist SR1
(Figures 6]J,L-N). The above data support that CB, receptors are
responsible of the WIN-mediated prevention in the disturbing
actions of IL-1B/TNF-a and high glucose on the dynamics of
ATP-mediated Ca®* signals in endothelial cells.

WIN and Blockers of Cx43 Hemichannels
Prevent the NO Production of Endothelial
Cells Treated With IL-1p/TNF-a and High

Glucose

Altered iNOS-derived NO production has been involved in the
beginning of acute and chronic inflammatory conditions associ-
ated with diverse diseases, including arthritis, sepsis, ischemia/
reperfusion, diabetes, and atherosclerosis (63). Because LN-6,
a specific iNOS blocker, strongly blunted the IL-1p/TNF-a and
high glucose-mediated Etd uptake in EAhy cells (Figure 2A),

we investigated whether Cx43 hemichannels also modulate
NO production. DAF fluorescence experiments indicated that
IL-1p/TNF-a and high glucose-treated EAhy cells exhibited a
~2-fold increase in basal NO amount compared with control
values (Figures 7A,B,G). Interestingly, treatment with 5 pM
WIN fully prevented the IL-1p/TNF-a and high glucose-induced
increase in NO production, the latter response being dependent
on CB; receptors as SR1 abolished the counteracting action of
WIN (Figures 7C,G). Insulin is a well-known inducer of NO
production in normal endothelial cells, however, under inflam-
matory conditions, the insulin-mediated production of NO
is impaired (64). In this context, we evaluated whether IL-1p/
TNF-a and high glucose could disturb the insulin-mediated
production of NO. As expected, 30 min treatment with 1 uM
insulin induced a ~75% increase in NO levels in control EAhy
cells (Figures 7D,G). Remarkably, IL-18/TNF-a and high glucose
increased in ~1-fold the insulin-mediated production of NO
(Figures 7E,G), a response that was completely prevented by
5 uM WIN (Figures 7E,G). Supporting the involvement of CB,
receptors in the latter phenomenon, the counteracting influence
of WIN on the insulin-mediated NO production did not occur
in EAhy cells stimulated with IL-18/TNF-a and high glucose
plus co-incubation with SR1 (Figure 7G). Finally, we found that
100 puM gap19 or 100 pM Tat-L2 co-applied along with IL-1p/
TNF-a and high glucose, fully suppressed the IL-1p/TNF-a and
high glucose-mediated potentiation in NO production induced
by insulin, turning NO levels to control values (Figure 7G).
Altogether, these results support that Cx43 hemichannels serve
as a crucial step in the modulatory actions evoked by IL-1p/
TNF-a and high glucose on insulin-mediated production of NO
in endothelial cells.

DISCUSSION

Here, we demonstrated for the first time that high glucose con-
centrations elevate the Cx43 hemichannel activity in cultured
endothelial cells. A mixture of IL-1p and TNF-a, two pro-inflam-
matory cytokines that open hemichannels in different cell types
(19, 20, 22), enhanced this phenomenon. Furthermore, IL-1p/
TNF-a and high glucose-induced Cx43 hemichannel activity was
associated with ATP release and activation of p38 MAPK, iNOS,
COX,, PGE,; receptor EPy, and P2X;/P2Y, receptors. In addition,
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FIGURE 7 | High glucose and IL-1p/TNF-a increase basal and insulin-
induced production of nitric oxide (NO) in endothelial cells: prevention by WIN
and connexin 43 (Cx43) hemichannel blockers. (A-F) Representative
fluorescence micrographs of basal (A=C) or 1 uM insulin-induced (D—F)
production of NO (DAF-FM, green and pseudo-colored scale) of EAhy cells
treated for 72 h with 5 mM glucose [control (A,D)], 25 mM glucose, and
IL-1p/TNF-a (B,E) alone or in combination with 5 uM WIN (C,F). (G) Average
of DAF fluorescence by EAhy cells treated for 72 h with 5 mM glucose
(control; white bars), 256 mM glucose and IL-1p/TNF-a (red bars) alone or with
different combinations of the following compounds: 5 uM WIN (WIN), 5 uM
SR-141716A (SR1), 1 uM insulin, 100 uM gap19, and 100 uM Tat-L2.

*p < 0.05, IL-1p/TNF-a and high glucose compared to control; #p < 0.05,
effect of each compound compared to the effect induced by IL-18/TNF-a
and high glucose; ép < 0.05, effect of each cannabinoid receptor antagonist
compared to the effect of the respective cannabinoid; ¥p < 0.05, effect of
insulin compared to the respective control (one-way analysis of variance
followed by Tukey’s post hoc test). Data were obtained from at least three
independent experiments (see scatter dot plot) with four repeats each one
(>835 cells analyzed for each repeat). Calibration bar = 40 pm.

we describe that a synthetic CB: WIN, and two endogenous
CBs; 2-AG and Meth; counteract the IL-1p/TNF-a and high
glucose-mediated Cx43 hemichannel opening and subsequent
ATP release. These CBs also counteract diverse cell endothelial
alterations evoked by IL-18/TNF-a plus high glucose, including
the increase in ATP-mediated Ca** signals and NO production.

Asassayed by Etd uptake, we demonstrated that 45 mM glucose
increments by itself the activity of Cx43 hemichannels in EAhy
cells, whereas 25 mM glucose did it only in combination with
the mixture of IL-1f and TNF-a. In fact, two specific mimetic

peptides known to reduce Cx43 hemichannel opening (Tat-L2
and gap19), but not their inactive forms, significantly inhibited
the IL-1B/TNF-a and high glucose-evoked Etd uptake. In addi-
tion, the latter effect did not occur in EAhy cells stimulated with
siRNAs that downregulated Cx43. All these data indicate that
IL-1B/TNF-a and high glucose specifically elevate the opening of
Cx43 hemichannels in EAhy endothelial cells.

How do IL-1B/TNF-a and high glucose induce Cx43
hemichannel activity in EAhy endothelial cells? Prior research
has determined that IL-1p and TNF-a or high glucose augment
the functional state of Cx43 hemichannels via the p38 MAPK
pathway and subsequent NO-mediated S-nitrosylation of Cx43
(20,37, 39). Moreover, COX and PGE, receptor EP; stimulation is
necessary for the long-lasting Cx43 hemichannel activity elicited
during inflammatory conditions (38). Here, by using a battery
of selective inhibitors, we have shown that the IL-13/TNF-a and
high glucose-induced Cx43 hemichannel opening comprises the
activation of both p38 MAPK and iNOS, as well as the stimulation
of PGE; receptor EP;. In addition, IL-1B/TNF-a and high glucose
raised the production of NO in EAhy cells (see below). These
findings are consistent with the fact that NO stimulates COXs and
the subsequent production of PGE, (42). The latter prostaglandin
is essential for [Ca?**]; elevations evoked by EP; receptors (44),
which are highly expressed in endothelial cells (65).

Multiple studies argue that pro-inflammatory cytokines or
high glucose may contribute to a chronic activation of endothelial
cells and thereby a long-term production of key “danger” signals,
such as ATP (66-68), which is involved with vascular inflamma-
tion (62). In this context, two findings reveal that ATP signaling
is fundamental in the opening of endothelial Cx43 hemichannels
evoked by IL-18/TNF-a and high glucose. First, we detected that
blockade of both P2X; and P2Y, receptors partially abrogated
the IL-1p/TNF-a and high glucose-induced Cx43 hemichannel
activity. Second, the activity of Cx43 hemichannels was linked to
the release of ATP in IL-1p/TNF-a and high glucose-stimulated
EAhy cells. In conformity with this study, recent findings have
elucidated that ATP elicits its own release via hemichannels and
further stimulation of purinergic receptors (8, 38, 39). Here, auto-
crine/paracrinerelease of ATP seems to govern Cx43 hemichannel
activity as an alternative mechanism to that caused by p38 MAPK
and NO production (Figure 8). The activity of Cx43 hemichannels
could take place upon elevations in [Ca**]; caused by activation
of P2Y, or P2X; receptors (8, 38, 39). Accordingly, prior evidence
have described that a moderate rise in [Ca?*]; (>500 nM) increase
the open probability of Cx43 hemichannel opening (6, 34, 45). In
agreement with this evidence, we detected that chelation of [Ca**];
with BAPTA totally blunted the IL-1p/TNF-a and high glucose-
induced Etd uptake in EAhy cells. In this scenario, endothelial
Cx43 hemichannels could participate directly in the release of
ATP, as they are permeable to this compound (69). Alternatively,
because these channels are conduits for Ca** (70), they indirectly
may contribute to perpetuate [Ca**];-dependent pathways associ-
ated with ATP release (e.g., exocytosis) (Figure 8). The intensity
of this response might impact the outcome of the inflammation.
In that regard, it has been demonstrated that opening of Cx43
hemichannels could lead to preconditioning (71) as well as to cell
death (21).
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FIGURE 8 | Schematic diagram showing the possible pathways involved in the activation of connexin 43 (Cx43) hemichannels evoked by high glucose and IL-1p/
TNF-a in endothelial cells. Upon stimulation with high glucose and IL-1p/TNF-a, endothelial cells respond with intracellular signal transduction that possibly involve
NF-xp signaling associated with p38 MAPK and inducible NO synthase (iNOS) activation, nitric oxide (NO) production, and further stimulation of COX.. The latter
likely induce the production of PGE,, which acting on EP+ metabotropic receptor promotes the release of Ca®* from intracellular stores. Rise in [Ca?!], is a known
condition that causes opening of Cx43 hemichannels enabling the release of ATP. ATP released via Cx43 hemichannels may activate P2X; receptors, and its
degradation to ADP may stimulate P2Y receptors. These events trigger the influx of extracellular Ca2* and activation of IPs receptors and further release of Ca?*
stored in the endoplasmic reticulum. The later induces an unknown self-perpetuating mechanism (see Discussion), in which high levels of [Ca?*] could reactivate
INOS, COX,, EP; metabotropic receptors, and Cx43 hemichannels (not depicted). On the other hand, cannabinoids (CBs) acting on CB;Rs possibly counteract the
NF-xp-dependent activation of the above-mentioned pathways. This response results in the inhibition of p38 MAPK and NO production, as well as the consequent
reduction ATP release through Cx43 hemichannels. In parallel, activation of CB;Rs may neutralize the reduction in gap junction communication evoked by high
glucose and IL-1p/TNF-a. Main inhibitors used throughout this study are shown in red.

Past research has established that plant-derived, synthetic,  conditions. Similar inhibitory responses on Cx43 hemichannel-
and endogenous CBs may provide protective actions against  dependent ATP release have been observed for CBs in activated
several cardiovascular pathologies, including ventricular  astrocytes (50). Other mechanism of hemichannel modulation
arrhythmias (72) and cardiomyopathies (73). In fact, CBs different of that resulting from covalent modifications (e.g.,
diminish endothelial dysfunction by inhibiting the production  phosphorylation and/or S-nitrosylation) is the trafficking of
of inflammatory mediators (e.g., free radical and cytokines) and ~ hemichannels to non-junctional membranes. In this study, we
their signaling pathways (e.g., NF-xp) (53, 74). However, whether =~ demonstrated that WIN fully abrogated the IL-1p/TNF-a and
endothelial hemichannels are part of the targets involved in the  high glucose-induced augment in plasma membrane levels of
anti-inflammatory actions of CBs remained unknown. Here, Cx43, revealing that alterations in surface protein expression are
we observed that WIN, 2-AG, and Meth completely suppressed  possibly sufficient to account for the regulation of hemichannel
the Cx43 hemichannel-mediated Etd uptake induced by IL-1p/  activity triggered by IL-18/TNF-a and high glucose or CBs in
TNF-o and high glucose in EAhy cells. These preventive actions ~ EAhy cells. It is important to mention that pharmacotherapy
were completely neutralized by the CB; receptor antagonist  involving CBs is still under intense debate. The latter is mainly

SR1, which is in according with the participation of CB; recep-  due to the negative side effects that CBs may exert on the nervous
tors in Cx43 hemichannel opening (48, 50), as well as their ~ system and peripheral glucose metabolism (76, 77) most likely
demonstrated expression and function in endothelial cells (52,  due to their low affinity to the molecular targets. Future studies
75). Interestingly, WIN fully reduced not only the IL-1B/TNF-oc  will elucidate whether or not targeting specifically endothelial
and high glucose-induced Etd uptake but also significantly pre-  cells with CB receptor agonists could counteract endothelial

vented the release of ATP triggered by these pro-inflammatory  dysfunction in vivo.
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Multiple lines of work point out that hemichannels and gap
junctions are contrarily modulated by inflammatory agents (78).
In agreement with those observations, we noted that in addition
to elevate endothelial Cx43 hemichannel activity, IL-1p/TNF-a
and high glucose suppressed the cell-to-cell gap junctional
communication in EAhy cells, as measured by intercellular LY
diffusion. Relevantly, WIN fully prevented the IL-1p/TNF-a
and high glucose-induced reduction in endothelial coupling
via the activation of CB1 receptors. As deducted from western
blot analysis, the modulation of dye coupling triggered by IL-1f/
TNF-a and high glucose or WIN could be in part attributed to
changes in Cx43 amount, namely, total reduction or increment,
respectively. Moreover, immunofluorescence labeling showed no
differences in the distribution of Cx43 in EAhy cells treated with
IL-1p/TNF-a and high glucose alone or plus WIN, indicating that
endocytosis or degradation of gap junctions do not account for
the regulation of endothelial coupling.

Prior findings in diverse cell types, including endothelial cells,
have revealed that ATP produces a biphasic [Ca**]; response: the
release of stored Ca?* (first spike) and Ca®* influx from the extra-
cellular medium (sustained response) (61, 79). The first spike in
ATP-elicited [Ca®*];response depends on P2Y receptors, while the
second sustained event take place due to P2X receptors. Here, we
noticed that upon acute stimulation with ATP, control EAhy cells
displayed a small Ca?* signal peak that returned rapidly to control
values. In contrast, IL-18/TNF-o and high glucose-treated EAhy
cells showed increased ATP-induced Ca®* signals compared to
control, particularly, in terms of peak amplitude, integrated area,
and sustained signal. Notably, in these conditions the initial Ca**
signal peak was inhibited by MRS2179, but not by P2X; recep-
tor blockers, suggesting the implication of metabotropic P2Y,;
receptors. Given that ADP is the major ligand for P2Y, receptors,
and because they participate in endothelial Ca’* dynamics (80),
in our studies, ADP produced from ATP conversion possibly
generated the P2Y,-mediated changes in [Ca**]; elicited by acute
ATP application. On the other hand, the ATP-induced sustained
Ca?* signal detected in IL-1B/TNF-a and high glucose-stimulated
EAhy cells was fully counteracted by blocking P2X; receptors,
indicating that influx of Ca®* is also necessary for ATP-induced
Ca** signal in EAhy cells. Interestingly, the above Ca?* response
associated with P2Y,/P2X; receptors was completely inhibited by
WIN-dependent activation of CB1 receptors in IL-1p/TNF-a and
high glucose-stimulated EAhy cells. These data denote that ATP-
mediated Ca** dynamics depend on the inflammatory profile of
endothelial cells and can be antagonized by the anti-inflammatory
actions of CBs (Figure 8). ATP released from endothelial cells
could activate distant cells in a paracrine form, resulting in Ca**
responses that may rely on the endothelial inflammatory profile.
In this scenario, stimulation of purinergic receptors may be shut
down due to diffusion of ATP to far-oft areas in conjunction with
desensitization of P2Y, receptors and degradation of extracellular
ATP via exonucleases.

In endothelial cells, NO can be produced from L-arginine
in a reaction catalyzed by endothelial NO synthase (eNOS)
and iNOS (36, 81). Yet despite both NOS isoforms catalyze the
same biochemical reaction, eNOS and iNOS are very different
enzymes, being the former involved in the constitutive NO

production at nanomolar levels, whereas the latter generates
micromolar amounts of NO only when stimulated (82). NO
exerts important vasodilatory and protective effects on the
vasculature (83). However, high NO production has been linked
to the pathogenesis of chronic inflammatory diseases, including
atherosclerosis (63). Relevant to this point, previous studies have
revealed that pro-inflammatory conditions (e.g., high glucose)
elicit the formation of endothelial NO (36, 84). In agreement with
this information, we identify that IL-1p/TNF-« and high glucose
clearly increase NO production in EAhy cells, which could be
an alternative mechanism of hemichannel regulation through the
S-nitrosylation of Cx43 (37).

Insulin is a direct-acting vasodilator in intact vessels (85) and
has been described to induce the production of NO in normal
endothelial cells (86). Nevertheless, endothelial cells subjected to
pro-inflammatory conditions, such as high glucose and cytokine
treatment, loss the ability to form NO (87, 88). As expected, in
control EAhy cells, insulin promoted an evident augment in NO
production. Surprisingly, in EAhy cells stimulated with IL-1p/
TNF-a and high glucose, the insulin-mediated NO production
was higher than that of control conditions, revealing that insulin
sensitivity is not inhibited. This unexpected finding might occur
by the degree of inflammation developed by EAhy cells under the
pro-inflammatory treatment used. Perhaps the NO response to
insulin treatment become reduced at later time points not ana-
lyzed in the present work or the application of more intense pro-
inflammatory conditions is required to develop that outcome. As
occurred with IL-1/TNF-a and high glucose-induced changes
in hemichannel opening, ATP release and [Ca**']; dynamics, the
enhanced production of NO was greatly prevented by the activa-
tion of CB, receptors with WIN.

High glucose and IL-18/TNF-a are well established condi-
tions that disturb vascular homeostasis through different
cellular and molecular mechanisms (5). Here, we identify the
function of endothelial Cx43 hemichannels as a new pathway
affected by inflammatory mediators, revealing their possible
implication in the pathogenesis of multiple vascular diseases.
Supporting this idea, the increased production of NO caused
by IL-1B/TNF-a and high glucose was completely impeded
by blockade of endothelial Cx43 hemichannels. Furthermore,
this study demonstrated that intracellular Ca** associated with
COX,/EP; receptor signaling and purinergic receptor activa-
tion—likely via ATP release—are crucial to maintain persistent
opening of Cx43 hemichannels and possibly for preserving
the p38 MAPK-dependent NO production observed in IL-1f/
TNF-a and high glucose-stimulated endothelial cells. The above
may reproduce a self-perpetuating mechanism, in which both
NO or high [Ca?*']; levels could reactivate Cx43 hemichannels
(Figure 8). This phenomenon likely may lead to cell death,
either by Ca** overload or through the reaction of NO with the
superoxide anion, which yield peroxynitrite, a potent oxidant
that alters DNA, lipids and proteins. We propose that reduction
of hemichannel activity by CB agonists or selective hemichannel
blockers might represent a strategy against the activation of del-
eterious pathways that trigger endothelial dysfunction and pos-
sibly cell damage evoked by high glucose and pro-inflammatory
cytokines. The latter should favor the generation and design of
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novel CB agonists that could preserve their positive role without
having side effects in general physiology.
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The chemokine receptor CXCR3 and associated CXC chemokines have been extensively
investigated in several inflammatory and autoimmune diseases as well as in tumor
development. Recent studies have indicated the role of these chemokines also in
cardiovascular diseases. We aimed to present current knowledge regarding the role of
CXCR3-binding chemokines in the pathogenesis of atherosclerosis and during acute
myocardial infarction.

Keywords: inflammation, chemokine, I-TAC, atherosclerosis, coronary artery disease, myocardial infarction

INTRODUCTION

Atherosclerosis is a chronic inflammatory disease, with immune cells and their effector molecules
initiating and maintaining the progression of atherosclerotic lesion formation, accompanying
and also precipitating acute coronary events and the following reparatory processes (1, 2).
Chemotactic cytokines, or so-called chemokines have been shown to facilitate leukocyte migration
during inflammatory responses to various stimuli, including their recruitment to the sites of
atherosclerotic lesions (3).

Several chemokines have been associated with cardiovascular inflammatory changes.
Chemokines CCL2, CCL5, CCL20, CXCLI, MIF (migration inhibitory factor), and CX3CL1 play
a role in monocyte mobilization and recruitment (4). Monocyte binding to endothelial cells and
their diapedesis into the subendothelial space is promoted by chemokine heterodimers CXCL4-
CCL5. CXCL4 also affects monocyte differentiation into M4 macrophages, predominantly present
in the adventitia and intima (5). Recruitment and survival of neutrophils is facilitated by CCL2,
CCL3, CCL5, and CXCLI; (4) they also interact with CXCL4 (6) and CXCL12 (7).

Activated T lymphocytes (primarily Thl cells) accumulate early and abundantly in the
atherosclerotic lesions and are present in the plaques at all stages (3, 8). The Th1 cells recruited to
the lesion recognize LDL as antigen and produce proinflammatory mediators such as interferon-
gamma (IFN-y) and tumor necrosis factor (TNF) (3, 8, 9). IFN-y is the major proatherogenic
cytokine, promoting local expression of adhesion molecules, cytokines and chemokines such as
CXCL9, CXCL10, and CXCL11 and their main receptor CXCR3 by macrophages and endothelial
cells (10). Chemokine signaling through CXCR3 facilitates recruitment and selective homing of
active Th1 cells to the site of plaque development or rupture (Figure 1) (10-12).
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CXCR3 Chemokines in Cardiovascular Disease

The present review focuses on the role of the IFN-
y inducible chemokines and their receptor CXCR3 in the
development of atherosclerosis and consequent coronary artery
disease. Possible clinical implications of the presented findings
are not entirely clear, but the currently available clinical
studies suggest that this might be a promising area of
intervention in the future of cardiovascular therapy and
prevention (13).

BIASED SIGNALING THROUGH CXCRS3

CXCR3 is a 7-transmembrane spanning (7-TMS) G-protein-
coupled cell surface receptor that allows functional selectivity
on tissue, receptor as well as ligand levels (6). It binds
three inflammatory chemokines CXCL9, CXCL10, and CXCL11
(14, 15). It was also shown to weakly bind CXCL4 (platelet
factor 4), with questionable in vivo significance (16). CXCR3
has three alternative splice variants: CXCR3A, CXCR3B, and
CXCR3Alt that activate different intracellular signaling pathways,
depending also on the ligand they bind (14). For example,
Gai heterotrimeric G protein activation and B-arrestin 1 and
2 recruitment was shown after stimulation with CXCL10 and
CXCL11 on CXCR3A, however on CXCR3B it was shown only
after stimulation with CXCL11 in high doses and was not
detectable on CXCR3Alt. ERK1/2 phosphorylation and receptor
internalization occurred on all three variants after stimulation, its
intensity and signal duration depending on the chemokine ligand
and splice variant assessed (14).

Different chemokines binding to CXCR3 appear to have
slightly different roles in T cell trafficking. CXCL10 is abundantly
expressed by all atheroma-associated cells such as T cells
and monocytes and is supposed to facilitate T cell retention
within the lesion (15, 17). CXCL11 interacts with CXCR3 with
higher affinity and is a stronger agonist, demonstrated by its
ability to mobilize intracellular calcium and also chemotactic
migration of CXCR3+ cells. It is not active on resting or
naive T cells suggesting that CXCL11 does not play a role
under normal conditions only during IL-2 stimulated T cell
response (17, 18). CXCL11 was shown to be the physiologic
inducer of CXCR3 down-regulation on the cellular surface after
T cell contact with IFN-activated endothelial cells (19). This
might serve as an arrest signal for the activated T cells and
lead to restraining inflammatory responses (8). Besides CXCR3,
CXCL11 also binds to receptor CXCR7 (ACKR3), which may also
be a possible regulation point for CXCR3-mediated responses
(16, 20). CXCLI11 also has an antagonistic effect on CCRS5,
counteracting its inflammatory activities in leukocyte activation
(21).

Biased signaling on CXCR3 results in different effect of
its ligands during inflammatory events. It seems that CXCL9
and CXCL10 promote inflammation through inducing T cell
polarization into Th1/Th17 cells, while CXCL11 drives the
development of regulatory T cells (Treg) cells which play a role
in restraining inflammation (22). Based on the above, CXCR3
may be hypothesized to play a dual role by mediating both
proinflammatory and anti-inflammatory pathways.

CXCRS3 BINDING CHEMOKINES IN
ATHEROMA DEVELOPMENT

Experimental data demonstrated that targeted deletion or
pharmacological inhibition of CXCR3 results in reduced plaque
formation, which is accompanied by reduced recruitment of
Thl cells and increased migration of regulatory T-lymphocytes
to lesions in apoE-/- mice (23, 24). In line, Apoe-/- /Cxcl10-
/- mice showed reduced atherogenesis with enhanced numbers
and activity of Treg cells (25). Moreover, antibody-mediated
CXCL10 inhibition resulted in a more stable plaque phenotype
in a vulnerable plaque mouse model (26).

High levels of IFN-y induced chemokines CXCL9, CXCL10,
and CXCL11 can be detected in human atheromas throughout
all stages of plaque development (7). Niki et al. found
elevated CLXCL10 levels to be associated with coronary
atherosclerosis (27), while Segers et al. revealed a close correlation
between high local concentrations of CXCL10 and unstable
plaque characteristics by analyzing human carotid plaque
specimens (26). CXCL4 and CXCL12 were also detected within
atherosclerotic lesions (7, 28). CXCL12 was suggested to mediate
anti-inflammatory action through neutrophil cells (7). CXCL4
is produced by platelets and plays a role in T cell-platelet
interactions (29). Its levels were found to be correlated with the
histological and clinical severity of atherosclerosis (28).

CXCRS3 BINDING CHEMOKINES IN
ANGINA PECTORIS

There is an increased systemic inflammatory activity present
in patients with coronary artery disease, characterized by
an increased proportion of IFN-y positive Thl lymphocytes.
In patients with stable angina pectoris, enhanced systemic
expression of CXCL9, CXCL10, and CXCR3 can be observed.
Interestingly, lower levels of these chemokines and CXCR3 were
found in the peripheral cells of patients with acute coronary
syndrome, which indicates a sequestering of circulating CXCR
positive cells from blood to the site of infarction via an intense
in situ release of these chemokines (10, 11). Plasma levels of
CXCL12 are decreased in patients with stable and unstable
angina compared with healthy controls. CXCL12 thus might
have a protective effect in unstable angina through stabilizing the
atherosclerotic plaque (7).

Other anti-inflammatory molecules known for their
protective effect in cardiovascular diseases were found to
influence T cell trafficking through the chemokine system.
Adiponectin was shown to inhibit CXCR3 ligand production in
macrophages, while heparin competes for binding with CXCL9,
CXCL10, and CXCL11 on endothelial cells (30, 31).

CXCRS3 BINDING CHEMOKINES IN
MYOCARDIAL INFARCTION

It has been reported that CXCL10 and CXCR3 mRNA levels
are up-regulated in the infarcted murine myocardium, with a
marked increase in the number of CXCR3+4-/CD45+ leukocytes,
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CXCR3+4/CD3+ T lymphocytes and CXCR3+ myofibroblasts
(32, 33). Although CXCR3 is well-known to activate pro-
inflammatory Th1 lymphocyte responses, deficiency of CXCR3
did not affect post-infarction cardiac remodeling (34). In
contrast, Cxcll0-/- mice subjected to myocardial infarction
were characterized by enhanced adverse ventricular remodeling,
early expansion of the fibrotic scar, and increased neutrophil
infiltration with marked reduction of recruitment of CXCR3
expressing leukocytes and T cells (33). Notably, CXCR3-
independent proteoglycan signaling may mediate the anti-
fibrotic effects of CXCL10 in the infarcted heart (34). In contrast
to CXCL10, the role of CXCL9 and CXCLI11 in infarct healing is
not known.

Through receptor CXCR3, CXCL9, and CXCL10 promote
T cell polarization into effector Th1/Th17 cells releasing pro-
inflammatory mediators. Meanwhile, CXCL4 and CXCL11
promoted the differentiation of T cells into Tregl cells,
responsible for restraining the inflammatory response through
IL-10, TGF-p and contact dependent pathways (22, 35, 36).
Platelet surface expression of CXCR4 and CXCR7 receptors is
elevated in acute coronary syndrome compared to stable angina.

High CXCR?7 levels are also associated with better improvement
of left ventricular function after myocardial infarction. CXCR7
expression might contribute to regenerative function of platelets
following acute coronary events (37).

Timely resolution of cardiac inflammatory responses plays
a pivotal role in optimal tissue reparation (38, 39). Excessive,
prolonged or inadequately contained inflammation can cause
several complications such as cardiac rupture or dilatative
ventricular remodeling and may lead to impaired cardiac
function. Activation of pro-apoptotic pathways can cause
unnecessary loss of cardiomyocytes and the extension of the
inflammation to the non-infarcted area results in enhanced
fibrosis and increased infarct size (38-40). Blockade of leukocyte
related inflammatory mediators was shown to cause a marked
reduction in infarct size and prevented the extension of ischemic
cardiomyocyte injury following reperfusion in experimental
studies (38).

During myocardial infarction, the dual role of CXCR3 in
inflammatory processes might enable CXCR3+ cells to set
off an appropriately rapid and robust inflammatory response
in the beginning (1). Also, it might contribute to the
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timely resolution of symptoms by restraining the inflammation
afterwards. It seems that the activation of the plaque rather
than the degree of coronary stenosis precipitates ischemia and
infarction. Endothelial erosion or plaque rupture was found to be
responsible for the majority of coronary thrombotic events (1, 9)
(Box 1).

CLINICAL EXPERIENCE WITH CXCR3
BINDING CHEMOKINES IN ISCHEMIC
HEART DISEASE

The clinical relevance of CXCR3 binding chemokines in ischemic
heart disease is not fully understood. As summarized in
Table 1, clinical studies to date aimed to find an association
between plasma levels of different cytokines and several
aspects of coronary events. It seems that complex patterns
rather than individual changes in plasma chemokine levels
might be associated with cardiovascular risk (50, 53, 59).

Box 1 | Chemokines, CXCR3, and CXCL9 (Mig), CXCL10 (IP-10), and
CXCL11 (-TAC)

Chemokines

Chemokines are a structurally related superfamily of more than 50
small signaling proteins (cytokines) that were originally named after their
chemotactic effect on leukocytes. They all share a conserved cysteine motif
in the mature sequence of the chemokines. Based on the number and
arrangement of the N-terminal cysteine residues in this motif, chemokines
can be divided into four families (CXC, CC, C, and CX3C) (41, 42). Besides
regulating leukocyte migration and degranulation, chemokines take active
part in a number of complex processes like angiogenesis or hematopoiesis
and were found to participate in several diseases related to the immune
system such as atherogenesis, multiple sclerosis, asthma, HIV-infection or
cancer (7, 18, 41-43).

Chemokines bind to 7-TMS G-protein-coupled cell surface receptors.
The activation of chemokine receptors can be followed by one of several
signaling pathways, including inhibition of adenylate cyclase, activation of
phosphoinositol 3-kinase, phospholipase C and D, protein kinase C and A,
inositol triphosphate generation and transient calcium influx (44). More than
20 chemokine receptors have been discovered so far; their names mirror the
nomenclature of chemokine family names (CXCR1-7, CCR1-10, etc.) (45).

CXCR3

CXCRS3 is a chemokine receptor expressed by activated T lymphocytes,
including CD4+ T helper 1 (Th1) cells, CD8+ cytotoxic T lymphocytes
(CTL), and CD4+ and CD8+ memory T cells, as well as monocytes,
M1 macrophages, natural killer (NK) cells, leukemic B-cells, eosinophils,
mast cells, plasmocytoid dendritic cells, endothelial cells (ECs) and vascular
smooth muscle cells (SMCs) (44, 46). Up-regulation of CXCR3 has been
described in multiple sclerosis and transplant rejection (47). CXCR3 is also
expressed by various tumor cells (48).

CXCL9 (Mig), CXCL10 (IP-10), and CXCL11 (I-TAC)

These three non-ELR chemokines are on the same branch of the
phylogenetic tree and consequently share common characteristics. Their
main receptor is CXCR3, but they can also act as antagonists for CCR3.
They are constitutively expressed at low levels in normal tissues including
thymus and spleen, where they are probably involved in activated (CXCR3+)
T cell trafficking. Their expression is strongly induced by IFN-y and they
are produced in a wide variety of cell types, including atheroma-associated
endothelial cells and macrophages (7, 17, 41, 44).

Ardigo et al. found that when using a combined multimarker
chemokine model (including CXCL10), serum concentrations
of the chemokines were differentially regulated in individuals
with clinical coronary artery disease compared with subjects
with no such history. Their findings suggest that chemokine
profile models using multiple chemokines may represent a strong
signal of coronary artery disease with even higher specificity than
traditional risk factors (49).

In a large case-control study of 312 patients with coronary
heart disease and 472 controls, a significant association of
increased serum CXCL10 was found with the risk of coronary
heart disease. Higher CXCL10 levels were also found to
be independently correlated with established laboratory risk
markers of coronary heart disease such as acute-phase proteins
and inflammatory cytokines (50).

In patients with stable angina pectoris, Fernandes et al. found
significantly higher levels of CXCL9, CXCL10, and CXCR3
compared to healthy controls (11). In patients with unstable
angina, increased inflammatory activity was confirmed compared
to stable angina patients by elevated high sensitivity C-reactive
protein and serum amyloid A protein levels. However, the levels
of CXCL9, CXCL10, and CXCR3 remained low in patients
with unstable angina, comparable to the control group and
significantly lower than in patients with stable angina. The
authors suggested local release and intense uptake of these
molecules by circulating leukocytes migrating to the site of
active inflammation, which would explain their lower levels in
the peripheral blood. Blood samples were drawn within 48 h
of the index consultation of the unstable patients, and it was
hypothesized that samples taken in a different time frame might
capture serum elevations in CXCR3 and related chemokines (11).

Safa et al. (51) in a larger study in 260 patients and 100
healthy controls managed to capture elevated CXCL10 levels
in patients with unstable angina. In this study the serum
levels of CXCL10 were measured at the time of admission and
were found to be elevated both in patients with stable and
unstable angina pectoris. CXCL10 was also elevated in acute
myocardial infarction, measured 3-5 days after admission. The
study also confirmed the correlation of tradition risk factor
with CXCL10, as mean serum levels of CXCL10 in patients
with hypertension, dyslipidemia, obesity, diabetes and smoking
were significantly higher as compared to the control group
(51).

While elevated serum CXCL10 was found to be significantly
associated with increased risk of coronary heart disease, it
was not an independent risk factor for future coronary events
in population-based case-control studies (52, 53). CXCL10
modestly correlated with traditional cardiovascular risk factors
in the PRIME study (49). Age was found to be the strongest
positive confounder in the MONICA/CORA Augsburg cohort,
with the levels of circulating immune mediators increasing
with age (52). The investigators of the Tromse Study found
that higher CXCL10 levels were protective for women when
assessing the 10-year risk of incident myocardial infarction. In
the multivariable model, the composite risk of 6 biomarkers
including CXCL10 improved the traditional risk factor model by
14% (54).
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TABLE 1 | Clinical studies with CXCR3 binding chemokines in coronary artery disease.

Study Molecules/ n Disease/Intervention Description Results
Receptor
Ardigo et al. CXCL10 50 patients CAD, incident AMI Cross-sectional study of a Models using multiple chemokines
(49) CCL11/eotaxin-1 48 controls multidimensional approach, utilizing more accurately distinguished cases
CCL2/MCP-1 profiles of several inflammatory and controls compared with models
CCL3 biomarkers. using traditional risk factors.
CCL7
CCL8
CCL13
(CXCL8 and
CCL5/RANTES not
analyzed)
Rothenbacher CXCL10 312 patients Stable CAD Case-control study investigating the Serum levels of CXCL10 and IL-8
etal. (50) IL-8 472 controls association of chemokines with the were higher, and serum levels of
RANTES/CCL5 risk of stable coronary heart disease. RANTES were lower in CHD patients
MCP-1/CCL2 when compared with age- and
MIP-1a gender-matched controls.
Fernandes et CXCL9 50 patients Stable or unstable To explore whether this increase in Serum IL-12 and intracellular
al. (11) CXCL10 10 controls angina pectoris Th1 activity could also be detected in expression of IFN-y were significantly
CXCR3 circulating cells indicating a systemic elevated in patients with unstable
IL-12 activation. angina. An enhanced expression of
IFN-y IFN-y chemokines IP-10, Mig and
CXCRS3 in patients with stable angina
was also observed.
Safaetal. (51) CXCL10 300 patients Stable or unstable A comparative study to evaluate the Serum levels of CXCL10 were

PRIME (52)

MONICA/CORA
Augsburg (53)

The Tromso
study (54)

Ferdousie et
al. (55)

Kawamura et
al. (56)

@m et al. (57)

100 controls

CXCL10 621 patients
RANTES/CCL5 1242
MCP-1/CCL2 controls

eotaxin-1/CCL11

CXCL10 381 patients
MCP-1/CCL2 1977

IL-8 controls
CXCL10 419 patients

apolipoprotein 398 controls
B/apolipoprotein

A1 ratio

kallikrein

lipoprotein a

matrix

metalloproteinase 9

thrombospondin 4

CXCL10
CXcL12

80 patients

CXCL10
MCP-1
CCR2
CCR5
CXCR2
CXCR3

CCL4
CXCL8
CXCL10
CXCL16
CCL3
CXCL7

55 patients
20 controls

42 patients

angina pectoris
AMI

CAD

CAD

AMI

CAD/PTCA

CAD/PTCA

AMI/PCI

CXCL10, CCL20 and CCL22 levels in
patients with ischemic heart disease.

To quantify the association between
systemic levels of chemokines with
future coronary heart disease and to
assess their usefulness for risk
prediction.

To assess whether elevated systemic
levels of these chemokines precede
coronary events.

To survey multiple protein biomarkers
for association with the 10-year risk of
incident AMI and identify a clinically
significant risk model.

To evaluate the potential correlation
between serum levels of chemokines
CXCL10 and CXCL12 and the degree
of coronary artery occlusion.

To investigate whether coronary
stenosis is associated with a
significant expression ofleukocyte
CXCL10 -CXCR8.

To assess the levels of selected
chemokines during AMI and the
subsequent 60 days.

significantly higher in patients with
AMI, SA or UA as compared with the
healthy control group.

None of the chemokines were
independent predictors of CAD, either
with respect to stable angina or to
acute coronary syndrome.

Elevated systemic levels of the
chemokines MCP-1, IL-8, and
CXCL10 precede CAHD but do not
represent independent risk factors.

The protein biomarker model
improved identification of 10-year AMI
risk above and beyond traditional risk
factors with 14% better allocation to
either high or low risk group.

A significant correlation between the
serum levels of CXCL10 and CXCL12
and the severity of coronary artery
occlusion was found.

Increased plasma concentrations of
IP10 were accompanied by a
compensatory decrease in the
CXCRS expression on lymphocytes,
but not monocytes.

After PCI, high levels of CCL4,
CXCL16, CXCL10 and CXCLS8 within
the first week after PCI correlated
positively with the degree of
myocardial damage and infarct size
after 2 months.

(Continued)
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TABLE 1 | Continued

Study Molecules/ n Disease/Intervention Description Results
Receptor
Koten et al. CXCL10 53 patients AMI/PCI stable To examine the serum levels of The serum CXCL10 level was
(58) 20 controls angina pectoris CXCL10 in AMI. increased in AMI, and a higher level of
serum CXCL10 before PCl may be
informative regarding infarct size.
Keeley et al. CXCL1 156 patients Coronary artery To examine whether plasma levels of Plasma chemokine concentrations
(59) CXCL5 stenosis angiogenic and angiostatic are associated with the presence and
CXCL8 chemokines are associated with of extent of spontaneously visible
CXCL9 the presence and extent of coronary coronary artery collaterals and may
CXCL10 collaterals in patients with chronic be mechanistically involved in their
CXCL11 ischemic heart disease. recruitment.
CXCL12
Kao et al. (60) CXCL11 Transplant CAD To demonstrate that CXCL11 is This study demonstrated a correlation
CCR5 involved in the pathogenesis of between circulating CXCL11

transplant CAD.

chemokine levels and development of

transplant CAD in humans.

A significant correlation was found between elevated serum
CXCL10 and CXCL12 levels and the severity of coronary
artery occlusion in patients with coronary heart disease
who underwent PTCA (55). In patients with restenosis after
PTCA, decreased concentrations of CXCL10 were followed by
the decrease of CXCR3 expression on lymphocytes but not
monocytes, suggesting a possible role of CXCL10 signaling
on monocytes in neointimal hyperplasia in patients with
restenosis (56).

CXCL8, CXCL10, and CXCL16 were found to be correlated
with maximum troponin T levels, infarct size and impaired
myocardial function assessed by cardiac magnetic resonance in
patients after successful PCI (57). Serum CXCLI10 level before
PCI also proved to be an independent predictor of cumulative
CK release and was negatively correlated with infarct size, as
indicated by peak CK and CK-MB enzymes (58).

Better clinical outcome was found to be associated with
recruitment of coronary collaterals (61). This form of vascular
remodeling was shown to be accompanied by alterations in
chemokine levels (59). Higher levels of angiogenic ligands
CXCL5, CXCL8, and CXCL12 indicate the presence of collaterals,
while the concentration of the angiostatic CXCL11 was associated
with their absence. The higher extent of collateralization
was associated with increased CXCL1 and decreased CXCL9,
CXCL10, and CXCL11 (59).

Several chemokines have been linked to the development
of acute transplant rejection episodes and transplant coronary
artery disease in animals and also in human studies (60).
Following heart transplantation, elevated CXCLI1 levels
have shown an association with the development of severe
transplant coronary artery disease (60). CXCR3 ligands have
also been studied in patients with left ventricular dysfunction
and heart failure (62-64). Circulating levels of CXCL9,
CXCL10, and CXCL11 were increased in subclinical as
well as symptomatic left ventricular dysfunction, reaching
statistical significance only in symptomatic patients (62).
Addition of these CXCR3 ligands to established risk factors
significantly improved the risk prediction models for left

ventricular dysfunction (63). In a pilot study by Altara et
al. levels of CXCL10 positively correlated with the severity
of heart failure, especially in patients with advanced heart
failure (64). Also, higher systemic levels of CXCL10 have been
demonstrated to be independent risk factors for ischemic
stroke (52).

CONCLUSIONS

The chemokine network specifically directs the trafficking
of immune cells in homeostasis and during inflammation.
Excessive or inappropriate chemokine expression can lead to
unnecessary leukocyte recruitment typical for autoimmune or
allergic diseases. Chemokines have been extensively studied in
diseases associated with T cell mediated inflammatory responses
like multiple sclerosis, asthma bronchiale, AIDS and also in
patients with transplant rejection (47, 60, 65).

Inflammatory processes in ischemic heart disease involve
intense chemokine signaling from the forming of the
atherosclerotic plaque and plaque destabilization to all
phases of acute coronary events and infarct healing (36).
IFN-y inducible chemokines CXCL9, CXCL10, and CXCL11
attract activated T cells through CXCR3 receptor to the site
of infarction. Modulation of their action might prevent the
excessive recruitment of leukocytes to sites of inflammation and
consequently influence the clinical outcome of the disease (47).

CXCR3 binding chemokines might be promising biomarkers
for the risk assessment of coronary heart disease. Chemokine
levels however have a short half-life and may have high
intraindividual variability; (52) this results in difficulties in
estimating the best sampling time and may generate conflicting
clinical results.

CXCL10 is the most extensively studied of the three
chemokines in the clinical setting of ischemic heart disease; less
is known about the role of CXCL9 and CXCLI11. New clinical
studies are needed to fill in the gaps and properly map the role
of alterations in chemokine levels in coronary artery disease and
during acute coronary events.
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BLTR1 in Monocytes Emerges as a
Therapeutic Target For Vascular
Inflammation With a Subsequent
Intimal Hyperplasia in a Murine
Wire-Injured Femoral Artery

Seung E. Baek?, So Y. Park'2, Sun S. Bae %, Koanhoi Kim', Won S. Lee' and
Chi D. Kim "?*

" Department of Pharmacology, School of Medicine, Pusan National University, Yangsan, South Korea, 2 Gene and Cell
Therapy Research Center for Vessel-Associated Diseases, Pusan National University, Yangsan, South Korea

Given the importance of high-mobility group box 1 (HMGB1) and 5-lipoxygenase (5-LO)
signaling in vascular inflammation, we investigated the role of leukotriene signaling in
monocytes on monocyte-to-macrophage differentiation (MMD) induced by HMGB1, and
on vascular inflammation and subsequent intimal hyperplasia in a mouse model of wire-
injured femoral artery. In cultured primary bone marrow-derived cells (BMDCs) stimulated
with HMGB1, the number of cells with macrophage-like morphology was markedly
increased in association with an increased expression of CD11b/Mac-1, which were
attenuated in cells pre-treated with Zileuton, a 5-LO inhibitor as well as in 5-LO-deficient
BMDCs. Of various leukotriene receptor inhibitors examined, which included leukotriene
B4 receptors (BLTRs) and cysteinyl leukotriene receptors (cysLTRs), the BLTR1 inhibitor
(U75302) exclusively suppressed MMD induction by HMGB1. The importance of BLTR1
in HMGB1-induced MMD was also observed in BMDCs isolated from BLTR1-deficient
mice and BMDCs transfected with BLTR1 siRNA. Although leukotriene B4 (LTB4) had
minimal direct effects on MMD in control and 5-LO-deficient BMDCs, MMD attenuation
by HMGB1 in 5-LO-deficient BMDCs was significantly reversed by exogenous LTB4,
but not in BLTR1-deficient BMDCs, suggesting that LTB4/BLTR1-mediated priming
of monocytes is a prerequisite of HMGB1-induced MMD. In vivo, both macrophage
infiltration and intimal hyperplasia in our wire-injured femoral artery were markedly
attenuated in BLTR1-deficient mice as compared with wild-type controls, but these
effects were reversed in BLTR1-deficient mice transplanted with monocytes from control
mice. These results suggest that BLTR1 in monocytes is a pivotal player in MMD with
subsequent macrophage infiltration into neointima, leading to vascular remodeling after
vascular injury.

Keywords: high mobility group box 1, 5-lipoxygenase, leukotriene B4 receptor, monocyte-to-macrophage
differentiation, vascular restenosis, intimal hyperplasia
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BLTR1 in Monocytes Mediates Intimal Hyperplasia

INTRODUCTION

Vascular endoluminal interventional procedures injure
vascular walls, and result in the release endogenous damage-
associated molecular patterns (DAMPs) (1, 2). Of the various
DAMP proteins, high mobility group box 1 protein (HMGB1)
has emerged as an important regulator of inflammatory
responses resulting from tissue injury (3-5), and been implicated
as an active player in vascular inflammation with resultant
intimal hyperplasia after arterial injury (6). In a previous
study, we found HMGB1 enhanced monocyte-to-macrophage
differentiation (MMD) and resultant vascular inflammation
in injured vasculature (7), and thus, we suggested coordinated
relationships exist between local vascular injury and pattern
recognition receptor-related signals in the process of vascular
inflammation.

Monocyte recruitment to injured tissues, their subsequent
transformation into macrophages, and the overproduction
of inflammatory cytokines are major steps in the process
of vascular inflammation (8, 9). These sequential events
stimulate vascular smooth muscle cell (VSMC) proliferation and
extracellular matrix deposition in neointima, which result in
intimal hyperplasia and vascular occlusion (10). Furthermore,
several key proteins involved in the leukotriene cascades, such
as, 5-lipoxygenase (5-LO) and arachidonate 5-lipoxygenase
activating protein (FLAP), and leukotriene (LT) receptors are
highly expressed in human atherosclerotic plaque (11-13), which
suggests their potential involvements in vascular inflammation.

Previous studies have reported genetic targeting of 5-LO
reduced lesion size in atherosclerosis prone mouse strains (14—
16). Likewise, in a previous study, we found 5-LO importantly
contributed to the development of atherosclerosis by increasing
the expressions of adhesion molecules on monocytes, and
thus, increasing monocyte adhesion to vascular endothelium
(17). In FLAP-deficient mice, neointima hyperplasia in injured
arteries was significantly attenuated by reducing inflammatory
cytokine release from FLAP-deficient macrophages (18), which
suggested 5-LO in macrophages plays a pivotal role in vascular
inflammation. However, although 5-LO in inflammatory cells has
been proposed to be an important player in the development
of vascular inflammation (12, 19), the importance of 5-LO
signaling pathways in monocytes in vascular inflammation with
subsequent vascular remodeling in injured vasculatures remains
unclear.

Leukotrienes (LTs) are considered to mediate inflammatory
responses in various cardiovascular diseases characterized by
vascular inflammation (20). LTs exert their actions via four
subclasses of receptors, such as, BLT1 and BLT2 (receptors

Abbreviations: HMGB1, High mobility group box 1 protein; 5-LO,
5-Lipoxygenase; MMD, monocyte to macrophage differentiation; BMDC,
Bone marrow derived cell; BLTR, receptor for leukotriene B4; CysLTR, receptor
for cysteinyl-leukotrienes; DAMP, Damage-associated molecular patterns; VSMC,
Vascular smooth muscle cell; FLAP, 5-Lipoxygenase activating protein; LT,
Leukotriene; LTB4, Leukotriene B4; BMDM, Bone marrow derived monocyte;
PBMC, Peripheral blood mononuclear cell; LDPI, Laser Doppler perfusion
imaging; H&E, Hematoxylin and Eosin; a-SMA, alpha-smooth muscle actin;
DAPI, 4'6-Diamidino-2-phenylindole; WT, Wild-type.

for LTB4), and CysLT1 and CysLT2 (receptors for cysteinyl-
leukotrienes) (21). Previous studies have implicated LT
receptor activation in atherogenesis and vascular remodeling
after angioplasty (21, 22), and studies on the genetic and
pharmacological targeting of BLTRI in atherosclerotic mouse
strains further supported the involvement of leukotriene-
signaling in vascular inflammation (23-25). However, the precise
role of BLTR1 signaling in monocytes in the process of vascular
inflammation remains unclear.

In a previous study, we described the importance of 5-LO
in monocytes during vascular inflammation (7). However, our
incomplete understanding of how 5-LO signaling pathways in
monocytes contribute to vascular inflammation explains the
incapability of current treatments to prevent vascular remodeling
in the injured vasculatures. Given the importance of HMGB1
and 5-LO signaling in monocytes during vascular inflammation,
we investigated the role of leukotriene signaling in monocytes
on MMD induced by HMGBI1. To further determine the
contribution of 5-LO signaling in monocytes in macrophage
infiltration into neointima lesions, we also investigated the
importance of BLTR1 signaling in monocytes in vascular
inflammation and subsequent intimal hyperplasia using BLTR1-
deficient mice and BLTRI1-deficient mice transplanted with
monocytes from WT mice.

MATERIALS AND METHODS
Ethics Statement and Animals

All experiments involving animals conformed with the Guide for
the Care and Use of Laboratory Animals published by the US
National Institute of Health (NIH Publication No. 85-23, 2011
revision), and all animal-related experimental protocols were
approved by the Pusan National University Institutional Animal
Care and Use Committee of the College of Medicine (PNU-2016-
1310). Genotyping, including that of 5-LO-deficient mice and
BLTR1-deficient mice, was performed by PCR using a protocol
provided by the Jackson Laboratory (Harlan Nossan, ITA). Wild-
type (WT) control mice (C57BL/6]) were purchased from the
Jackson Laboratory. Animals were housed in an air-conditioned
room at 22-25°C and kept under a 12-h light/dark cycle. Food
and water were provided ad libitum.

Vascular Injury Models and Blood Flow

Measurement

C57BL/6] (WT), 5-LO-deficient and BLTR1-deficient male mice
(7 wk-old) were subjected to right femoral artery injury using a
0.25 mm diameter angioplasty guidewire under chloral hydrate
(450 mg/kg, intraperitoneal injection) anesthesia and aseptic
conditions, as previously described (26). The adequacy of
anesthesia was confirmed by response to toe pinch. Wire-
injured femoral arteries were harvested from mice euthanized
by carbon dioxide insufflations and cervical dislocation, and
then cross sectioned (4pum). Tissue sections were stained
with hematoxylin and eosin (H&E) and immunohistological
marker antibodies. Femoral arterial blood flow was measured
using a laser Doppler perfusion imaging (LDPI) analyzer
(Moor Instruments, Devon, UK) at 0, 1, 2, 3, and 4 wks after

Frontiers in Immunology | www.frontiersin.org

37

August 2018 | Volume 9 | Article 1938


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Baek et al.

BLTR1 in Monocytes Mediates Intimal Hyperplasia

femoral artery injury. The changes in blood flow were calculated
using the colors of histogram pixels.

Chemicals and Antibodies

Zileuton and alpha-smooth muscle actin (a-SMA) antibody
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
LTB4, U75302 and REV5901 were from Cayman Chemical
Inc (Ann Arbor, MI, USA). MK 886 was purchased from
EMD Serono (Rockland, MA, USA), HMGB1 from R&D
systems (Minneapolis, MN, USA), CD11b antibody from Abcam
(Cambridge, MA, USA), and BLTR1 antibody from Biorbyt
(Cambridge, UK). CD36, CD14, B-actin, and 5-LO antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA), R-phycoerythrin PE-conjugated mouse anti-human
CD11b/Mac-1 antibody and PE-conjugated mouse IgG isotype
control antibody from BD (San Diego, CA, USA). Horseradish
peroxidase (HRP)-conjugated IgG antibody was used as the
secondary antibody from Santa Cruz Biotechnology. Restriction
enzymes were purchased from Promega (Madison, WI, USA).
5-LO and BLTRI siRNA oligonucleotides were synthesized by
Bioneer (Daejeon, ROK). siRNA molecules were transfected
into cells using Lipofectamine 2000 siRNA transfection reagent
(Invitrogen, Carlsbad, CA, USA). PCR primers were from
Bioneer.

Isolation of Bone Marrow-Derived Cells

and Culture

Bone marrow derived cells (BMDCs) were isolated from mice (7
wks, male) euthanized by carbon dioxide insufflation and cervical
dislocation. Briefly, after bone marrow cells were harvested from
femurs and tibiae, red blood cells were lysed using lysing buffer
(Sigma-Aldrich) and incubated in RPMI1640 containing 10%
heat-inactivated fetal bovine serum (FBS) for 24 h. Non-adherent
cells were harvested and centrifuged at 1300 rpm for 10 min,
and the cell pellets so obtained were washed twice with PBS and
resuspended in RPMI 1640 containing 10% FBS. BMDCs were
maintained in RPMI 1640 containing 10% FBS and antibiotic-
antimycotic (Life technologies, Carlsbad, CA, USA) at 37°C. Cells
(5 x 10°/mL) were seeded and cultured for 24h in complete
medium for further experiments.

Flow Cytometric Analysis

BMDCs were resuspended in fluorescence activated cell sorter
(FACS) buffer (PBS containing 1% FCS and 0.05% NaN3), to
assess the surface expression of CD11b/Mac-1 protein. Cells were
incubated with a FcR blocker to block non-specific antibody
binding, and then incubated with PE-conjugated anti-mouse
CD11b antibody (1:500). Analysis was performed using a FACS
Calibur and CELLQUESTPRO software BD, and 1 x 10* cells
were recorded per sample. Live cells were gated based on size
(FSC) and granularity (SSC), and then CD11b/Mac-1 expression
was analyzed. Fluorescence was analyzed by FACS as described
above.

Reverse Transcription-PCR Analysis
Total RNA was isolated from cells using QIAzol (Qiagen,
Hilden, Germany) and reverse transcribed into cDNA using the

Improm-II Reverse Transcription System (Promega). cDNA
amplification was performed using primers specific for 5-LO
(forward, 5-ATTGCCATCCAGCTCAACCAAACC-3/; reverse,
5-TGGCGATACCAAACACCTCAGACA-3'). 5-LO mRNA
levels in BMDCs were quantified by RT-PCR using GAPDH
mRNA as the internal standard. Relative intensities were
expressed as fold changes vs. GAPDH.

Western Blot Analysis

BMDOC lysates were prepared in ice-cold lysis buffer, and equal
amounts of proteins were separated on 8~10% polyacrylamide
gel under reducing conditions, and then transferred to
nitrocellulose membranes (Amersham-Pharmacia Biotech,
Piscataway, NJ, USA). Membranes were blocked with 5%
skim milk in TBST and incubated overnight with primary
antibody (1:1000) in 5% skim milk. Blots were washed with
TBST, incubated with HRP-conjugated secondary antibody for
2h, and developed using ECL Western blot detection reagents
(Amersham-Pharmacia Biotech). Membranes were re-blotted
with anti-B-actin antibody (Santa Cruz Biotechnology) as an
internal control. Signals from bands were quantified using
US-SCAN-IT gel 5.1 software (Silk Scientific, Orem, Utah, USA).
Results were expressed as relative densities.

Quantitative Real-Time Reverse

Transcription Analysis

Total RNA was isolated from cells using QIAzol (Qiagen) and
reverse transcribed into ¢cDNA using the Improm-II Reverse
Transcription System (Promega). BLTRI1 gene expression was
determined by real-time PCR using 1 ng of reverse-transcribed
cDNA and a LightCycler 96 system equipped with LightCycler
DNA Master SYBR Green I (Roche Molecular Biochemicals,
Mannheim, Germany). PCR was performed under the following
conditions: 95°C for 10 min followed by 50 amplification cycles
of 95°C for 10, 45°C for 10, and 72°C for 10s. Amplification
efficiencies were calculated and normalized with respect to
mouse GAPDH. The PCR primers used were as follows:
forward, 5-TTACCACCTGGTGAACCTGGTGGAA-3’; reverse,
5-TTCGAAGACTCAGGAATGGTGGAG-3’. Quantities were
calculated using standard curves.

Measurement of LTB4 Production

LTB4 production was measured in extracellular medium using
an LTB4 assay kit (Cayman Chemical Inc., Ann Arbor, MI, USA)
according to the manufacturer’s instructions. Briefly, BMDCs
were stimulated with HMGB1 (100 ng/ml), and LTB4 levels
in concentrated media were quantified by ELISA (Bio-Tek
Instrument Inc., Winooski, VT, USA).

Preparation of BLTR1 siRNA and in vitro

Transfection

Small interfering RNA (siRNA) for BLTRI and scrambled
siRNA (negative control) were designed and synthesized
using a Silencer™ siRNA construction kit purchased from
Bioneer. The sequences of BLTR1 siRNA and scrambled
siRNA were 5-GAUCUGCGCUCCGAACUAUATAT-3" and
5'-AUAGUUCGGAGCGCAGAUCATAT-3', respectively. For
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siRNA transfection, cells were seeded and transfected with
BLTR1 siRNA using Lipofectamine 2000 (Invitrogen, NY,
USA) according to the manufacturer’s protocol. Transfection
efficiencies were monitored using a fluorescent oligonucleotide
(BLOCK-iT Fluorescent Oligo; Invitrogen) and estimated to be
between 80 and 90%.

Immunofluorescence Analysis

Wire-injured femoral arteries were harvested and serial paraffin
sections (4um) of femoral arteries were incubated with
mouse-anti «-SMA (1:400) and rabbit-anti CD36 (1:200)
antibodies. Alexa488-conjugated IgG and Alexa594-conjugated
IgG (Abcam) were used to detect immunofluorescence signals
for a-SMA and CD36, respectively. After nuclei were visualized
by staining with 0.1 ug/ml diamidino-2-phenylindole (DAPI),
slides were mounted in Vectashield. Fluorescence images were
visualized by scanning confocal microscopy (LSM 510, Carl Zeiss,
Oberkochen, Germany), and analyzed by National Institutes of
Health (NIH) image software (Image J, NIH, USA).

Transplantation of Bone Marrow-Derived

Monocytes

BMDCs were harvested from the femurs and tibiae of mice
(7 wks, male), which had been euthanized by carbon dioxide
insufflation and cervical dislocation, and bone marrow-derived
monocytes (BMDMs, CD11b-positive cells) were then separated
using MACS technology (Miltenyi, Bergisch Gladbach, GER)
using a standard procedure. BMDCs were then stained with
fluorochrome-labeled monoclonal anti-CD11b, sorted using a
BD ARIAIII cell sorter (Becton Dickinson, San Jose, CA, USA),
washed, and resuspended at 1 x 107 cells/ml. Recipient BLTR1-
deficient mice were administered 1 x 107 BMDMs per mouse
by tail vein injection. The expressions of BLTR1 mRNA and
protein in peripheral blood monocytes (PBMCs) isolated from
three groups of BMDMs-transplanted mice (WTWT mice,
WT monocytes into WT mice; KOKO mice, BLTR1-deficient
monocytes into BLTR1-deficient mice; and WTKO mice, WT
monocytes into BLTR1-deficient mice) were determined by Real
Time PCR and immunocytochemistry, respectively.

Statistical Analysis

Results were expressed as means == SEMs. One-way analysis of
variance (ANOVA) followed by Turkey’s multiple comparison
test was used to determine the significance of differences.
Statistical significance was accepted for P values < 0.05.

RESULTS

A Role for 5-LO in MMD Induced by

HMGBH1

The effects of HMGBI on the expression of 5-LO mRNA and
protein in BMDCs were determined using semi-quantitative
RT-PCR and Western blot analysis. In previous studies,
HMGB1 were secreted to 10-100ng/ml physiologically or
pathologically (27, 28). Thus, BMDCs were treated with HMGB1
at concentrations of 100ng/ml in our study. As shown in
Figure 1A, HMGBI at concentration of 100 ng/ml increased the

mRNA and protein expression of 5-LO in a time-dependent
manner in BMDCs and THP-1 cells (Supplementary Figure 1),
which were attenuated by inhibition of various receptors for
HMGBI (Supplementary Figure 2). To determine the functional
role of 5-LO increased in HMGBI-stimulated cells, LTB4
production in HMGBI1-treated cells was measured using ELISA.
As shown in Figure 1B, LTB4 production in HMGB1-stimulated
cells was gradually increased up to 24 h (approximately 10 ng/10’
cells), suggesting the potential involvement of 5-LO-derived LTs
in MMD induction by HMGBI.

To evaluate the potential role for 5-LO on MMD induction
by HMGBI, we determined the effects of Zileuton (10 or
30 wM), a 5-LO inhibitor, on MMD induced by HMGBI1. When
the cellular morphology of HMGBI1-stimulated BMDCs were
photographed under a phase contrast microscope, the majority of
cells had a macrophage-like morphology, were larger than non-
stimulated cells, and strongly adherent and irregular or spindle
shaped. Immunocytochemistry of HMGB1-stimulated BMDCs
also revealed that the surface expression of CD11b/Mac-1 (red)
was markedly increased, which was significantly attenuated by
pre-treatment with Zileuton, suggesting a potential role for 5-LO
in MMD induced by HMGB1 (Figure 1C).

Participation of BLTR1 Signaling in
Monocytes During HMGB1-Induced MMD

To evaluate the role of leukotriene (LT) receptor signaling
in monocytes during HMGBI-induced MMD, BMDCs
were stimulated with HMGB1 (100ng/ml) for 10 days in
the presence of various leukotriene receptor inhibitors,
including U75302 (a BLTRI1 inhibitor), LY255283 (a BLTR2
inhibitor), REV5901 (a cysLTRI1 inhibitor), and HAMI3379
(a cysLTR2 inhibitor). As shown in Figure 2, flow cytometric
analysis showed an increase in the surface expression of
CD11b/Mac-1 on BMDCs stimulated with HMGBI1, which
were attenuated dose-dependently by pretreatment with a
BLTR1 inhibitor (U75302), but not by BLTR2 and cysLTR
inhibitors. To further identify the role of BLTR1 in monocytes,
we determined HMGB1-induced CD11b/Mac-1 expression in
BLTR1-deficient BMDCs. As shown in Figure3, HMGBI-
induced expression of CDI11b/Mac-1 on BMDCs was
markedly attenuated in BLTRI-depleted cells using siRNA
as well as in BLTRI1-deficient cells isolated from BLTRI-
deficient mice, suggesting a pivotal involvement of BLTR1 in
HMGBI1-induced MMD.

Exogenous LTB4 Augmented
HMGB1-Induced MMD in 5-LO-Deficient
BMDCs, but Not in BLTR1-Deficient

BMDCs

On the basis of the hypothesis that 5-LO-derived LTB4 in
HMGBI1-stimulated cells might play an important role in the
process of MMD, the effects of exogenous LTB4 on MMD were
investigated in 5-LO-deficient cells. Although LTB4 (1-10 ng/ml)
had minimal direct effects on MMD in control and 5-LO-
deficient BMDCs (Supplementary Figure 3), the attenuated
MMD in 5-LO-deficient cells stimulated with HMGB1 was
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FIGURE 1 | Role of 5-LO in monocytes on monocyte-to-macrophage differentiation (MMD) induced by HMGBH. (A) Time-courses of the expressions of 5-LO mRNA
and protein in BMDCs stimulated with HMGB1 (100 ng/ml) were determined using RT-PCR and Western blot, respectively. Bottom: Blot densities were quantified and
presented as the means + SEMs of 6-7 independent experiments. “P < 0.05; **P < 0.01 vs. corresponding value at O h. (B) Time-course of LTB4 production in
vehicle- or HMGB1 (100 ng/ml)-stimulated BMDCs as determined by ELISA. Bottom: Color signals were quantified, and data were presented as the means + SEMs
of 6-7 independent experiments. *P < 0.05; **P < 0.01 vs. value at 0 h. (C) Representative immunocytochemical images of BMDCs stimulated with HMGB1.
BMDCs were pre-treated with Zileuton at 10 or 30 wM for 1 h, and then stimulated with HMGB1 (100 ng/ml) for 10 days. Cells were stained with anti-CD11b/Mac-1
(red) and DAPI (blue), and then morphological changes and CD11b/Mac-1 expressions were photographed under a phase contrast microscope. Arrows indicate cells
with a macrophage-like morphology. Right: Images were analyzed using Image J, and data were presented as the means + SEMs of 3-4 independent experiments.
P < 0.01 vs. control, ##P < 0.01 vs. vehicle.

significantly reversed to the control level when cells were pre-
treated with LTB4 at 10ng/ml, a concentration comparable
to that produced in HMGB1 (100 ng/ml)-stimulated control
cells (Figure4), which indicated the importance of the role
played by LTB4 in HMGBI-induced MMD. Interestingly,

the attenuated MMD by HMGB1 in BLTRI1-deficient cells
was not reversed by pre-treating cells with exogenous LTB4
(Figure 4). Collectively, these findings indicate the important
role of LTB4-BLTRI1 signaling in HMGBI-induced MMD in
monocytes.
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FIGURE 4 | Role of LTB4-BLTR1 signaling in monocytes on HMGB1-induced MMD. Representative flow cytometric images of CD11b/Mac-1 expression in
HMGB1-stimulated BMDCs in the presence or absence of exogenous LTB4. BMDCs isolated from wild-type (WT), 5-LO-deficient (KO), and BLTR1-KO mice, were
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cytometry. Bottom right: Differential CD11b/Mac-1 expressions in interface flow cytometric images were quantified, and data were presented as the means + SEMs of
8-9 independent experiments. **P < 0.01 vs. corresponding value in control, ##P < 0.01 vs. corresponding value in WT mice.

Role of BLTR1 in Vascular Inflammation
and Neointima Formation in Wire-Injured

Vasculature

To investigate the potential involvement of HMGBI in
the progression of vascular inflaimmation and neointima
formation, we determined the levels of HMGBI in the injured
vasculatures. At 4 wks after wire injury, HMGBI1 levels
were markedly increased in neointima lesions of the injured
vasculatures from both control and BLTRI1-deficient mice.
However, blood flow changes and neointima formation in the
injured vasculatures were attenuated in BLTR1-deficient mice
compared to those of control mice. Likewise, macrophage
infiltration into neointima was also markedly attenuated in
BLTRI1-deficient mice (Figure 5), suggesting BLTR1 contributed
to vascular inflammation and subsequent neointima formation
induced by damage-associated mediators secreted in the injured
vasculatures.

To investigate the contribution of BLTR1 in monocytes
to macrophage infiltration of neointima lesions, BMDMs of
WT mice were adoptively transferred into BLTRI1-deficient
mice. When BLTR1I mRNA levels in PBMCs isolated from
the three groups of BMDM-transplanted mice (WTWT, WT
monocytes into WT mice; WTKO, WT monocytes into

BLTR1-deficient mice; and KOKO, BLTR1-deficient monocytes
into BLTRI-deficient mice) were determined by Real Time
PCR, an increase in BLTR1 mRNA levels in the monocytes
of recipient mice was detected at 1 and 5 wks after adoptive
transplantation (Figure 6A). Likewise, an increase in BLTRI1
protein levels observed in monocytes of recipient mice was also
detected at 5 wks after adoptive transplantation (Figure 6B).
As shown in Figure 6C, intimal hyperplasia and macrophage
infiltration were significantly increased in WT monocyte-
recipient mice (WTKO) comparing with that in BLTR1-deficient
mice transferred with BLTR1-deficient BMDMs (KOKO). These
observations suggested that BLTR1 in monocytes played a critical
role in the infiltration of macrophage into neointima lesions, and
that they influenced neointima formation in our murine model
of femoral artery injury.

DISCUSSION

In this study, we investigated the importance of leukotriene
signaling in  monocytes on  monocyte-to-macrophage
differentiation and vascular inflammation and resultant
intimal hyperplasia in a mouse model of wire-injured femoral
artery. In cultured primary BMDCs, genetic or pharmacological
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FIGURE 5 | Involvement of BLTR1 in macrophage infiltration and neointima formation in wire-injured femoral arteries. Doppler images: Blood flow in the femoral
arteries of WT and BLTR1-deficient (KO) mice at 4 wks after wire injury (WI) was assessed using a LDPI analyzer. In these color-coded images, red hue indicates
regions of maximum perfusion, medium perfusion values are shown in yellow, and lowest perfusion values are represented as blue. Arrows indicate blood flow in an
injured femoral artery. Photographs are representative of 5-6 independent experiments. H&E: Cross sections of mouse femoral arteries were prepared at 4 wks after
WI, and stained with H&E. HMGB1 and CD36: HMGB1 and macrophage infiltration in the indicated neointima were stained with anti-HMGB1 antibody and anti-CD36
antibody, respectively. a-SMA: VSMCs were stained with anti-a-SMA antibody. Images are representative of 5-6 independent experiments. Bottom: LDPI ratio was
quantified as the ratio of the blue-to-red pixels in the injured artery (WI) vs. non-injured arteries (Control). Neointima volumes in the cross sections of injured femoral
artery were determined using an image analyzer. Numbers of HMGB1-positive and CD36-positive cells in neointima area were quantified, and data were presented as

inhibition of the 5-lipoxygenase pathway in monocytes
attenuated MMD induced by HMGBI1, an endogenous damage-
associated molecular patterns. Among various inhibitors for
leukotriene receptors, U75302, a BLTRI1 inhibitor, exclusively
attenuated MMD induced by HMGBL1. The importance of BLTR1
signaling during HMGB1-induced MMD was also demonstrated
using BLTRI-deficient BMDCs. Thus, BLTRI signaling in
monocytes was suggested as a pivotal player in MMD induced
by HMGBI, leading to vascular inflammation after vascular
injury.

MMD is a key event in the process of vascular inflammation,
which results in the remodeling of the injured vasculatures
(29). Thus, an understanding of the fundamental molecular
mechanisms that underlie this differentiation is an important
aspect of identifying new therapeutic strategies. In our previous
study, the importance of 5-LO in monocytes was identified
using genetic and pharmacological inhibition of the 5-LO
pathway in monocytes (7). In addition, in accordance with
previous report by Yu et al. (18) in which disruption of the LT
synthesis/response pathway in myeloid cells restrained several
components of response to injury, we showed in a previous

in vivo study 5-LO in monocytes played a pivotal role in vascular
inflammation and resultant restenosis (7). However, although the
importance of 5-LO in monocytes during MMD with subsequent
vascular inflammation was identified, the 5-LO-linked signaling
in monocytes mediating MMD need to be identified to develop
specific target-based therapeutics, because 5-LO in monocytes
exert its action via production of various leukotrienes (LT)
including LTB4 and cysteinyl LTs.

Leukotrienes exert their actions via four subclasses of
7-transmembrane G-protein-coupled cell surface receptors.
BLTR1 and BLTR2 are high and low affinity receptors of
LTB4, respectively, whereas CysLT1 and CysLT2 are activated
by cysteinyl-LTs (30-32). Thus, we stimulated BMDCs in the
presence of various inhibitors for LT receptors including LTB4
receptors (BLTR1 or BLTR2) or cysteinyl LT receptors (cysLTR1
or cysLTR2). In our present study, U75302 (a BLTRI inhibitor)
exclusively attenuated MMD induced by HMGB1 among
various inhibitors. The importance of BLTRI in monocytes on
HMGBI1-induced MMD was also demonstrated using BLTR1-
deficient cells. Moreover, HMGBI increased 5-LO expression
in monocytes with subsequent production of LTB4 in the
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FIGURE 6 | Identification of a pivotal role for BLTR1 in monocytes on vascular inflammation and neointima formation in the wire-injured femoral artery. (A) Expressions
of BLTR1 mRNA in PBMCs isolated from three groups of mice transplanted with BMDMs (WTWT, WT cells into WT mice; KOKO, BLTR1-deficient cells into
BLTR1-deficient mice; and WTKO, WT cells into BLTR1-deficient mice) were determined by Real Time PCR. PCR signals were quantified, and data were presented as
the means + SEMs of 4-5 independent experiments. *P < 0.05; **P < 0.01 vs. KOKO mice. (B) Expressions of BLTR1 protein in PBMCs isolated from these three
groups of mice at 5 wks post-transplantation were determined by immunocytochemistry. Photographs are representative of 3-4 independent experiments.
(Continued)
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FIGURE 6 | (C) Doppler imaging: Blood flow in the femoral arteries of WTWT, WTKO, and KOKO mice at 4 wks after wire injury were monitored using a LDPI analyzer.
Arrows indicate blood flow in the injured femoral artery. Photographs are representative of 4-5 independent experiments. H&E: Cross sections of the femoral arteries
of WTWT, WTKO, and KOKO mice at 4 wks after wire injury were stained with H&E. CD36 & a-SMA: Infiltrating macrophages in indicated neointima was stained with
anti-CD36 antibody, and VSMCs were stained with anti-a-SMA antibody. Photographs are representative of 4-5 independent experiments. Bottom: LDPI ratio was
quantified as the ratio of the blue-to-red pixels in the injured artery (WI) vs. non-injured arteries (Control). Neointima volumes were determined using an image analyzer.
Numbers of CD36-positive cells within neointima area in the injured artery of WT and BLTR1-deficient mice were quantified, and data were expressed as the means +
SEMs of 4-5 independent experiments. **P < 0.01 vs. WTWT mice, ##P < 0.01 vs. KOKO mice.

present study, suggesting that HMGB1 might induce MMD via
production of 5-LO-mediated production of LTB4.

To determine the direct functional role of exogenous LTB4
on MMD, BMDCs were stimulated with various concentrations
of LTB4 in the absence or presence of HMGB1. We found that
LTB4 had minimal effects on MMD in cells from control, 5-LO-
deficient and BLTR1-deficient mice. However, MMD suppression
by HMGBI was significantly reversed by exogenous LTB4 in
5-LO-deficient cells, but not in BLTR1-deficient cells, suggesting
LTB4/BLTRI signaling as a pivotal player for HMGBI-induced
MMD. Thus, LTB4/BLTR1-mediated priming of monocytes is
considered as an essential prerequisite for HMGB1-induced
MMD based on the previous report that exogenous LTB4
potentiated the priming effect of cytokines on human monocytes
(33). However, further studies are remained to determine the
precise roles of these signals in cell priming.

The molecular processes that initiate inflammation in arterial
walls after mechanical injury are not fully understood. Recently,
endogenous molecules released during cell death and stress,
termed DAMPs, could activate pattern recognition receptors
and lead to inflammation, because endoluminal vascular
interventional procedures cause stretching of vessel walls and
subsequent cell necrosis (34). Thus, coordinated relationships
exist between local vascular injury and pattern recognition
receptor-related signals in the process of vascular inflammation
(20). Of the various DAMPs, HMGBI1 has emerged as an
important regulator of inflammatory responses resulting from
tissue injury (3, 4), and has been implicated as an active player
in vascular inflammation leading to intimal hyperplasia after
arterial injury (6). Reportedly, HMGBI is known to have pro-
inflammatory cytokine-like activity, promote chemotaxis, and
stimulate cellular migration and growth (35). Interestingly, in a
previous study we found HMGB1 enhanced MMD and caused
vascular inflammation (7). Collectively, these observations
suggest that HMGBI1-related signals in monocytes might be
considered therapeutic targets for the treatment of vascular
inflammation.

In our in vivo study, both macrophage infiltration and
intimal hyperplasia in the wire-injured femoral artery were
markedly attenuated in BLTRI1-deficient mice compared to
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Aims: Cardiac dysfunction can be a fatal complication during severe sepsis. The
migration of neutrophils is significantly impaired during severe sepsis. We sought to
determine the role of trimetazidine (TMZ) in regulation of neutrophil migration to the heart
in a mouse model of sepsis and endotoxemia, and to identify the mechanism whereby
TMZ confers a survival advantage.

Methods and Results: C57/BL6 mice were (1) injected with LPS followed by 24-h
TMZ administration, or (2) treated with TMZ (20 mg/kg/day) for 1 week post cecal
ligation and puncture (CLP) operation. Echocardiography and Millar system detection
showed that TMZ alleviated cardiac dysfunction and histological staining showed the
failure of neutrophils migration to heart in both LPS- and CLP-induced mice. Bone
marrow transplantation revealed that TMZ-pretreated bone marrow cells improved
LPS- and CLP-induced myocardial dysfunction and enhanced neutrophil recruitment in
heart. In CXCL2-mediated chemotaxis assays, TMZ increased neutrophils migration via
AMPK/Nrf2-dependent up-regulation of CXCR2 and inhibition of GRK2. Furthermore,
using luciferase reporter gene and chromatin immunoprecipitation assays, we found that
TMZ promoted the binding of the Nrf2 and CXCR2 promoter regions directly. Application
of CXCR2 inhibitor completely reversed the protective effects of TMZ in vivo. Co-culture
of neutrophils and cardiomyocytes further validated that TMZ decreased LPS-induced
cardiomyocyte pyroptosis by targeting neutrophils.

Conclusion: Our findings suggested TMZ as a potential therapeutic agent for septic or
endotoxemia associated cardiac dysfunction in mice.

STUDY HIGHLIGHTS

What is the current knowledge on the topic?

Migration of neutrophils is significantly impaired during severe sepsis, but the underlying
mechanisms remain unknown.
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Sepsis, Neutrophils Migration, and Pyroptosis

What question did this study address?
The effects of TMZ on cardiac dysfunction via neutrophils migration.

What this study adds to our knowledge
TMZ attenuated LPS-induced cardiomyocyte pyroptosis and cardiac dysfunction by
promoting neutrophils recruitment to the heart tissues via CXCR2.

How this might change clinical pharmacology or translational science
Our findings suggested TMZ as a potential therapeutic agent for septic cardiac

dysfunction.

Keywords: pyroptosis, trimetazidine, septic cardiac dysfunction, neutrophil, AMPK-Nrf2-CXCR2 axis

KEY POINTS

1. TMZ attenuates cardiac dysfunction via neutrophils migration
2. TMZ decreases cardiomyocyte pyroptosis by targeting
neutrophils

INTRODUCTION

Sepsis is a life-threatening organ dysfunction caused by a
dysregulated host response to infection, and is one of the
most common causes of death in hospitalized patients (1). So
far, the therapeutic options for sepsis are nonspecific and are
limited to support of organ function. In addition, there are
still no approved drugs that specifically target sepsis (2). One
of the major complications of sepsis, myocardial dysfunction,
contributes significantly to increased mortality (3). However, the
precise mechanisms that cause myocardial dysfunction during
sepsis remain incompletely understood (3). Thus, elucidation
of the pathophysiologic processes of sepsis-induced myocardial
dysfunction, and seeking new specific drugs, may develop more
effective therapies to treat it.

Neutrophil migration into infection sites constitutes the first
line of defense against infection (4). The failure of neutrophil
migration to the infection site is associated with increased
severity of illness and multi-organ dysfunction during septic
shock (5, 6). Neutrophil recruitment to the infection site is
dependent on the CXC chemokines (7). In murine, CXC
chemokines regulate the recruitment of neutrophils via a specific
seven-transmembrane type G protein-coupled receptor, CXCR2,
while in humans it is dependent on both CXCR1 and CXCR2
(8). However, in some pathological conditions, phosphorylation
of CXCR2 by the G protein-coupled receptor kinase 2 (GRK2)
triggered receptor desensitization and internalization, resulting
in reduced expression of CXCR2 on the surface of neutrophils
(9). Previous studies have revealed that the decreased expression

Abbreviations: NADPH, nicotinamide adenine dinucleotide phosphate; EF,
ejection fraction; FS, fraction shortening; LVAW, left ventricle anterior wall;
LVPW, left ventricle posterior wall; dP/dt max, peak instantaneous rate of
left ventricular pressure increase; dP/dt min, peak instantaneous rate of left
ventricular pressure decline; LPS, lipopolysaccharide; MPO, myeloperoxidase.
TMZ, trimetazidine.

of CXCR2 impaired neutrophil recruitment to the infection site
and played a major role in the poor outcome secondary to the
sepsis (10). Hence, it is necessary to investigate the regulation
of neutrophil recruitment during sepsis-induced myocardial
dysfunction.

AMPK, 5 adenosine monophosphate-activated protein
kinase, is a crucial regulator of cellular energy homeostasis (11).
A recent study has reported that activated AMPK enhanced
the abilities of neutrophil chemotaxis and bacterial killing
in sepsis (12). Nuclear factor erythroid-2-related factor-2
(Nrf2), which is one of the downstream signals of AMPK,
is a critical transcriptional factor for antioxidation. We, and
others, have found that activation of Nrf2, via AMPK, inhibited
LPS-induced inflammatory response (13, 14). Upon activation,
Nrf2 dissociates from Kelch-like ECH-associated protein 1
(Keapl), and in turn, translocates into the nucleus to bind to the
antioxidant responsive element (ARE) in gene promoters (15).
Nrf2 was found to regulate the expression of many antioxidant
enzymes and proteins, such as NADPH quinineoxidoreductase-1
(NQO-1), heme oxygenase-1 (HO-1), and glutathione S-
transferase (GST). Recently, it has been indicated that Nrf2 also
transcriptionally regulates inflammation-related genes (16).

Trimetazidine (TMZ) is a clinically effective anti-anginal
agent due to the inhibition of long-chain 3 ketoacyl coenzyme A
thiolase activity, which leads to decreased fatty acid oxidation and
increased glucose oxidation (17). Previous studies have indicated
the protective effects of TMZ on heart failure (18), oxidative
stress damage (19), cell apoptosis (14), and endothelial function
(20). Our recent study has demonstrated that TMZ improves
LPS-induced cardiac dysfunction by regulating the function of
macrophages (14). Given the pivotal function of neutrophils in
inflammatory response, the detailed role of TMZ in regulating
neutrophils function during septic cardiac dysfunction need to
be explored.

Pyroptosis is a form of inflammatory programmed cell death
(PCD). Unlike apoptosis or necrosis, pyroptosis features pore
formation of the plasma membrane, cell swelling, and membrane
rupture, causing leakage of cytosolic contents (21). During
LPS-induced pyroptosis, caspase-11 is first activated by directly
binding to LPS (22). Subsequently, activated caspase-11 processes
interleukin (IL)-1f/IL-18 into their active forms (23). Pyroptosis
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was initially defined as an antimicrobial reaction in immune
cells (24). However, few studies have focused on cardiomyocyte
pyroptosis in septic cardiac dysfunction.

In this study, we demonstrated that TMZ ameliorated
LPS- and cecal ligation and puncture (CLP)-induced cardiac
dysfunction and cardiomyocyte pyroptosis by promoting
CXCR2-dependent neutrophil migration to cardiac tissue.

MATERIALS AND METHODS

Reagents

LPS, SB225002, Percoll, and Compound C (CC) were from
Sigma-Aldrich (St. Louis, MO). TMZ was from Servier (Tianjin,
China). RPMI1640 medium was from Thermo Fisher Scientific
(Walham, MA). Nrf2 siRNA was from RiboBio (Guangzhou,
China). CXCL2 was from R&D Systems (Minneapolis, MN).
DAPI and IL-1f8 ELISA kit were from Boster (Wuhan, China).
Myeloperoxidase (MPO) assay kit and lacate dehydrogenase
(LDH) assay kit were from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Lipofectamine 2000 was from
Invitrogen (Waltham, MA). Protein A/G agroase, anti-Nrf2, and
anti-CXCR2 were from Santa Cruz Biotechnology (Dallas, TX).
Anti-Ly6G, anti-MPO, anti-GRK2, and isotype antibody were
from Abcam (Cambridge, MA). Anti-AMPK and anti-phospho-
AMPK were from Cell Signaling Technology (Danvers, MA).
Anti-caspase-11 was from Novus Biologicals (Littleton, CO).
FITC-CD11b and Percp/Cy5.5-Ly6G were from eBioscience (San
Diego, CA). PE-CXCR2 was from BD Biosciences (San Jose,
CA). Lysis buffer and BCA protein assay were from Beyotime
(Shanghai, China).

Animals

All experiments were performed with the approval of the
Animal Research Committee of Tongji Medical College, and
in accordance with ARRIVE and NIH guidelines for animal
welfare. Male C57BL/6 mice at the age of 8-10 week-olds were
purchased from the Institutional Animal Research Committee
of Tongji Medical College, housed at a temperature of 23-25°C
and a humidity of 55 £ 5% with free access to food and water.
(1) Model of LPS-induced endotoxemia: Mice were randomly
divided into 4 groups (n = 8), and received saline, single
TMZ, single LPS, or LPS and TMZ combination interventions,
respectively. In LPS and TMZ combination interventions, mice
were first injected with LPS (15 mg/kg) in 100 wl of sterile
saline by intraperitoneal injection, then 6 h later, TMZ (20 mg/kg)
was administrated intragastrically (i.g.) every 6h for a total of
three times. In the 6-group animal experiments, the CXCR2
antagonist SB225002 (10 mg/kg) was injected intraperitoneally
30 min before LPS injection (10). (2) Model of CLP sepsis: The
mice (n = 10 in each group) were first pre-treated with TMZ for
1 day. Then the CLP model of sepsis of moderate severity was
performed in accordance with the original protocol developed by
Chaudry’s lab, with additional modifications (25). In brief, mice
were anesthetized with i.p. injection of sodium pentobarbital
(Sigma-Aldrich) with a dose of 30 mg/kg. A midline incision
was made, and after externalization, the cecum was ligated (1 cm
from the apex) and punctured twice (through-through) with

a 27-G needle. Next, a small amount of fecal mass from the
punctured cecum was gently squeezed out to ensure patency of
punctures, cecum was relocated, and 4/0 sutures were used to
close the peritoneum and skin. Sham-operated mice underwent
only incision and cecum exteriorization. After the sham or CLP
operations, the mice were then treated with TMZ (20 mg/kg/day)
for 6 consecutive days. The survival rate was determined daily
for 7 days after CLP. Cardiac function of mice was assessed
by echocardiography and Millar catheter, and then the mice
were sacrificed. Part of heart tissue was kept in 10% formalin,
dissected and cut into slices. The remaining portions of heart
tissue was immediately snap-frozen and stored at —80°C for
western blotting examination.

Bone Marrow Transplantation

We performed bone marrow transplantation in TMZ or
vehicle treated-wild type (WT) C57BL/6 mice using previously
established methods (26). Briefly, 10-week-old WT C57BL/6
donor mice were pre-treated using TMZ (20 mg/kg in saline
solution for 3 days) or equal amount of solvent (saline solution)
as vehicle (TMZ BM and Vehicle BM groups in donor mice),
meanwhile, the recipient mice were also pre-treated using TMZ
(20 mg/kg in saline solution for 3 days) or equal amount of
solvent (saline solution) as vehicle (TMZ and Vehicle groups
in recipient mice). Then before the BM transplantation, the
recipient mice received 850 rads of y-irradiation and were
administered with the antibiotic, Baytril. The next day, fresh
bone marrow cells were isolated from a separate cohort of
saline pre-treated C57BL/6 vehicle mice and nonirradiated TMZ
pre-treated mice (n = 5 mice/group and pooled), respectively,
and were injected into irradiated mice (6 X 10%) in 200
L volume through the tail vein. Twenty-four hours after
bone marrow transplantation, the mice were subjected to LPS
injection (15 mg/kg) or CLP surgery. Six hours after LPS
administration and 1 day after CLP, mice hearts were harvested
for immunohistochemistry Ly6G, MPO staining, and other tests.

Echocardiography and Haemodynamic

Analyses

Transthoracic echocardiography (Vevo3100, Visual Sonics,
Canada) was performed under anesthesia (2% isoflurane) (27).
For the haemodynamic analyses, a Millar Cather Transducer
(Millar Instruments, Houston), connected to a pressure
transducer (Millar Instruments), was inserted through the right
carotid artery into the left ventricle cavity, and stable-state
haemodynamic parameters were recorded and analyzed with
LabChart software (ADInstruments, Colorado Springs, CO).

Bone Marrow Derived Neutrophil (BMDN)

Isolation and Chemotaxis Assay
BMDNs were isolated by Percoll gradient method as described
previously (6). The purity of BMDNs was > 95% and was
identified by Wright-Giemsa staining and Gr-17 expression
using flow cytometry, respectively.

Isolated BMDNSs were re-suspended in RPMI1640 medium
and pretreated with AMPK inhibitor CC (2puM) or Nrf2
siRNA. BMDNs were then treated with LPS (5pug/ml) for 1h,
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followed with TMZ (20 uM) treatment for 2h. After that,
BMDN chemotaxis was assessed toward CXCL2 (30 ng/ml) or
medium alone in a 24-well Boyden chamber using a 5-pm-
pore membrane. Two hours later, the membrane was removed.
The images of migrated BMDNs were captured under an optical
microscope, and numbers of BMDNSs were counted in at least five
random fields per well.

Immunofluorescent Assay of CXCR2

Isolated BMDNs were pretreated with LPS (5pg/ml) for 1h,
and then treated with TMZ (20 wM) for 2 h. After that, BMDNs
were affixed on glass slides and incubated with anti-CXCR2 as
described previously (8). BMDN nuclei were stained with DAPL.
Fluorescent images were captured using fluorescence microscope
(Nikon, Japan).

Flow Cytometry Analysis

To determine the expression of CXCR2 on cell surface, BMDNs
were stained with antibodies against FITC-CD11b, Percp/Cy5.5-
Ly6G and PE-CXCR2. The expression of CXCR2 levels were
analyzed by FACS Calibur flow cytometer (BD Biosciences, San
Jose, CA) in the cell population of CD11b"Ly6G™.

Transfection With siRNA

For the transfection, BMDNs were seeded in 6-well plate in
optium-medium, then transfected using Lipofectamine 2,000
according to manufacturer’s instruction.

Luciferase Reporter Assays

Promoter fragments (—3011/+254, —2319/4-254, and
—1408/+254) of mouse CXCR2 were subcloned into the
Mlul/Xholl sites of PGL3 vector (Promega, Madison, WI). The
primers are shown in Supplemental Table 2. The construct of
mutant CXCR2 was introduced by site-directed mutagenesis
(Stratagene, La Jolla, CA). Mouse Nrf2 expression vector was
purchased from Genecopoeia (EX-Mm04093-MO03, Rockville,
MD). All plasmids were sequenced in order to ensure sequence
accuracy. Cells were transfected with CXCR2 promoter
constructs and Nrf2 expressing plasmid using Lipofectamine
2000. pRL-TK (Promega, Madison, WI) was co-transfected
as an internal control in each group. Forty-eight hours after
transfection, cells were harvested for the Dual-Luciferase
reporter assay (Promega, Madison, WI).

Chromatin Immunoprecipitation (ChiIP)

Assays

HEK293T cells were cultured in 100-mm plates and transfected
with empty or Nrf2 vector. Cells were incubated with 1%
formaldehyde to cross-link protein-DNA complexes at 48h
after transfection. Cells were then lysed and sonicated to
shear the chromatin to fragments. Sheared chromatin was then
immunoprecipitated with anti-Nrf2 or normal IgG overnight at
4°C. Chromatin-antibody complexes were recovered by Protein
A/G agroase. The immunoprecipitated DNA was analyzed by
PCR to amplify CXCR2 promoter sequences. PCR products were
analyzed by 1% agarose gel.

Co-culture of BMDNS and Cardiomyocytes
Primary adult cardiomyocytes were isolated as described
previously (28). BMDNs seeded in 6-well plates were first
administrated with SB225002 (1 wM), then stimulated with LPS
(5g/ml) for 1h, and finally with TMZ (20 pM) treatment for
2h. After that, BMDNs were collected, washed, and seeded onto
the transwell insert (0.4 pm pore size) above cardiomyocytes.
Cardiomyocytes were harvested for 24 h at 37°C and then used
for further analysis.

Western Blotting Analysis

Cell lysates were generated by lysis buffer containing protease
and phosphatase inhibitors. Equal amounts of protein were
separated by 10% SDS-polyacyral-amide gels and transferred
to PVDF membranes. Membranes were blocked with blocking
buffer containing 5% BSA in TBST for 2 h at room temperature.
Incubation of specific primary antibodies at 1:1000 dilutions was
followed by appropriate second antibody. Then, immunoreactive
bands were detected using ECL and analyzed by Quantity One
software (Bio-Rad Laboratories, Philadelphia, PA).

Statistical Analysis

All animal data are presented as mean £ SEM and in-vitro
data are presented as mean £ SD. One-way ANOVA with
Bonferroni post hoc test was used for comparison among multiple
groups using SPSS 17.0 software, and sample distribution
was determined by the Shapiro-Wilk normality test (W
test). Differences with P < 0.05 were considered statistically
significant.

RESULTS

TMZ Protected Against LPS- and
CLP-Induced Cardiac Dysfunction and
Promoted Neutrophil Migration to Heart

Tissue

An LPS-induced endotoxemia model and a CLP-induced
sepsis model were both taken in C57BL/6 mice. In the
endotoxemia model, mice were injected intraperitoneally
with LPS, and then either TMZ or saline (Figure 1A) was
administered. In the sepsis model, mice were treated with
TMZ (20 mg/kg/day) for 7 consecutive days post CLP or
sham operations (Figure 1B). Consistent with our previous
observations, echocardiographic parameters showed that LPS
stimulation induced significant cardiac dysfunction, as indicated
by decreased EF%, FS%, LVAW;s and LVPW;s, and increased
LVID;s (Figures 1C-E). Similarly, haemodynamic analyses
revealed that LPS injection led to decreased values of heart
rate, Ppax, dp/dtmax and dp/dtmin (Figures 1F-I). However,
TMZ administration reversed the impairments of LPS-induced
cardiac functions. In addition, TMZ treatment exerted similar
cardioprotective effects 1 day and 7 days post CLP surgery,
including increased EF%, FS%, without affecting heart rates
of mice (Figure 1K, Supplemental Figures 1A-D). Moreover,
the 7-day survival rate was increased from 20.74 to 70.00%
after TMZ treatment compared with CLP-induced septic mice,
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FIGURE 1 | TMZ improved LPS- and CLP-induced myocardial dysfunction and increased neutrophil migration to heart tissue. (A) Schematic drawing of experimental
schedule for the endotoxemia mice study (n = 8 mice per group). Mice were first injected with LPS (15 mg/kg) in 100 pl of sterile saline by i.p. Then TMZ (20 mg/kg)
was administrated by i.g. every 6 h for three times at 6 h after LPS injection. 24 h after injection with LPS or saline, cardiac function of the mice was assessed by
echocardiography and Millar catheter. (B) Schematic drawing of experimental schedule for the septic mice study (n = 10 mice per group). Mice were treated with TMZ
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FIGURE 1 | (20 mg/kg/day) for 7 consecutive days post CLP or sham operations, 1 and 7 days post CLP, cardiac function of mice was assessed by
echocardiography; (C~E) Left ventricular ejection fraction (LVEF), left ventricular fractional shortening (LVFS) and left ventricular diameters were measured by
two-dimensional echocardiography. (F-1) Heart rate, Pmax, dp/dtmax, and dp/dtmin were assessed by cardiac catheterization. (J) Survival rates of wild-type (WT)

(n = 10 per group) undergoing severe sepsis (cecal ligation and puncture [CLP] operation). (K) LVEF and LVFS in CLP model were measured by two-dimensional
echocardiography. (L) Representative histological cardiac tissues stained with H&E, Ly6G, and MPO as the indicated groups at 24 h after LPS injection. (M)
Quantification of Ly6G positive cells in 1 mm? after LPS stimulation; (N) Quantification of MPO positive cells in 1 mm?2. (0) Representative images of heart tissues
immunostained with Ly6G on day 1 post CLP. Scale bar: 50 um. (P) Quantification of Ly6G positive cells in 1 mm?2 post CLP. (Q) MPO activity assay in heart tissues
was performed at 24 h after LPS injection. Data is presented as mean + SEM of three independent experiments. *P < 0.05 vs. Con group in LPS-induced model or
Sham group in CLP-induced model; #P < 0.05 vs. LPS-treated group or CLP-induced group. LVAW:d, left ventricular anterior wall in diastole; LVAW;s, left ventricular
anterior in systole; LVID;d, left ventricular internal diameter in diastole; LVID;s, left ventricular internal diameter in diastole; Pmax, peak systolic pressure.

accompanied by reduced peritoneal bacterial load (Figure 1]
and Supplemental Figure 1E), indicating the improved cardiac
function after TMZ treatment confers a survival advantage in
sepsis.

In histological studies, H&E staining of heart tissue in
the control and TMZ group represented normal distribution
of cardiomyocyte and myocardial structures (Figure 1L).
Meanwhile, the LPS-induced cardiac structural disarray and
interstitial edema was reversed by TMZ (Figure 1L). Ly6G and
MPO staining (markers of infiltrating neutrophils) showed
that the numbers of Ly6G and MPO positive cells in heart
tissue was negligible in both the saline and TMZ groups, as
well as in LPS- and CLP-induced mice heart. Interestingly,
the number of neutrophils in heart tissue was significantly
increased in the LPS+TMZ group when compared with LPS
group (Figures 1L-N, Supplemental Figure 2). TMZ treatment
also increased the number of neutrophils in heart tissue post CLP
surgery (Figures IN-P, Supplemental Figure 2). Meanwhile,
the MPO activity in LPS+TMZ group was markedly higher
than in the LPS group 24h after LPS injection (Figure 1Q).
Collectively, these results suggest that TMZ ameliorates LPS- and
CLP-induced cardiac dysfunction in endotoxemia and sepsis,
accompanied by increasing neutrophils recruitment into heart
tissues.

TMZ-Pretreated Bone Marrow Cells
Ameliorated LPS- and CLP-Induced
Myocardial Dysfunction and Enhanced

Neutrophil Recruitment to the Heart

To detect whether the effects of TMZ on neutrophil recruitment
was dependent on resident cells or bone marrow (BM) derived
cells, we performed BM transplantation experiments. Compared
with mice that received vehicle BM cells, mice receiving
TMZ pretreated BM cells showed improvement of cardiac
function, reflected by increased values of EF%, FS%, LVAW;s,
LVPW;s, heart rate, Ppmay, dp/dtmax and dp/dtmin, as well as
decreased values of LVID;d and LVID;s (Figures 2A-G) post LPS
stimulation. In the CLP-induced sepsis model, mice receiving
TMZ pretreated BM cells showed similar improvement of cardiac
function as observed in the post LPS-induced endotoxemia
model (Figure 2H). Furthermore, H&E staining revealed that
compared with vehicle pretreated BM cells, the TMZ pretreated
BM cells that injected in recipient mice attenuated the
myocardial injury, indicated by reduced irregular arrangement
of cardiomyocyte and interstitial edema (Figure 2I). Moreover,
in both LPS-induced endotoxemia and CLP-induced sepsis
models, the Ly6G and MPO staining showed that the number

of neutrophils recruited into heart tissue was significantly
increased in TMZ BM > vehicle mice compared with vehicle
BM > vehicle mice, and TMZ BM > TMZ mice compared
with TMZ BM > vehicle mice, respectively, (Figures 2I-M).
Consistently, the MPO activities in TMZ BM > vehicle and
TMZ BM > TMZ groups were remarkably higher compared
with vehicle BM > vehicle and TMZ BM > vehicle groups
(Figure 2N). Taken together, this data indicates that TMZ-
pretreated bone marrow cells attenuate LPS- and CLP-induced
myocardial depression, and enhance the migration of neutrophils
into heart tissue.

TMZ Enhanced Neutrophil Migration by
Regulating CXCR2 Expression Through
AMPK Pathway

To examine whether TMZ had a direct effect on neutrophil
migration, we isolated bone marrow derived neutrophils
(BMDNs) from differentially treated mice, and assessed the
migration ability of BMDNs. As shown in Figures 3A,B, BMDNs
isolated from LPS-induced mice showed a marked impaired
chemotactic response toward CXCL2, when compared with
the control group (29). However, TMZ treatment remarkably
rescued declined BMDN migration by LPS stimulation.

Next, isolated BMDNs from C57BL/6 mice were pretreated
with TMZ or LPS in vitro. Consistently, TMZ significantly
ameliorated LPS-induced failure of BMDN migration toward
CXCL2 (Figures 3C,D). Additionally, both the untreated and
TMZ-treated BMDNs exhibited normal and homogeneous
expression of CXCR2 in the CXCR2 fluorescent staining.
However, LPS significantly reduced expression of CXCR2 in
BMDNSs, which was reversed by TMZ treatment (Figures 3E-F).

Next, we found that TMZ reversed LPS-reduced
phosphorylation of AMPK in BMDNs (Figure 3G). Consistently,
pretreatment with the AMPK specific inhibitor, CC, significantly
prevented TMZ-enhanced BMDNs migration (Figures 3H-I).
In addition, flow cytometry analyses showed that TMZ elevated
the expression of CXCR2 on the membrane in LPS-induced
BMDNSs, which was reversed by CC (Figures 3J-K). Thus, the
TMZ regulated CXCR2 expression in an AMPK-dependent
manner, which in turn enhanced neutrophil migration.

TMZ Improved Neutrophil Migration by
Decreasing GRK2 and Increasing CXCR2
Expression in an AMPK/Nrf2 Dependent

Manner
As shown in Figures 4A,B, we found that TMZ markedly
reversed the reduced Nrf2 expression in the nucleus of
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FIGURE 2 | TMZ-pretreated bone marrow cells ameliorated LPS- and CLP-induced myocardial dysfunct
Irradiated TMZ pretreated (20 mg/kg, i.g., Tid, for 3 days) and vehicle pretreated wild-type (WT) mice recei
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to LPS challenge (15 mg/kg, i.p.) or CLP surgery, respectively. 6 h after LPS injection and 1 day post-CLP, mice were subjected to echocardiography and
haemodynamic analyses. Mice were then sacrificed and heart tissues were stained with H&E and immunochemistry staining. (A=C) Statistical analysis of

results post-CLP. (I) Representative histological H&E, Ly6G, and MPO staining of heart sections as the indicated groups. (J) Quantitative analysis of Ly6G-positive
cells in 1 mm2 after LPS challenge. (K) Quantitative analysis of MPO-positive cells in 1 mm? after LPS challenge. (L) Representative Ly6G staining of heart sections as
the indicated groups in CLP-induced sepsis. (M) Quantitative analysis of Ly6G-positive cells in 1 mm? post CLP; (N) MPO activity assay in heart tissues was
performed at 6 h after LPS injection. Data is presented as mean + SEM of three independent experiments. *P < 0.05 vs. vehicle BM > vehicle mice; #P < 0.05 vs.

ion and promoted neutrophils recruitment to heart tissues.
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FIGURE 3 | TMZ enhanced neutrophil migration by regulating CXCR2 expression through AMPK pathway. (A) 8-10 week-old C57BL/6 male mice were first injected
with LPS (15 mg/kg), then TMZ (20 mg/kg) was administrated by gavage every 6 h for 3 times after LPS injection for 6 h. Representative images of migrated BMDNs
by transwell assay. (B) Relative quantitative assay of migrating BMDNs under optical microscopy. (C) Neutrophils isolated from non-simulated mice bone marrow, then
BMDNs were subjected to LPS stimulation (5 pg/ml) for 1 h and subsequently treated with TMZ (20 wM) for 2 h. Representative images of migrated BMDNSs by
transwell assay. (D) Relative quantitative assay of migrating BMDNs under optical microscopy. (E) Representative images of BMDN immunofluorescent CXCR2 (green)
staining. Nuclei were stained by DAPI (blue). (F) Quantitative of CXCR2 expression by measuring fluorescence intensity. (G) Phosphorylation of AMPK in BMDNs was
examined by western blotting. (H) BMDNs were first treated with AMPK inhibitor CC (CC) (1 uM) for 1 h, then subjected to LPS stimulation (5 wg/ml) for 1 h,
subsequently treated with TMZ (20 uM) for 2 h in vitro. Representative images of migrated BMDNSs by transwell assay. (I) Relative quantitative assay of migrating
BMDNSs under optical microscopy. (J) Flow cytometry was performed to examine the expression of CXCR2 on the membrane of neutrophils. (K) Quantitative of
CXCR2 expression by FACS. Data were presented as mean + SEM in vivo and mean =+ SD in vitro of three independent experiments. Scale bar: 50 um. *P < 0.05 vs.
Con group; #P < 0.05 vs. LPS group; 8P < 0.05 vs. LPS+TMZ group, n = 8 mice per group.
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LPS-treated BMDNs, whereas CC abrogated this influence of
TMZ. On the other hand, by Western blotting analyses, we found
that TMZ treatment significantly inhibited LPS-induced GRK2
over-expression, which was attenuated by CC, indicating that

TMZ negatively affected GRK2 expression via AMPK activation
(Figures 4A,C). To verify whether Nrf2 regulates BMDN
migration, BMDNs were transfected with Nrf2 siRNA. In LPS-
treated BMDNs, Nrf2 silence significantly prevented the effects
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of TMZ on enhancing neutrophil migration (Figures4D,E),
downregulating CXCR2 membrane expression (Figures 4EG),
inhibiting Nrf2 expression (Figures 4H,I), and increasing GRK2
expression (Figures 4H,]).

CXCR2 Is Transcriptionally Regulated by
TMZ via Nrf2 in LPS-Induced Cardiac

Dysfunction

To understand how Nrf2 affects the expression of CXCR2,
we performed in silico promoter analyses on mouse CXCR2
gene. Bioinformatic analyses revealed a CXCR2 potential ARE
(antioxidant responsive element) binding sequence upstream
of the CXCR2 translational initiation site (—919/—909).
Subsequently, three fragments (—3011/+254, —2319/4+254,
—1408/+254) of promoter sequence of CXCR2 and an ARE
mutant fragment of —1408/+254 were inserted into the
luciferase reporter plasmid (Figures 5A,B). Luciferase reporter
gene assays revealed that Nrf2 increased the luciferase activity of
all three fragments, but not in the mutant fragment (Figure 5B),
indicating that Nrf2 affected the transcriptional activity of
CXCR2 via binding to the potential ARE sequence. To confirm
this binding, we performed chromatin immunoprecipitation
assays. In agreement with the results of luciferase reporter gene
assays, the CXCR2 proximal promoter (—919/—909) was present
in Nrf2 immunoprecipitates from cells expressing Nrf2, but
not cells expressing the empty vector control. In contrast, distal
promoter sequences (—2727/—2717) could not be amplified
in Nrf2 immunoprecipitates (Figure 5C). Moreover, TMZ
increased transcriptional activity of CXCR2 in the proximal
promoter sequence from —1408 to +254 compared with
LPS, and this effect was dependent on the expression of Nrf2
(Figure 5D). Together, this data demonstrates that CXCR2 is
transcriptionally regulated by TMZ through the transcription
factor Nrf2.

To test whether the expression of CXCR2 in neutrophils
contributes to the protective effects of TMZ against LPS-induced
cardiac dysfunction, a specific CXCR2 antagonist, SB225002,
was introduced to inhibit the expression of CXCR2 in vivo
(Figure 5E). Results showed that TMZ significantly ameliorated
LPS-induced cardiac dysfunction, whereas CXCR2 antagonist
almost completely abrogated the protective effects of TMZ in
LPS-induced mice (Figures 5F-H and Supplemental Table 1).
These results indicate that TMZ prevents LPS-induced cardiac
depression via up-regulating the expression of neutrophil’s
CXCR2.

TMZ Decreased LPS-Induced
Cardiomyocyte Pyroptosis by Targeting
Neutrophils

Inflammatory response in some pathological conditions can
induce cardiac cell death, subsequently leading to heart failure,
which is associated with pyroptosis (13). Activation of caspase-
11 (cleaved caspase-11) and marked increase of IL-1f and
LDH were served as biomarkers of pyroptosis (22, 30). In
this study, Western blotting showed that the expression of
cardiac cleaved caspase-11 was remarkably increased in the

LPS group (Figures 6A,B), and similar changes in IL-1f and
LDH were consistently observed (Figures6C,D). Increased
caspase-11 in the LPS stimulated heart was also detectable
by fluorescence staining (Figures 6E,F). These results indicated
an induction of cardiomyocyte pyroptosis in LPS stimulated
septic mice. As expected, TMZ treatment effectively reduced
LPS-induced cardiomyocyte pyroptosis (Figures 6A-F). On the
other hand, the specific CXCR2 antagonist, SB225002, attenuated
the protective effects of TMZ on LPS-induced cardiomyocyte
pyroptosis (Figures 6A-F). Moreover, the protective effects
of TMZ on LPS-induced cardiac pyroptosis were associated
with increased neutrophils in heart tissue (Figures 6G,H).
Consistently, in in-vitro experiments, cardiomyocytes co-
cultured with LPS-stimulated neutrophils exhibited significant
pyroptosis, reflected by increased levels of cleaved caspase-11,
IL-1B, and LDH (Figures 6I-L). Conversely, TMZ-pretreated
BMDNs decreased cardiomyocyte pyroptosis induced by LPS,
indicating a protective effect of TMZ on cardiomyocyte
pyroptosis mediated by neutrophils (Figures 6I-L). After adding
the CXCR2 specific inhibitor SB225002, the protective effects of
TMZ on LPS-induced cardiomyocyte pyroptosis were blocked
(Figures 6I-L). This data suggests that TMZ attenuates LPS-
induced cardiomyocyte pyroptosis via neutrophils mediated by
CXCR?2 in vivo and in vitro.

DISCUSSION

In the current study, we found that the anti-anginal agent
TMZ significantly attenuated LPS- and CLP-induced myocardial
dysfunction in mice, by increasing neutrophilic migration to
heart tissue (Figure 6M), via promoting neutrophil recruitment
to the heart. Mechanistically, we found that TMZ promoted
neutrophils through an AMPK/Nrf2/CXCR2 dependent manner
secondary to LPS stimulation. CXCR2 was transcriptionally
regulated by TMZ via Nrf2, which directly bound to the
CXCR2 promoter sequence. Finally, TMZ reduced LPS-induced
cardiomyocyte pyroptosis via neutrophils.

Sepsis and endotoxemia are both systemic inflammatory
responses to infection and can lead to tissue injury and multiple
organ failure (31-33). The cardiovascular system is one of
the most frequently affected organ systems in sepsis and
endotoxemia (33, 34). Septic patients with secondary cardiac
dysfunction had a 50-70% increase in mortality when compared
to those without cardiac dysfunction (3). The myocardial
contractile dysfunction is driven by several factors, such as
cardiodepressant mediators, mitochondrial dysfunction and/or
apoptosis (35, 36). During sepsis-induced cardiac dysfunction,
various cell types and factors involved in the up-regulation
of inflammatory gene transcription and initiation of innate
immunity in heart (3). Our previous study demonstrated the
protective role of TMZ against LPS-induced cardiac dysfunction,
by targeting the macrophage mediated pro-inflammatory
response, especially through activating macrophages in bone
marrow (14). In this study, we found that the myocardial
beneficial effects of TMZ were associated with increased
neutrophil recruitment after LPS challenge. Furthermore, in
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bone marrow transplantation experiments, we identified that

TMZ pre-treated bone marrow cells, other than resident cells,  the heart. Given that CXCR2 plays an important role in the
prevented LPS-induced cardiac dysfunction and promoted  retention and release of neutrophils in bone marrow (37), we
neutrophil recruitment into the heart. Even though TMZ was  speculate that the role of TMZ is different in bone marrow

pre-treated in the group vehicle BM > TMZ, vehicle pre-treated ~ versus peripheral tissue (heart), and TMZ mainly acts in bone
bone marrow cells did not prevent LPS- or CLP-induced cardiac ~ marrow.

dysfunction and failed to promote neutrophil recruitment into
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To elucidate the functions of increased neutrophils in
heart tissue, we assessed the ability of neutrophil migration.
Migration of neutrophils was regulated by corresponding
chemokines via binding to the specific chemokine receptors,
which belong to the G protein-coupled receptor family (38).
CXCR2 plays an important role in mice neutrophil recruitment
into the infected site (39). The failure of neutrophil migration
was associated with CXCR2 depression (8). GRK2 is a
serine/threonine proteins kinase and its activation increased the
internalization of the chemokine receptor CXCR2 (9). However,
the detailed mechanism underlying the direct regulation of
CXCR2 expression on the membrane of neutrophils during sepsis
has been poorly investigated. Previous studies have reported
that AMPK activation enhances neutrophil chemotaxis and
bacterial killing (12). The present study demonstrates that
TMZ promoted LPS-inhibited BMDN migration in vitro is
accompanied by an increase in CXCR2 membrane expression,
which was significantly prevented by the AMPK inhibitor
CC. Moreover, TMZ induced accumulation of Nrf2 in the
nucleus in BMDNs contributed to the increased CXCR2
membrane expression. Additionally, the suppression of GRK2
induced by TMZ also reduced the rapid internalization of
CXCR2.

When cells were exposed to oxidative or electrophilic stress,
Nrf2 disassociated from Keap1 and translocated into the nucleus,
where it was able to regulate the transcription of its target
genes by binding to the anti-oxidative response element (ARE)
located in the promoter area (13). Nrf2 regulates antioxidant
genes, resulting in elimination of reactive oxygen species (ROS)
and decreased inflammation (40). Recently, Nrf2 has been
evidenced to bind to the pro-inflammatory genes IL-6 and IL-
1, blocking their transcriptions in macrophages (41). Moreover,
Nrf2 activation protected cardiac tissue from injury caused by
diabetic cardiomyopathy (42). In this study, for the first time,
we provided evidences that Nrf2 directly binds to a new site
located in the CXCR2 promoter sequence, resulting in higher
expression of CXCR2 on the membrane and increased neutrophil
migration. Furthermore, TMZ significantly enhanced the LPS-
inhibited transcriptional activity of CXCR2, while blockage of
Nrf2 abrogated the effects of TMZ. In addition, blockage of
CXCR2 in vivo inhibited the cardiac protective effects of TMZ
in LPS-stimulated mice.

Sepsis is the systemic inflammatory response to infection
and the inflammatory process contributed to the occurrence
of pyroptosis (1). Whether or not cardiomyocyte pyroptosis
is involved in sepsis-induced cardiac dysfunction still needs
to be elucidated. Pyroptosis is a highly pro-inflammatory
form of programmed cell death that occurs in response to
diverse organism insults. Pyroptosis occurs when canonical
inflammasomes, including NLRP1, NLRP3, NLRC4, and
AIM?2 activates caspase- 1. On the other hand, activation of
noncanonical inflammasomes is triggered by intracellular
LPS directly binding to the murine caspase-11 and its human
counterparts, caspase-4 and caspase-5 (22). Inhibition of caspase-
1 protected against inflammation and cardiac dysfunction that
results from myocardial infarction (MI) (43). Recent studies
have revealed that attenuation of cardiomyocyte pyroptosis

effectively ameliorates diabetic cardiomyopathy (13). Our
results showed the involvement of pyroptosis in the heart of
LPS-treated mice, indicated by activation of caspase-11, IL-1p
release, and LDH release. Interestingly, TMZ significantly
suppressed LPS-induced pyroptosis, which was reversed by the
CXCR2 antagonist, SB225002. Combined with MPO staining,
these results suggest that increased neutrophil recruitment is
associated with decreased cardiomyocyte pyroptosis. The direct
recruitment of neutrophils to the injured tissue is essential to
eliminate the pathogen. However, in some specific condition
(just like pyroptosis, a form of inflammatory programmed
cell death), the neutrophils were pronounced accumulated
in heart to help opsonization of pore-induced intracellular
traps (PITs). The PIT initiated a robust and coordinated
innate immune response involving multiple mediators that
attracted neutrophils to efferocytose the PIT (44, 45). The
enhanced neutrophils recruitment would effectively contribute
to the attenuation of pyroptosis via efferocytosing the PIT.
TMZ may reduce pyroptosis via efferocytosing the PIT, which
is mediated by the enhanced neutrophils. Considering the
complex inflammatory environment during lytic cell death, we
reasoned that additional signals likely contributed to neutrophil
recruitment. Indeed, besides inducing pyroptosis, caspase-1
also induces secretion of IL-1p and IL-18. IL1p~/~IL187/~
mice had significantly reduced neutrophil recruitment after
the induction of pyroptosis in the tissue (44, 46). Thus, the
normal caspase-1 induced pyroptosis led to secretion of IL-1f
and IL-18, which could increase neutrophil recruitment. Besides
inflammatory cytokines, the CXCL2 and CXCR2 signaling
pathway also contributed to the neutrophil recruitment. In
our current study, we mainly focused on the CXCR?2 signaling
pathway and investigated the role of TMZ during sepsis. We
speculate that neutrophil mediated efferocytose of the PITs would
play a corresponding role during LPS-induced cardiomyocyte
pyroptosis.

In conclusion, our results showed that TMZ attenuated LPS-
induced cardiomyocyte pyroptosis and cardiac dysfunction by
promoting neutrophil recruitment to cardiac tissue via CXCR2.
This suggests that TMZ may be a potential drug for the treatment
of septic cardiac dysfunction.
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CD8*-T Cells With Specificity for a
Model Antigen in Cardiomyocytes
Can Become Activated After
Transverse Aortic Constriction but
Do Not Accelerate Progression to
Heart Failure
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Heart failure due to pressure overload is frequently associated with inflammation. In
addition to inflammatory responses of the innate immune system, autoimmune reactions
of the adaptive immune system appear to be triggered in subgroups of patients with
heart failure as demonstrated by the presence of autoantibodies against myocardial
antigens. Moreover, T cell-deficient and T cell-depleted mice have been reported to be
protected from heart failure induced by transverse aortic constriction (TAC) and we have
shown recently that CD4*-helper T cells with specificity for an antigen in cardiomyocytes
accelerate TAC-induced heart failure. In this study, we set out to investigate the potential
contribution of CD8T-cytotoxic T cells with specificity to a model antigen (ovalbumin,
QOVA) in cardiomyocytes to pressure overload-induced heart failure. In 78% of cMy-mOVA
mice with cardiomyocyte-specific OVA expression, a low-grade OVA-specific cellular
cytotoxicity was detected after TAC. Adoptive transfer of OVA-specific CD8T-T cells
from T cell receptor transgenic OT-I mice before TAC did not increase the risk of
OVA-specific autoimmunity in cMy-mOVA mice. After TAC, again 78% of the mice
displayed an OVA-specific cytotoxicity with on average only a three-fold higher killing of
OVA-expressing target cells. More CD8™ cells were present after TAC in the myocardium
of cMy-mOVA mice with OT-I T cells (on average 17.5/mm?) than in mice that did not
receive OVA-specific CD8*-T cells (3.6/mm?2). However, the extent of fibrosis was similar
in both groups. Functionally, as determined by echocardiography, the adoptive transfer of
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Groschel et al.

CTL Activation by Pressure Overload

OVA-specific CD8*-T cells did not significantly accelerate the progression from
hypertrophy to heart failure in cMy-mOVA mice. These findings argue therefore against
a major impact of cytotoxic T cells with specificity for autoantigens of cardiomyocytes in
pressure overload-induced heart failure.

Keywords: autoimmunity, autoantigen, pressure overload, cytotoxic T cells, adoptive transfer, transgenic T cell

receptor, heart failure

INTRODUCTION

In many clinical studies signs of inflammation have been
observed during the progression of chronic heart failure (1).
Inflammation is thereby not restricted to heart failure occurring
in the cause of classic inflammatory cardiomyopathies. It can
occur also in response to hemodynamic overload (2). Increased
levels of pro-inflammatory cytokines including interleukin (IL)-6
and tumor necrosis factor (ITNF)-o were observed in the
circulation of patients with pressure overload (3, 4). However,
clinical studies targeting TNF-a by anti-inflammatory drugs have
been largely unsuccessful in the therapy of heart failure (5, 6).
Therefore, the pathophysiological basis of the inflammatory
response to hemodynamic load needs to be further investigated
to identify better therapeutic targets.

In addition to the unspecific immune response to tissue
damage or cellular stress that is mediated by cells of the
innate immune system, autoimmune responses of the adaptive
immune system to myocardial antigens can contribute to the
progression of heart failure. This is most obvious from studies
of autoantibodies against myocardial antigens. Antibodies,
e.g., against B1-adreno-receptors and M2-acetylcholine-receptors
were found after transverse aortic constriction (TAC) in animal
models (7). In patients, such autoantibodies of the IgG isotype
can directly impair cardiac function (8, 9) and are therefore
promising therapeutic targets (10, 11). Autoreactive T helper cells
must also exist in these patients, since their help is required for
immunoglobulin class switching to IgG in the autoreactive B
cells.

We have recently demonstrated that T helper cells with
specificity for an antigen in cardiomyocytes can contribute to the
progression of heart failure after TAC also independently
of autoantibodies (12). For this purpose, cMy-mOVA
mice expressing the model antigen ovalbumin (OVA) on
cardiomyocytes (13) were crossed with OT-II mice (14)
expressing a transgenic T cell receptor (TCR) on CD4™-T cells
with specificity for OVA. In the resulting double-transgenic
cMy-mOVA-OT-II mice, progression from hypertrophy to heart
failure after TAC was accelerated compared to cMy-mOVA
mice. No OVA-specific antibodies were found after TAC but
more T cells infiltrated the myocardium of cMy-mOVA-OT-II
than cMy-mOVA mice where they could directly contribute to
maladaptive cardiac remodeling (12).

It has not been investigated so far, whether CD8% -cytotoxic
T lymphocytes (CTL) with specificity for an antigen in
cardiomyocytes become also activated in response to pressure
overload and contribute to the progression of heart failure. To
address these questions, we analyzed whether CD8'-T cells

with specificity against OVA become activated in cMy-mOVA
mice after TAC. Moreover, we adoptively transferred CD87-
T cells with specificity for OVA from OT-I mice, carrying a
transgenic TCR with specificity for OVA on CD8%-T cells (15),
into cMy-mOVA mice before TAC to investigate whether they
would contribute to the progression of heart failure. We show
here that CTL with specificity for an antigen in cardiomyocytes
indeed can become activated after TAC but fail to accelerate
progression into heart failure.

MATERIALS AND METHODS

Animal Experiments

All animal experiments were approved by the responsible agency
(Niedersichsisches Landesamt fiir Lebensmittelsicherheit und
Verbraucherschutz) and were carried out in compliance with
German and European legislation (Directive 2010/63/EU). OVA-
transgenic cMy-mOVA (13), TCR-transgenic OT-I (15), and
double-transgenic ¢cMy-mOVA-OT-I mice were bred in the
central animal facility at the University Medical Center Gottingen
under specific pathogen-free conditions in individually ventilated
cages and in a 12 h light-dark cycle. Both, OT-I and cMy-mOVA
mice have a C57BL/6 background. Mice aged between 8 and
12 weeks were used for experiments. Male and female mice
were equally distributed but otherwise randomly assigned to the
experimental groups. The cMy-mOVA mice that received OVA-
specific CD8T-T cells purified by magnetic activated cell sorting
(MACS) from lymph nodes of OT-I mice are designated cMy-
mOVA+OT-I mice. The adoptive transfer of 107 CD8*-T cells
was performed by intravenous injection into the tail vein 1 day
before surgery.

TAC and sham surgery was performed as described previously
(12, 16). Briefly, the mice received intraperitoneal injections of
medetomidin (0.5 mg/kg), midazolam (5 mg/kg), and fentanyl
(0.05 mg/kg) for anesthesia. The transversal aorta was displayed
after horizontal incision at the jugulum and a 26-gauge needle
was tied against the aorta. The surgical thread was not tied
in sham-operated mice. The skin was closed after removal of
the needle and the anesthesia was reversed by subcutaneous
injection of atipamezol (2.5 mg/kg) and flumazenil (0.5 mg/kg).
The mice received buprenorphine (60 j1g/kg) subcutaneously 1 h
after surgery for further analgesia. Metamizole (1.33 mg/ml) had
to be added to the drinking water for 1 week to achieve long-term
analgesia.

The pressure gradient over the aortic ligature was measured
using pulsed wave Doppler 3 days after surgery. At this time
point, approximately 50 pl blood were taken from the orbital
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sinus of the mice to determine the presence of adoptively
transferred CD8T-T cells in the blood of cMy-mOVA+OT-I
mice. For echocardiography, the mice were anesthetized with 3-%
isoflurane, and temperature, respiration, and ECG-controlled
anesthesia was maintained with 1.5-% isoflurane.

At the end of the experiments, 10 weeks after the operation,
the mice were sacrificed in isoflurane anesthesia by cervical
dislocation. The hearts were excised, perfused via the aorta with
0.9% NaCl and after weighting of the ventricles, one-third of
the heart from the middle part was fixed in 3.7% formaldehyde
solution overnight and the other two thirds oriented toward
the basis and the apex of the heart were snap frozen in
liquid nitrogen. Finally, spleens were harvested and placed in
Dulbecco’s modified Eagle medium (DMEM) on ice for further
analysis.

Echocardiography

A Vevo2100 (VisualSonics, Toronto, Canada) system with a 30
MHz center frequency transducer was used for transthoracic
echocardiography. B-mode recordings (16, 17) were used to
determine the long axis in systole (Ls) and diastole (Ld), the
end-diastolic (LVIDd) and end-systolic (LVIDs) left ventricular
(LV) chamber diameter and the anterior and posterior wall
thickness in systole (AWThs and PWThs) and diastole (AWThd
and PWThd), the area of the endocardium in systole (Area s) and
diastole (Area d) and the area of the epicardium in systole (Epi s).
The recordings and analyses were done blinded to the treatment
of the mice. Fractional area shortening (FAS) was calculated as
(Area d-Area s)/Area d x 100. The ejection fraction (EF) was
calculated as (5/6 x Area d x Ld—5/6 x Area s x Ls)/(5/6 x
Area d x Ld) x 100. Echocardiographic LV weight (LVW) was
estimated using the formula: 1.05 x 5/6 x (Epis x (Ls + (AWThs
+ PWThs)/2)-Areas x Ls).

Histology and Immunohistochemistry
Formaldehyde-fixed heart samples were embedded in paraffin
before 5 pum sections were cut. Collagen was visualized by Sirius
Red staining to measure the extent of fibrosis as described
previously (12, 17). Presence of immune cells in the myocardium
was determined by immunohistochemistry (12, 18) using
anti-CD3 (1:200, MCA1477, rat IgG;, ABD Serotec, Oxford,
UK), anti-CD4 (1:200, clone 4SM95, rat IgG;, eBiosciences,
Frankfurt, Germany), anti-CD8 (1:200, clone 4SM15, rat IgGa,,
eBiosciences), anti-CD45R(B220) (1:200, clone RA3-6B2, rat
IgGsa, Biolegend, Fell, Germany), and anti-F4/80 monoclonal
antibodies (1:200, clone A3-1, rat IgG,y,, Biolegend), respectively.
For all antibodies except anti-F4/80, antigen retrieval was
performed by boiling the slides 5 times for 5min in sodium
citrate buffer (10 mmol/L sodium citrate, pH 6, 0.05% Tween 20).
Polyclonal biotinylated goat anti-rat IgG secondary antibodies
(1:200, 112-065-062, Jackson laboratories) and HRP-conjugated
streptavidin (405210, Biolegend) served as secondary and tertiary
reagents.

The slides were scanned with a 20x objective (UPlanApo,
NA 0.75) using the dotSlide SL slide scanner (Olympus,
Hamburg, Germany) equipped with a peltier-cooled XC10
camera. The extent of fibrosis and the numbers of stained cells

in two complete heart sections were quantified using cellSens
Dimensions software (Olympus) by a scientist blinded to the
treatment of the mice. Fibrotic areas were determined as the
proportion of the area of collagen relative to the sum of the area
of collagen and the area of cardiomyocytes.

Lymphocyte Preparation

Lymphocytes were obtained from lymph nodes of OT-I mice
for adoptive transfers and from spleens of the cMy-mOVA and
cMy-mOVA+OT-I mice in the experiments for analysis using
a Tenbroeck homogenizer. Untouched CD3*tCD8" cells from
OT-I mice were obtained by MACS (130-104-075, Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) according to the
manufacturer’s protocol. The CD8T-T cells were incubated for
5min with 5puM of the dye carboxyfluorescein succinimidyl
ester (CFSE; C-1157, Invitrogen) in phosphate buffered saline
(PBS)/0.1% bovine serum albumin at 37°C and washed 3 times
with DMEM containing 10% fetal calf serum (FCS) before
adoptive transfer. The splenocytes of experimental animals were
subjected to a removal of erythrocytes by incubation for 5 min in
lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH
7.4-7.8).

Flow Cytometry

Flow cytometry was performed as described previously (19) on
a FACS Calibur flow cytometer (BD Biosciences, Heidelberg,
Germany) using CellQuestPro data acquisition and analysis
software. Antibodies used for flow cytometry (anti-CD3, clone
17A2, rat IgGy;,, PE-labeled; anti-CD8, clone 53-6.7, rat 1gGa,
PE/Cy5-labeled; anti-TCRVp5.1/5.2, clone MR9-4, mouse 1gGy,
FITC-labeled) and the respective isotype controls were purchased
from Biolegend. The anti-H2KP/SIINFEKL antibody (clone
25-D1.16, mouse IgG;, APC-labeled) was obtained from BD
Biosciences. For staining of cell surface antigens, 5 x 10° cells
were incubated in 100 pl PBS with 1 pug of the respective primary
monoclonal antibody for 30 min at 4°C before washing with PBS.
Blood samples were directly stained and processed with BD FACS
Lysing Solution (#349202, Becton Dickinson) according to the
manufacturer’s instructions.

Target Cells to Determine OVA-Specific
Cytotoxicity

To monitor OVA-specific cytotoxicity, an enhanced green
fluorescent protein (eGFP) or OVA-eGFP fusion protein
expression cassette under control of an ubiquitously active
hEF1a/CAG composite promoter in the pEGFP-1 vector
(Clontech, Heidelberg, Germany) was introduced into the
mouse leukemia cell line RMA (20), which carries the
major histocompatibility complex (MHC) haplotype (H2%). For
transfection, 107 cells were mixed with 40 g of the linearized
vector before electroporation (250 mV and 960 WLF). Successfully
transfected cells were selected with 1,000 ng/ml G418 for 2 weeks
before single cell clones were picked. Expression of eGFP was
determined by flow cytometry to select stably transfected clones.
The characterization of the selected clones expressing eGFP
(RMA-con) or the OVA-eGFP fusion protein (RMA-OVA) is
shown in Supplementary Figure 1.
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Cytotoxicity Assay

The cytotoxic effector cells were used either directly at the day
of preparation (day 0) or after restimulation with OVA for 4
days in *!Cr-release assays. For restimulation, the splenocytes
were cultured in round-bottomed microtiter plates (5 x 10°
cells per well) in DMEM with 1uM OVA and 10ng/ml
mouse IL-2 (#12340026, Immunotools, Friesoythe, Germany).
Target cells were labeled by incubating 1 x 10° cells in 200
pl DMEM containing 100 pl FCS and 50 wCi NagICrO4
(Hartmann Analytic, Braunschweig, Germany) for 1h at 37°C
and washed three times with DMEM. Effector cells were
added to 5 x 10° >'Cr-labeled target cells in triplicates at
various effector to target (E:T) ratios in 200 pl DMEM with
10% FCS per well of round-bottomed microtiter plates. The
E:T ratios always indicate the ratio of CD3TCD8" effector
cells to target cells. Spontaneous release was determined by
incubation of target cells in the absence of effector cells. The
microtiter plates were centrifuged for 5 min at 40x g, incubated
at 37°C for 4h, and then centrifuged again. Supernatant and
sediment were separately taken to determine radioactivity in
each well using a MicroBeta? counter (PerkinElmer Life Sciences,
Koln, Germany). Percentage of specific lysis was calculated by
subtracting percent spontaneous °! Cr-release (20). The resistance
of parental RMA cells and the transfected clones to killing by
MACS-separated IL-2-activated natural killer (NK) cells was
determined by >! Cr-release assays in comparison to YAC-1 target
cells as described previously (21).

Statistics

Results are shown as means with standard error of the mean
(SEM). The data were evaluated with the SPSS software
(IBM, Armonk, NY, USA). Analyses of variance (ANOVA) was
used to compare data sets with more than two experimental
groups and the Bonferroni post hoc test was employed for
subsequent comparisons between the groups. Cytotoxicity data
were analyzed by 2-way ANOVA adjusted for E:T ratios. Mixed
linear models with the specification auto-regressive process AR
(1) were employed to analyze alterations over time in the
echocardiography data sets. Data of two groups such as sham
and TAC were compared by t-test. If the Levene test indicated
inequality of variances, an unequal variance -test has been used
instead of Student’s t-test. The Kolmogorov-Smirnov test was
used to assess normal distribution. More than two groups of not
normally distributed data were analyzed by the Kruskal-Wallis
test. The Mann-Whitney U-test was used to compare two groups
of not normally distributed data. The Kruskal-Wallis test and the
U-test were also used frequently when only some data within
a related set of data were not normally distributed in order to
allow for uniform reporting of the analyses. The Bonferroni-
Holm correction was used to adjust for multiple testing in post
hoc comparisons of two groups. Categorical data were analyzed
by Fisher's exact test. The survival curves of mice were compared
by Log Rank (Cox-Mantel) tests. P-values of < 0.05 in two-
sided tests were considered to be significant and three levels
of significance are usually indicated in the figures (*P < 0.05,
**P < 0.01, **P < 0.001).

RESULTS

OVA-Specific CTL Can Become Activated
in cMy-mOVA Mice After TAC

The investigation of the potential role of CTL in cardiac
autoimmunity elicited by pressure overload is hampered by
the lack of known relevant autoantigens. Therefore, we used
cMy-mOVA mice that express OVA on the plasma membrane
of cardiomyocytes (13) to determine whether a CTL response
to this model antigen occurs after TAC. Splenocytes were
harvested 10 weeks after TAC or sham surgery and re-
stimulated in vitro for 4 days with 1M OVA. Afterwards,
the cells were used as effector cells in 'Cr release assays
against mouse leukemia RMA cells, which express either an
OVA-EGFP fusion protein (RMA-OVA), and are therefore
targets for OVA-specific CTL, or EGFP only as control (RMA-
con). The characteristics of these target cell lines that were
generated to measure OVA-specific CTL responses are shown in
Supplementary Figure 1. Both, RMA-con and RMA-OVA cells
were hardly killed by splenocytes from sham-operated mice
(Figure 1A). Splenocytes from TAC-operated mice, in contrast,
killed RMA-OVA cells significantly better than RMA-con cells
(Figure 1B). The presence of an OVA-specific cellular cytotoxic
activity against RMA target cells, which are resistant against
NK cells, demonstrates that indeed OVA-specific CTL became
activated in response to cardiac pressure overload although the
specific lysis of OVA-expressing target cells was on average
still low. In accord with these data, a significantly higher
proportion of mice that underwent TAC (77.8%) than sham
surgery (23.1%) exerted a higher cytotoxic activity against RMA-
OVA than RMA-con cells (P = 0.0274, Fisher’s exact test;
Figure 1C). Notably, in some mice, the OVA-specific cytotoxicity
after TAC was considerably higher than on average (Figure 1D),
whereas in others no OVA-specific CTL activity was detected
(Figure 1E).

OVA-Specific CD8*-T Cells Do Not
Accelerate Progression of cMy-mOVA

Mice Into Heart Failure

The observation of a cytotoxic activity against a myocardial
antigen after TAC justified further investigation. To increase the
likelihood and potentially also the strength of an OVA-specific
CTL response after TAC, we crossed cMy-mOVA mice with OT-I
mice to obtain animals that express OVA on cardiomyocytes
and have CD8™-T cells mostly with specificity for this antigen.
Previously, we have used this strategy successfully to generate
cMy-mOVA-OT-II mice that have CD4"-T cells with specificity
for OVA (12). Unexpectedly, all of these double-transgenic
cMy-mOVA-OT-I mice died before reaching an age of 10 days
(Supplementary Figure 2A). Their myocardium did not display
an infiltration of CD3™-T cells (Supplementary Figure 2B)
making it unlikely that a vigorous autoimmune response of
OVA-specific CTL to OVA-expressing cardiomyocytes was the
underlying reason of death. However, we could not continue to
bread these mice to determine the actual reason of death and
decided to circumvent this problem by adoptively transferring
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FIGURE 1 | OVA-specific CTL become activated in cMy-mOVA mice after TAC. The cytotoxic activity of splenocytes against RMA-OVA and RMA-con target cells
was determined by 51Cr-release assays at several CD3+CD8 effector cell to target cell (E:T) ratios 10 weeks after (A) sham (n = 13) or (B) TAC (n = 9) surgery.
Means and standard errors of the mean (SEM) are displayed. Differences between sham and TAC-operated mice were analyzed by 2-way ANOVA adjusted for the E:T
ratios and the respective P-values are indicated. (C) The proportion of mice exerting a higher cytotoxic activity against RMA-OVA than RMA-con cells is displayed. The
difference between sham and TAC-operated mice has been analyzed by Fisher‘s exact test and the P-value is displayed. (D) The OVA-specific cellular cytotoxicity
was higher in some mice after TAC. Means and SEM of triplets are shown for mouse 112. (E) The lack of an OVA-specific cytotoxicity in mouse 109 that also
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OVA-specific CD8'-T cells from OT-I mice into cMy-mOVA
mice before surgery.

Thus, cMy-mOVA mice received at day 1 before TAC or
sham surgery 107 MACS-separated CFSE-labeled CD3TCD8™
cells from OT-I mice (cMy-mOVA+OT-I) or PBS (cMy-
mOVA) by intravenous injection (n = 14 per group). The
transgenic TCR of OT-I mice was detected by a TCRVf5.1/5.2-
specific antibody. The purity of the transferred CD8'-T
cells carrying the transgenic VB5.1/527 TCR was >90%
(Supplementary Figure 3). Three days after surgery, the pressure
gradient over the aortic ligature was determined using pulsed
wave Doppler. In all mice that underwent TAC an aortic
stenosis was obtained. The pressure gradients in mice that
had received CD8T-T cells from OT-I mice before TAC
was not significantly different from control mice after TAC
(Supplementary Figure 4A). At day 3 after surgery, also
blood was taken to verify by flow cytometry the successful
transfer of OT-I-derived cells. On average about 2% of the
lymphocytes in the blood were CD3TCFSE* OT-I-derived T cells
(Supplementary Figure 4B) suggesting that most transferred

cells were at this time point in other compartments than the
peripheral blood. Signs of a dilution of CFSE due to cell
proliferation were not observed in the non-lymphocyte-depleted
recipients. Six mice (3 after sham and 3 after TAC intervention)
were at this point excluded from further analysis since <0.5% of
the lymphocytes in the blood of the recipients were CD3TCFSE™
T cells. A few additional mice (sham: n = 3, TAC: n 4)
were operated and already sacrificed at the end of the first week
in order to exclude an early loss of the transferred T cells.
Similar proportions (on average 2.3%) of CFSE-labeled T cells
were found among the splenocytes of sham and TAC-operated
mice (Supplementary Figure 4C). Furthermore, the proportion
of TCRVB5.1/5.27-T cells was increased in these mice compared
to cMy-mOVA mice (n = 7) that did not receive OT-I-derived
T cells (Supplementary Figure 4D), indicating that OVA-specific
T cells were still present in both sham and TAC-operated mice 1
week after the intervention.

Echocardiography was performed to determine heart function
3 days before and 1, 4, and 8 weeks after the intervention. Cardiac
hypertrophy developed within 1 week after TAC as indicated
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FIGURE 2 | OVA-specific CD8T-T cells promote cardiac dilatation but do not accelerate the progression from hypertrophy to heart failure after TAC in cMy-mOVA
mice. Echocardiography was performed in cMy-mOVA and in cMy-mOVA+OT-I mice before (pre; n = 14 per group for cMy-mOVA and n = 11 per group for
cMy-mOVA+OT-I mice) as well as 1 week (n = 14 for cMy-mOVA and n = 11 for cMy-mOVA+OT-I mice), 4 weeks (1 = 14 cMy-mOVA and n = 11 (sham) or 10 (TAC)
for cMy-mOVA+OT-I mice), and 8 weeks (1 = 14 (sham) or 10 (TAC) for cMy-mOVA and n = 11 (sham) or 9 (TAC) for cMy-mOVA+OT-I mice) after sham or TAC
surgery. (A) Anterior wall thickness in diastole (AWThd), (B) left ventricular weight/body weight (LVW/BW) ratio, (C) area of the endocardium in diastole (Area d),

(D) area of the endocardium in systole (Area s), (E), ejection fraction (EF), and (F) fractional area shortening (FAS) were determined and means plus SEM are displayed.
Differences between the time points within each experimental group were analyzed by a mixed linear model (time) and the P-values are given in the panels. Significant
differences in the Bonferroni post hoc test (P < 0.05) compared to the previous time point are indicated for cMy-mOVA (#) and cMy-mOVA+OT-I mice (§). Differences
between sham and TAC groups at a given time point were analyzed by t-tests and significant differences are indicated by black bars (*P < 0.05, **P < 0.01,

***P < 0.001). Similarly, differences between cMy-mOVA and cMy-mOVA+OT-I mice after TAC were analyzed and red bars and stars indicate significant P-values.

by the anterior wall thickness in diastole (AWTHd; Figure 2A)  experimental groups between the first and the fourth week as
and the left ventricular weight/body weight (LVW/BW) ratio  indicated by an increase of the area of the endocardium in
(Figure 2B). A dilation of the left ventricle occurred in both  diastole (Area d; Figure 2C) and the area of the endocardium
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in systole (Area s; Figure 2D). Notably, the dimensions of Area
d and Area s further progressed from week 4 to week 8 only
in cMy-mOVA+OT-I mice and both parameters were greater
in the mice with OVA-specific CTL than in cMy-mOVA mice 8
weeks after TAC. However, heart function after TAC measured
as ejection fraction (EF; Figure 2E) or fractional area shortening
(FAS; Figure 2F) was not significantly different between cMy-
mOVA+OT-I and cMy-mOVA mice at any time point. On
average EF and FAS were, however, more reduced 10 weeks
after TAC in cMy-mOVA+OT-I than cMy-mOVA mice. When
the development of heart failure over time was analyzed for the
individual groups, a significant reduction of the EF was observed
in cMy-mOVA mice between week 1 and week 4 and in cMy-
mOVA+OT-I mice between week 4 and week 8 (Figure 2E).
The FAS was reduced in both cMy-mOVA+OT-I and cMy-
mOVA mice already 1 week after TAC and declined further until
week 4 in cMy-mOVA mice and from week 4 to week 8 in
cMy-mOVA-+OT-I mice. In summary, the presence of CD8*-T
cells with specificity for an antigen in cardiomyocytes appeared
to promote left ventricular dilation but failed to significantly
accelerate the progression from hypertrophy to heart failure at
least during the time period analyzed here.

All sham-operated mice survived until the end of the
experiment and did not show any clinical signs of sickness
during the course of the experiment. Four of the 14 cMy-
mOVA mice died or had to be sacrificed before the end of the
experiment due to illness (Supplementary Figure 5A). Of the
11 cMy-mOVA+-OT-I mice, 9 remained in the experiment until
the end of the observation time (Supplementary Figure 5B). The
survival of the mice that had received OT-I-derived CD8"-T
cells before TAC was not different from controls [P = 0.5608;
Log Rank (Cox-Mantel) test], suggesting that the ventricular
dilation observed in echocardiography does not translate into an
enhanced heart failure related mortality.

More T Cells Infiltrate the Myocardium of
cMy-mOVA+OT-I Than cMy-mOVA Mice,
but Fibrosis and Cardiac Hypertrophy Are
Similar

The mice were sacrificed 10 weeks after surgery. The infiltration
of the myocardium with cells of the immune system was assessed
by immunohistochemistry (Figure3A). More CD3"-T cells
were present in the myocardium of TAC than sham-operated
mice (Figure 3B). Notably, more CD3"-T cells infiltrated the
myocardium of cMy-mOVA+OT-I than cMy-mOVA mice after
TAC but also after sham surgery. The same pattern was observed
when the numbers of CD8™ cells were determined (Figure 3C),
suggesting that adoptively transferred OT-I-derived CD8"-T
cells were enriched in the myocardium of the cMy-mOVA+OT-1
mice. CD4" T cells (Figure 3D) and CD45R(B220)" B cells
(Figure 3E) as well as F4/80" myeloid cells (Figure 3F), which
include monocytes and macrophages, increased in numbers after
TAC but were not more abundant in cMy-mOVA~+OT-I than
cMy-mOVA mice, arguing for a specific enrichment of the OVA-
specific CD87T-T cells in the OVA-expressing myocardium.

The cardiac hypertrophy after TAC at autopsy measured as
ventricular weight/body weight ratio was similar in cMy-mOVA
and cMy-mOVA+OT-I mice (Figure4A). Myocardial fibrosis
was analyzed on Sirius Red stained complete cross-sections
(Figures 4A,B) and found to be similarly increased in cMy-
mOVA and cMy-mOVA+OT-I mice after TAC (Figures 4A,C).

OVA-Specific CTL Can Become Activated
in cMy-mOVA+OT Mice After TAC and
Have a Higher Cytotoxic Activity Than
OVA-Specific CTL in cMy-mOVA Mice

At autopsy, splenocytes were harvested. The proportion of
CD31CD8" cells was analyzed by flow cytometry and found
to be similar in mice that had received CD8'-T cells
from OT-I mice and controls (Supplementary Figure 4E).
The proportion of CD3TTCRVPB5.1/5.2%-T cells was not
increased among the splenocytes of cMy-mOVA+OT-I mice
(Supplementary Figure 4F), suggesting that the transferred
CDS8™-T cells were either in other compartments or mostly lost
at this time point. When the splenocytes were then directly
used as effector cells in *!Cr-release assays against RMA-con
and RMA-OVA target cells, they did not exert any OVA-specific
cytotoxicity. However, following a restimulation with 1 uM OVA
for 4 days, an OVA-specific cellular cytotoxicity was detected in
both sham and TAC-operated mice (Figure 5A). It was much
higher in TAC than sham-operated cMy-mOVA+OT-I mice
because the RMA-OVA cells were killed significantly better by
splenocytes from TAC than sham-operated mice (P = 0.009,
2-way ANOVA adjusted for E:T ratios), in contrast to RMA-con
cells (P = 0.5905, 2-way ANOVA adjusted for E:T ratios). OVA-
restimulated splenocytes from a significantly higher proportion
of cMy-mOVA+OT-I mice that underwent TAC (77.8%) than
sham surgery (20.0%) exerted an OVA-specific cytotoxic activity
(P = 0.0230, Fisher’s exact test; Figure 5B). These frequencies
were very similar to those observed in ¢cMy-mOVA mice
(Figure 1C). Therefore, we compared the OVA-specific CTL
activity in cMy-mOVA and cMy-mOVA+-OT-I mice. It was not
different in sham-operated cMy-mOVA and cMy-mOVA+OT-
I mice but after TAC splenocytes from cMy-mOVA+OT-I mice
killed RMA-OVA cells significantly better than splenocytes from
cMy-mOVA mice (Figure 5C). In conclusion, this suggests that
the risk to elicit OVA-specific CTL activity is not increased after
adoptive transfer of OT-I-derived CD8-T cells. However, if
(presumably very few) OVA-specific CTL become activated in
response to TAC in an animal, they can exert a higher cytotoxic
activity upon antigen-specific restimulation, if the high affinity
OT-I-derived CD8™-T cells had been transferred.

DISCUSSION

In recent years clear evidence has been accumulated that
autoimmune responses can contribute to the progression
of heart failure. This is best documented by the presence
of autoantibodies with direct cardio-depressive effects in
subgroups of patients with dilative cardiomyopathy, in which the
therapeutic removal of those antibodies by immunoadsorption
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FIGURE 3 | More infiltration of CD3% and CD8* cells in the myocardium of cMy-mOVA+OT-I than cMy-mOVA mice. (A) The infiltration of CD3% and CD8* cells was
analyzed by immunohistochemistry in the myocardium of sham and TAC-operated cMy-mOVA and cMy-mOVA+OT- as illustrated here. The bars indicate 50 wm. The
arrow heads point to CD31 or CD8T cells, respectively. The numbers of infiltrating CD3*-T cells (B), CD8™ cells (C) CD4™ cells (D), CD45R(B220)* B cells (E) and
F4/80" monocytes/macrophages (F) were determined in the myocardium after 10 weeks in sham and TAC-operated cMy-mOVA (sham n = 14, TAC n = 10) and
cMy-mOVA+OT-I mice (sham n = 11, TAC n = 9) and means plus SEM are shown. The P-value of a Kruskal-Wallis test comparing all groups is indicated. Differences
between two groups were analyzed by U-tests and significant P-values are given in the panels (*P < 0.05, **P < 0.01, ***P < 0.001). The Bonferroni-Holm correction
was used to adjust for multiple testing in the two group comparisons.

is beneficial (11). Notably, similar autoantibodies were also The impact of T cells in the pathophysiology of pressure
found in animal models of pressure overload (7). More overload has been investigated initially in T cell-deficient and
recently, the investigation of the role of T cells in the T cell-depleted mice. Mice lacking a functional recombination
pathophysiology of pressure overload has been initiated.  activation gene 2 (Rag2), which do not have B and T cells, were
Our interest in this topic has been stimulated by the  reported to be protected from the transition from hypertrophy
finding that pressure overload after TAC, but not volume  to heart failure after TAC (22). Similarly, TCRa-deficient mice
overload after aorto-caval shunt, was associated with myocardial ~ or mice in which T cells were depleted by administration of
inflammation and induced a gene expression profile indicating  anti-CD3 antibodies, had a preserved cardiac function after TAC
an activation of T cell receptor signaling pathways in the  (23). Recently, it has been demonstrated that blocking of T
myocardium (16). cell activation by abatacept, a cytotoxic T-lymphocyte-associated
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FIGURE 4 | Similar cardiac hypertrophy and fibrosis in cMy-mOVA and
cMy-mOVA+OT-I mice after TAC. (A) The ventricular weight/body weight
(VW/BW) ratio was determined at autopsy after 10 weeks in sham and
TAC-operated cMy-mOVA and cMy-mOVA+OT-I mice. (B) Fibrosis of the
myocardium was analyzed by Sirius Red staining in cMy-mOVA and
cMy-mOVA+OT-I mice after sham and TAC surgery. The bars indicate

100 um. (C) The areas containing collagen were determined on complete left
ventricular cross sections of cMy-mOVA (sham n = 14, TAC n = 10) and
cMy-mOVA+OT-I mice (sham n = 11, TAC n = 9). Means plus SEM are
shown in (A,C). The P-value of a Kruskal-Wallis test comparing all groups is
indicated. Differences between two groups were analyzed by U-tests and
significant P-values are given in the panels (*P < 0.05, **P < 0.01,

***P < 0.001). The Bonferroni-Holm correction was used to adjust for multiple
testing in the two group comparisons.

protein 4 (CTLA4)-Ig fusion protein, delays progression of TAC-
induced heart failure (24, 25). The question which type of T
cells is involved in pressure overload-induced heart failure has
also been addressed by some studies. Specifically CD4™-T cells
appeared to be important since mice deficient for MHC class
II molecules, which lack CD4"-T cells were protected from
progression into heart failure after TAC similarly to RAG2-
deficient mice lacking all T cells and in contrast to CD8-deficient
mice lacking CD8"-T cells (22). We have recently demonstrated
that possessing high numbers CD4"-T cells with specificity for
an antigen in cardiomyocytes can accelerate progression into
heart failure after TAC (12). This effect was independent of
autoantibodies suggesting that T helper cells can have a direct
effect on maladaptive cardiac remodeling.

In the present study, we investigated the role of CD8*-T
cells with specificity for an antigen in cardiomyocytes during
the progression of heart failure in response to pressure overload.
We show that CTL with specificity for OVA can become
activated after TAC in cMy-mOVA mice expressing OVA in
cardiomyocytes. The cytotoxic activity was detected after OVA-
specific restimulation of CTL in vitro. The CTL activity was
on average low, suggesting that its induction is an inefficient
process. Moreover, it appeared to be unlikely that such a low-
grade CTL activity has a major impact on heart function.
This is in agreement with the finding by Laroumanie and
colleagues that mice lacking CD8"-T cells were not protected
from TAC-induced heart failure (22). However, mice possessing
higher numbers of CD8'-T cells with specificity for antigens
in cardiomyocytes might carry a substantially higher risk that
such CTL become activated due to pressure overload and
subsequently contribute to the deterioration of heart function.
To elevate the number of CD8*-T cells with specificity for an
antigen in cardiomyocytes, we adoptively transferred CD8™-
T cells with that specificity from OT-I into cMy-mOVA mice
before TAC. It has been previously shown that the adoptive
transfer of naive OVA-specific CD8'-T cells from OT-I mice
into cMy-mOVA mice does not cause myocarditis unless the
mice are either immunized with OVA plus a strong adjuvant
or are infected with an OVA-expressing virus (13, 26). In
agreement with these observations, sham-operated mice that had
received OT-I-derived CD8*-T cells did not develop any signs
of disease in our study. After TAC, these cMy-mOVA+OT-I
mice developed a cardiac hypertrophy and progressed into heart
failure similarly to cMy-mOVA control mice. Functionally, only
the left ventricular dilation was significantly more pronounced in
the cMy-mOVA+OT-I than cMy-mOVA mice. Although more
T cells infiltrated the myocardium of cMy-mOVA~+OT-I than
cMy-mOVA mice, the cardiac fibrosis was similar. Systemically,
an OVA-specific CTL activity was detectable also in these
mice only after in vitro restimulation of splenocytes with the
antigen. Even though this activity in the cMy-mOVA+OT-I mice
was significantly higher after TAC than after sham operation,
presumably only very few OVA-specific CTL became activated in
response to TAC. This suggests that pressure overload does not
provide sufficient danger signals or other adjuvant-like signals
to break tolerance and to activate CTL robustly. Although they
could exert a higher cytotoxic activity upon antigen-specific
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FIGURE 5 | OVA-specific CTL become activated in cMy-mOVA+OT-I mice after TAC and have a higher cytotoxic activity than OVA-specific CTL in cMy-mOVA mice.
(A) The cytotoxic activity of splenocytes against RMA-OVA and RMA-con target cells was determined by 51Cr-release assays at several CD3TCD8* E:T ratios 10
weeks after sham (n = 10) or TAC (n = 9) surgery either directly after autopsy (day 0) or after restimulation in vitro with 1 WM OVA (day 4). Means and SEM are
displayed. Differences between sham and TAC-operated mice were analyzed by 2-way ANOVA adjusted for the E:T ratios and the respective P-values are indicated
(ns, non-significant). (B) The proportion of mice exerting a higher cytotoxic activity against RMA-OVA than RMA-con cells is displayed. The difference between sham
and TAC-operated mice has been analyzed by Fisher's exact test and the P-value is displayed. (C) The OVA-specific cytotoxicity against RMA-OVA target cells of CTL
from cMy-mOVA and cMy-mOVA+OT-I mice after sham (n = 9) or TAC (n = 9) surgery is compared by 2-way ANOVA adjusted for the E:T ratios and the respective
P-value is indicated.

restimulation than non TCR-transgenic CTL with that specificity ~ increase the OVA-specific CD8*-T cells to similar numbers as
in cMy-mOVA mice, they did not significantly impair cardiac  reached for OVA-specific CD4"-T cells in the double-transgenic
function. cMy-mOVA-OT-II mice, in which stably most CD4™-T cells are

At day 3 after the intervention, transferred OT-I-derived T ~ OVA-specific (12). A constant presence of similar numbers of
cells were found in the blood and at one week also in the = OVA-specific CD8™-T cells could potentially increase the risk to
spleen of TAC and sham-operated mice. At these time points, elicit a functionally relevant auto-reactivity also of CTL in cMy-
they constituted 2 to 3% of the peripheral lymphocytes. At the  mOVA mice after TAC. Unfortunately, due to the early death
end of the experiment, 10 weeks after the intervention, we did  of the double-transgenic cMy-mOVA-OT-I mice, this has been
not detect the transferred cells in the spleen by flow cytometry  impossible to achieve in our experiments. Moreover, it needs
anymore, suggesting that most OT-I-derived OVA-specific T cells ~ to be mentioned that the cMy-mOVA-+OT-I displayed a more
were present in other compartments or got lost over time due  severe left ventricular dilation 8 weeks after TAC than cMy-
to absence of an antigenic stimulation. However, the increased ~ mOVA mice. Hence, we cannot exclude that CD8™'-T cells with
OVA-specific cellular cytotoxicity in the spleen and the higher  specificity for an antigen in cardiomyocytes would impair the
numbers of T cells in heart of cMy-mOVA+OT-I mice indicate  cardiac function at later time points beyond the observation
that at least some of the transferred T cells got activated after ~ period of our study. Transferring OVA-specific CD4"-T cells
TAC and survived. It should be mentioned that the adoptive  together with OVA-specific CD8*'-T cells before TAC could
transfer even of high numbers of OT-I-derived CD8'-T cells  potentially support the survival of the OVA-specific CTL and
(107 in our experiment) into the cMy-mOVA+OT-I mice didnot ~ might augment their effects in cMy-mOVA mice.
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In comparison to CD41-T cells (12), CD8"-T cells with
specificity for a model antigen in cardiomyocytes have little
impact on the progression of pressure overload-induced heart
failure. This observation might be understandable in view of
reports that cardiomyocytes largely lack MHC class I molecules
under non-inflammatory conditions (18, 27) even though they
are inducible by pro-inflammatory cytokines (18) and CTL-
mediated killing of cardiomyocytes clearly occurs during viral
myocarditis (13). A low expression level of MHC class I molecules
on cardiomyocytes could explain why the OVA-specific CD8"-T
cells had little impact in the cMy-mOVA+OT-I mice after TAC
although they reached the OVA-expressing tissue as suggested
by the presence of higher numbers of CD3"-T cells in the
myocardium of these mice. In contrast, in cMy-mOVA-OT-II
mice, OVA released from dying cells is expected to be taken-up
by professional antigen specific cells, which then stimulate OVA-
specific T helper cells to release cytokines involved in cardiac
remodeling (12). Therefore, CTL with specificity for antigens
in other myocardial cells than cardiomyocytes, e.g., cardiac
fibroblasts, might have different consequences for heart function.

CONCLUSIONS

In this study, we have shown that CTL with specificity for a
model antigen in cardiomyocytes, i.e., OVA in cardiomyocytes
of cMy-mOVA mice, can become activated after TAC. Yet, this
apparently is an inefficient process leading only to low-grade
cytotoxicity. Adoptive transfer of OVA-specific CD8"-T cells
from TCR-transgenic OT-I mice does not substantially increase
the risk to elicit a cytotoxic activity against OVA after TAC.
In agreement with this finding, the progression from cardiac
hypertrophy to heart failure was not significantly accelerated
in these cMy-mOVA+OT-I mice. Thus, CD8'-T cells with
specificity for an antigen in cardiomyocytes, in contrast to
CDA47-T cells (12), apparently do not have a major impact on
progression and mortality of pressure overload-induced heart
failure.
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Evidence for increased risk of cardiovascular morbidity and mortality in chronic
inflammatory rheumatic diseases has accumulated during the last years. Traditional
cardiovascular risk factors contribute in part to the excess of cardiovascular risk
in these patients and several mechanisms, including precocious acceleration of
subclinical atherosclerotic damage, inflammation, and immune system deregulation
factors, have been demonstrated to strictly interplay in the induction and progression
of atherosclerosis. In this setting, chronic inflammation is a cornerstone of rheumatic
disease pathogenesis and exerts also a pivotal role in all stages of atherosclerotic
damage. The strict link between inflammation and atherosclerosis suggests that
cardiovascular risk may be reduced by rheumatic disease activity control. There are
data to suggest that biologic therapies, in particular TNFa antagonists, may improve
surrogate markers of cardiovascular disease and reduce CV adverse outcome. Thus,
abrogation of inflammation is considered an important outcome for achieving not only
control of rheumatic disease, but also reduction of cardiovascular risk. However, the
actual effect of anti-rheumatic therapies on atherosclerosis progression and CV outcome
in these patients is rather uncertain due to great literature inconsistency. In this paper,
we will summarize some of the main mechanisms linking the inflammatory pathogenic
background underlying rheumatic diseases and the vascular damage observed in these

patients, with a particular emphasis on the pathways targeted by currently available
therapies. Moreover, we will analyze current evidence on the potential atheroprotective
effects of these treatments on cardiovascular outcome pointing out still unresolved
questions.
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Rheumatic Diseases and Cardiovascular Disease

INTRODUCTION

The long-term prognosis of chronic inflammatory rheumatic
diseases (RDs), such as rheumatoid arthritis (RA), psoriatic
arthritis (PsA), and ankylosing spondylitis (AS), is significantly
influenced by increased risk of cardiovascular (CV) morbidity
and mortality. In a large population-based, observational study,
CV events resulted the third most frequent comorbidity in RA
patients after depression and asthma (1). However, the evidence
that screening and management of CV comorbidities in these
patients is far from optimal deserves attention considering that
high prevalence of atherosclerosis seems to occur yet in the
earliest stages of the disease and also in young subjects free from
CV risk factors, as demonstrated in particular in RA patients (2).

Chronic RDs and atherosclerotic endothelial damage share
a similar inflammatory pathogenic background and multiple
mechanisms contribute to subclinical atherosclerosis in these
patients (3). It is demonstrated that disease-related inflammatory
and immune mechanisms have a pivotal role in the pathogenesis
of atherosclerosis and CV risk and that the contribution of
traditional CV risk factors is at least as important as disease-
specific factors (4). Indeed, prevalence of classic CV risk factors
is higher in these patients in comparison to general population
(5-8). In particular, hypertension, and diabetes mellitus represent
two major factors to monitor in RD patients, both being
associated with other CV comorbidities, disease activity and
increased risk of CV events (5-9).

As inflammation is a cornerstone of the pathogenesis of
systemic RDs and considering its pivotal role in driving all
stages of atherosclerosis, it is compelling to hypothesize that
controlling the pathways that induce synovial and systemic
inflammation may provide benefit on CV risk in these patients
(10). Although inconsistency in results between studies mainly
due to different study design and different outcome measures,
there are data suggesting that biologic therapies, in particular
tumor necrosis factor-o inhibitors (TNFa-i), improve surrogate
markers of subclinical atherosclerosis. Moreover, better control
of RA activity has recently been associated with fewer CV events
(11, 12). In a recent prospective study, failure in achieving
disease activity control increased from 4- to 8-fold the risk
to develop subclinical atherosclerosis and CV events at 1 year
of follow-up (13). Although it is quite difficult to provide an
actual long-term estimation of CV risk due to the lack of
validated scores, tight, and sustained control of RD activity is
necessary to effectively prevent CV disease development. Treat-
to-target and abrogation of inflammation are now considered two
main outcomes for achieving RD control. In addition, effective
pharmacological treatment could favor physical activity, with
consequent decrease of risk of obesity, diabetes, hypertension,
and at least, CV disease. It is to note, however, that introduction
of biologic agents is less frequent in RA patients with multiple
concomitant comorbidities, although with active disease, and
that some medications commonly used in these patients, such as
corticosteroids (CS) and non-steroidal anti-inflammatory drugs,
are known to enhance CV risk (14). In particular, some drugs may
exert a dual effect. Indeed, if short-term CS treatment may lead to
initial beneficial effect due to rapid suppression of inflammatory

burden, it is well-known that long-term side effects of CS therapy
may have a net adverse association with CV disease risk (15). Of
consequence, the real effect of non-biologic and biologic therapy
on CV risk and outcome in these patients is still uncertain.

In this perspective, a literature search was performed to
identify articles investigating medium- and long-term effect of
non-biologic and biologic therapies on subclinical atherosclerosis
measures and CV outcome in patients with RA, PsA, and AS.
Articles were identified in PubMed by using Mesh terms and
keywords. Search was restricted to English language.

INFLAMMATION: A LINK BETWEEN
ATHEROSCLEROSIS AND RHEUMATIC
DISEASES

The definite demonstration that atherosclerosis is a dynamic
process greatly driven by inflammatory factors has highlighted
interesting pathogenic links between atherosclerotic arterial
wall damage and inflammatory mechanisms underlying
the pathogenesis of systemic RDs (16) (Figure 1). Systemic
inflammation contributes to all stages of atherosclerosis
starting from activation of endothelial layer and recruitment
of inflammatory cells within arterial layer to monocyte
differentiation and foam cell formation, with subsequent plaque
development. Moreover, these molecules promote apoptosis of
arterial smooth muscle cells, matrix degradation, and fibrosis
with subsequent destabilization and rupture of atherosclerotic
plaques. Immune dysregulation, through the involvement of
T lymphocytes, contributes to amplification of inflammatory
response driving atherosclerotic damage. T helper (Th)1 cells, in
particular, secrete several cytokines, such as interferon (IFN)y,
interleukin (IL)-2, IL-12, IL-18, and TNFa, which contribute
to vascular endothelial damage and plaque progression (17).
Interestingly, these cytokines, in particular TNFa, IL-6, and
IL-18, have been associated with endothelial dysfunction,
carotid atherosclerosis, CV morbidity, and risk of CV events
and mortality in patients with systemic RDs (18). Among
inflammatory biomarkers, C-reactive protein (CRP), IL-6, IL-1,
and TNFa have been extensively studied and employed as
predictive tools of CV risk and future CV events (16, 17, 19).
Strong evidence supports the direct role of these molecules
in contributing to atherogenesis by favoring endothelial
dysfunction, vascular oxidative stress, foam cell formation, and
atherosclerotic plaque destabilization (16, 17, 19). In addition,
pro-inflammatory cytokines may induce atherosclerosis causing
an alteration of lipid profile. In particular, TNFa and IL-6 have
been shown to induce a pro-atherogenic profile and insulin
resistance in patients with RDs (18).

Given the importance of pro-inflammatory cytokines in
atherosclerosis and CV disease risk, effective modulation of
inflammatory response in systemic RDs is expected to reduce
risk and incidence of CV events and multiple pathways have
been identified as potential therapeutic targets for the prevention
and treatment of CV disease. In this setting, canakinumab, an
inhibitor of IL-1B, was associated with significant reduction
of recurrent CV events in patients with previous myocardial
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FIGURE 1 | Common inflammatory mechanisms driving the pathogenesis of chronic rheumatic diseases and athrosclerosis.

infarction and persistently elevated CRP levels (20). Three
doses of canakinumab were tested and only the 150 mg dose
reduced the relative risk of composite CV endpoint by 15%,
mainly driven by a 24% reduction of relative risk of myocardial
infarction. No significant reduction in CV death was observed
and canakinumab was associated with an increased risk of fatal
infection and sepsis. Surely, given the modest absolute clinical
benefit, routine use of canakinumab in patients with previous
myocardial infarction is not justified until more data are available.

On the other hand, in systemic RDs, randomized controlled
trials (RCT)s of disease-modifying anti-rheumatic drugs
(DMARDs), and biologic anti-cytokine therapies have not
been powered to detect the impact of these agents on the
modification of subclinical atherosclerosis and CV disease risk.
Of consequence, data on the effect of these therapies on CV
outcome in patients with RDs have been mainly driven by
observational and pharmaco-epidemiological studies which
suggest that close control of inflammation and disease activity in
RDs may favorably affect some CV disease risk factors, reducing
the rate of progression of subclinical atherosclerosis and the
incidence of CV events (12) (Table 1).

DO ANTI-RHEUMATIC THERAPIES LOWER
THE RISK OF ACCELERATED
ATHEROSCLEROSIS?

Endothelial dysfunction, a potentially reversible step in
atherosclerosis development, and structural vascular wall

damage, assessed either as intima-media thickness (IMT)
and carotid plaque, are considered important predictors of
subsequent CV events in the general population as well as in
patients with RA (21, 22). Multiple mechanisms, including
systemic inflammatory burden, have been implicated in the
pathophysiology of micro and macro-vascular endothelial
dysfunction in patients with RDs and different methods are
employed to detect precocious atherosclerosis in these patients
(23). Thus, therapies reducing inflammation and disease activity
are expected to improve vascular function and, possibly, arterial
wall organic damage. In this setting, however, no definite
conclusions can be driven on the effect of anti-rheumatic
therapies on vascular endothelial function in inflammatory
RDs. Multiple variables, including differences in study design,
population enrolled, disease duration, instrumental technique
employed in the assessment of subclinical atherosclerosis, length
of follow-up, class of biologic drug used and concomitant
therapies, hamper data interpretation and explain the high
variability of study results. However, analysis of data derived by
meta-analysis and systematic reviews, observational studies, and
few RCTs allows to highlight some observations.

Conventional DMARDs

e Hydroxychloroquine (HCQ) has been associated with lower
risk of diabetes mellitus (24), a better lipid profile characterized
by reduced low-density lipoprotein and trygliceride levels (25)
and antithrombotic effect on platelet aggregation. Moreover,
in vitro studies demonstrated a potential vasoprotective
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TABLE 1 | Effect of non-biologic and biologic drugs on CV risk in RD patients.

Drug Lipid profile Metabolic syndrome PWV Alx ED IMT Plaque CV events
RHEUMATOID ARTHRITIS

HCQ Improve \
MTX Improve 3 N
TNFo-i Worsen/neutral I I 1 1
TCZ Worsen J 1 J <~ <~ <
ABT Neutral < < pas pas J
RTX Neutral <~ <~ 1 <
PSORIATIC ARTHRITIS

TNFo-i Worsen/neutral

USsT <
SEC <
ANKYLOSING SPONDYLITIS

TNFo-i Worsen/neutral <~ P

SEC pas

HCQ, hydroxychloroquine; MTX, methotrexate; TNFa-I, tumor necrosis factora inhibitors; TCZ, tocilizumab; ABT, abatacept; RTX, rituximab; UST, ustekinumab,; SEC, secuckinumab;
PWV, pulse wave velocity; Alx, augmentation index; ED, endothelial dysfunction; IMT, intima-media thickness; CV, cardiovascular.

1, significantly decreased; <>, no significant effect.

effect by reduction of vascular endothelial adhesion molecule
expression (26). Despite this beneficial evidence on lipid
and glucose homeostasis, no studies explored the effects of
HCQ on surrogate markers of atherosclerosis. Interestingly, a
recent meta-analysis demonstrated that patients with RA and
systemic connective diseases assuming HCQ are characterized
by a significant reduction of CV events in comparison to
non-HCQ users (27).

Methotrexate (MTX) has several favorable effects on markers
of CV damage. In particular, MTX therapy has been associated
with improvement in reverse cholesterol transport (28),
reduction of foam cell formation (29), down-regulation of
adhesion molecule expression on endothelial surface (30), and
reduced risk of metabolic syndrome (31). Moreover, response
to MTX therapy is associated with reduction of circulating
cytokines, including TNFa, IL-6, and IL-1, which exert
atherogenic activity. Effects of MTX on measures of subclinical
atherosclerosis has been explored in few studies showing a
favorable response in atherosclerosis progression (32-34). In
a recent observational study, 6-month MTX monotherapy
was associated with a more pronounced favorable effect on
endothelial function in comparison to TNFa-i &= MTX in a
cohort of RD patients (35). The effect was independent of
disease activity improvement. However, the small number of
patients enrolled and the method used to detect atherosclerosis
progression (change in Reactive Hyperemic Index) suggest
caution in data interpretation.

TNFo Inhibitors

e Short and medium-term studies demonstrated that TNFa-
i are effective in improving arterial stiffness, evaluated as
reduction of pulse wave velocity (PWV), and endothelial
dysfunction, expressed as improvement in flow-mediated
vasodilation (FMD), in RA patients, thus suggesting a link

between chronic inflammation and endothelial dysfunction

and arterial stiffness (11, 36, 37).

TNFa-i therapy is associated with prevention or reversion of

IMT progression in RD patients responding to treatment in

studies with up to 5-year follow-up (36). The effect on IMT

seems more relevant in RA patients with early disease (38).

A beneficial effect on measures of microvascular endothelial

dysfunction has been depicted in a small cohort of AS patients

following 1 month of etanercept therapy, thus suggesting
that suppression of inflammation is associated with rapid

reversal of microvascular dysfunction in these patients (39).

On the other hand, no effect of TNFa-i treatment has been

detected on arterial stiffness and augmentation index (Alx) in

wider cohorts of AS patients, suggesting that different disease-
specific mechanims may contribute to endothelial impairment

(40).

Alx, a composite measure of arterial stiffness and speed

of reflected wave from peripheral vascular resistances,

usually does not change following TNFa-i therapy (36, 37).

Intriguingly, this may suggest that arterial stiffness, a surrogate

measure of macrovacular function, is more sensitive to

inflammatory burden in RDs in comparison to other vascular
functional parameters.

e Different TNFa-i may exert different effects on subclinical
atherosclerosis. In this setting, adalimumab and etanercept
have been associated with significant reduction of arterial
stiffness in RA patients, while no change in the same
measure was detected following infliximab administration
(40). However, the limited number of studies does not allow
to demonstrate a clear class-specific effect of TNFa-i on
endothelial function in these patients (11).

Other Non-TNFa-i Therapies

Very few data are available on the effect of other non-TNFa-i
targeted therapies on subclinical vascular endothelial damage.
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Inhibition of IL-6, a potent inflammatory cytokine inducing
hepatic acute phase reactant production, has been associated with
improvement of endothelial function, expressed as FMD, arterial
stiffness and Alx, in open-label RCTs (40, 41). Interestingly,
no changes in carotid IMT were reported (42), suggesting that
rapid suppression of inflaimmation exerts more pronounced
effect on endothelial function and that longer follow-up may
be needed to detect significant changes of structural arterial
wall damage. Conversely, B-cell blockade with rituximab was
associated with improvement of carotid IMT in a pilot study
without exerting significant effect on arterial stiffness and Alx
in open label studies (43-45). Despite studies on atherosclerosis-
prone mice demonstrated a favorable effect of abatacept in
atherogenesis reduction, treatment with abatacept in humans was
not associated with an improvement of surrogate measures of
subclinical atherosclerosis, including aortic stiffness, Alx, carotid
IMT, and plaques (40, 46).

DO ANTI-RHEUMATIC THERAPIES LOWER
THE RISK OF CARDIOVASCULAR
EVENTS?

Conventional DMARDs

e Although no RCT explored the independent effect of MTX on
major CV outcomes, robust evidence supports that patients
treated with MTX are characterized by a significant lower
risk of all CV events, myocardial infarction and stroke in
comparison to RD patients not receiving MTX (12, 47, 48).
The effect was more evident in responders to therapy and the
pooled relative reduction resulted 28% for all CV events and
19% for myocardial infarction (12). Moreover, the evidence
was stronger for overall reduction of CV morbidity and
mortality and weaker for stroke risk reduction (12).

e As observed with MTX, no randomized studies evaluated the
risk of CV diseases in RD patients treated with non-MTX
non-biologic therapies. Observational data suggest that long
exposure to leflunomide and sulfasalazine may be associated
with a reduced risk of all CV events and myocardial infarction
(38, 46).

TNF« Inhibitors

e Meta-analysis of cohort studies demonstrated that use of
TNFa-i in RA patients is associated with a 30% relative
reduction in all CV events and a 41% reduction of myocardial
infarction in comparison to other non-biologic therapies (12).
Subsequent systematic literature review of different studies
confirmed the safety of biologic therapies in RDs patients with
respect to CV outcome (40). However, the high variability
in study design, CV outcome definition, populations enrolled
and disease activity hamper data interpretation and makes it
difficult to compare results among studies (40).

e As observed for MTX, the favorable effect on CV outcome
may depend on clinical response since a lower incidence of
myocardial infarction has been observed in responders to
therapy (49).

e A recent prospective study with a longer follow-up (median
5 years) demonstrated that TNFa-i therapy in RA patients
is associated with a significant reduction of 39% in the risk
of myocardial infarction in comparison to DMARD therapy
(50). This is the first demonstration that duration of TNFa-i
exposure may be associated with reduction of CV risk in these
patients and suggests that stable suppression of inflammation
and disease activity control are mandatory targets in the
prevention of CV disease risk.

e A prospective analysis of the same cohort depicted that,
compared to DMARDs, ever-exposure to TNFa-i therapy
is not associated to a significant effect on the risk of first
ischemic stroke over a median period of 5 years. Although not
statistically significant, there was a trend toward a reduction in
mortality at 30 days and at 1 year following the event among
patients treated with TNFa-i at stroke occurrence compared
to the other group (51). This may suggest different and
still unexplored pathogenic mechanims underlying ischemic
cerebrovascular events in RA patients.

Other Non-TNFa-i Therapies

e Unfavorable lipid profile has been observed following TCZ
therapy. However, pooled analysis of clinical trials and post-
marketing safety data suggest that the CV disease risk in TCZ
users is comparable to the risk associated with other biologic
therapies (52-54). Indeed, a clear inverse relationship, known
as the “lipid paradox,” has been demonstrated between lipid
levels and CV risk in RA patients with an increased risk of
CV disease also in patients with low total cholesterol and
low-density lipoprotein (LDL) levels in the setting of active
inflammation (55). Despite the global increase in LDL, total
cholesterol, and triglyceride levels following the reduction of
inflammatory burden, a favorable anti-inflammatory change
of high-density lipoprotein composition and function has
been demonstrated following tocilizumab administration, thus
suggesting its positive net effect on CV risk (56).

e Abatacept may be associated with lower risk of myocardial
infarction in comparison with TNFa-i. A retrospective study
enrolling RA patients initiating biologic therapies, patients
treated with abatacept were characterized by a lower risk of
myocardial infarction in comparison to patients on TNFa-i
therapy (57). Interestingly, these data have been recently
confirmed in a large population-based cohort of RA patients
demonstrating that abatacept was associated with a significant
29% reduced risk of a CV composite endopoint (myocardial
infarction, stroke/transient ischemic attack, and coronary
revascularization) when compared with TNFa-i therapy, in
particular in patients with diabetes mellitus (58).

e Data on CV outcome in patients treated with rituximab
are scarce. Observational studies did not observe significant
differences in CV event rates in patients treated with rituximab
in comparison to TNFa-i therapy or abatacept (40, 46).

e The period passed from the introduction of anti IL-12/23
targeted therapies is too short to draw hypothesis on their
effect on CV outcome (40, 59).
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OPEN QUESTIONS AND FUTURE
DIRECTIONS

Despite broad evidence suggests that non-biologic and biologic
therapies may be associated with a reduced risk of CV events and
more favorable CV outcome in RD patients, several points should
be considered in data interpretation, suggesting caution in their
feasibility.

The high variability in study designs and inclusion/exclusion
criteria, in disease characteristics (grade of activity,
seropositivity, duration, concomitant CV risk factors,
concomitant therapies as non-steroidal anti-inflammatory
drugs), in CV event definition, and in cohort enrolled
represent a major limit to consider.

The median follow-up of almost all studies was too short
to effectively detect a significant reduction of long-term CV
events. Similarly, the variable follow-up across studies makes it
difficult to verify the durability of therapy effect on subclinical
atherosclerosis measure improvement.

The application in many studies of surrogate markers of
atherosclerosis to estimate CV disease risk due to the low
number of CV events, which limited statistical significance
detection, remains an important limit in the interpretation of
study results.

Further studies are needed to investigate if the reduction
of CV risk is a direct effect of these targeted therapies
on atherosclerotic process or an indirect manifestation of
the general reduction of systemic inflammation and disease
activity.

Research should focus on evaluation of drug-specific class
effects on CV disease risk in order to enable better and
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Inflammation urges most of the characteristics of plaques involved in the pathogenesis
of myocardial ischemia/reperfusion injury (MI/RI). In addition, inflammatory
signaling pathways not only mediate the properties of plaques that precipitate
ischemia/reperfusion (I/R) but also influence the clinical consequences of the
post-infarction remodeling and heart failure. Here, we studied whether Ginkgolide B (GB),
an effective anti-inflammatory monomer, improved MI/RI via suppression of inflammation.
Left anterior descending (LAD) coronary artery induced ischemia/reperfusion (I/R) of
rats or A20 silencing mice, as well as hypoxia/reoxygenation (H/R) induced damages of
primary cultured rat neonatal ventricular myocytes or A20 silencing ventricular myocytes,
respectively, served as MI/RI model in vivo and in vitro to discuss the anti-I/R injury
properties of GB. We found that GB significantly alleviated the symptoms of MI/RI
evidently by reducing infarct size, preventing ultrastructural changes of myocardium,
depressing Polymorphonuclears (PMNSs) infiltration, lessening histopathological damage
and suppressing the excessive inflammation. Further study demonstrated that GB
remarkably inhibited NF-kB p65 subunit translocation, IkB-a phosphorylation, IKK-g
activity, as well as the downstream inflammatory cytokines and proteins expressions via
zinc finger protein A20. In conclusion, GB could alleviate MI/RI-induced inflammatory
response through A20-NF-kB signal pathway, which may give us new insights into the
preventive strategies for MI/RI disease.
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Ginkgolide B Alleviates MI/RI Injury

INTRODUCTION

Myocardial ischemia/reperfusion injury (MI/RI) with high
morbidity and mortality rates has become one of the decisive
factors for the events of cardiovascular diseases (1, 2). The
mechanisms of MI/RI refer to a series of complicated pathological
processes, including inflammatory response, calcium overload,
complement activation, cell autophagy, and apoptosis (3).
And, it has repeatedly been shown that the earliest phases
of ischemia/reperfusion (I/R) are dominated by an acute
inflammatory response. Presently, the mechanisms driving this
acute and robust inflammatory response are still unknown.
However, over the last decades, it has become increasingly clear
that Zinc finger protein A20 is considered to be a pivotal link to
the inflammation throughout the whole pathological process of
myocardial ischemia/reperfusion induced tissue injury (4).

Zinc finger protein A20, also described as the TNF-a-
induced protein 3 (TNFAIP3), is a widely expressed cytoplasmic
signaling protein, commonly deemed as an anti-inflammatory,
nuclear factor-kappa B (NF-kB) inhibitory, and anti-apoptotic
molecule (5, 6). A20 was one key part of the mechanisms
involved in multiple autoimmune and inflammatory diseases,
such as coronary artery disease, psoriasis, systemic sclerosis,
coeliac disease, type 1 diabetes, inflammatory bowel disease, and
rheumatoid arthritis. A20 comprehensively results in alterations
to the signaling pathways leading to inflammatory changes, and
in consequence, regulates the intensity and duration of signaling
by several critical factors mainly dependent on NF-«kB pathway
(7). And, we have also reported that up-regulating A20 could
protect blood brain barrier against ischemic stroke superimposed
on systemic inflammatory challenges (8). However, no data have
been published focused on the role of A20 in pathogenesis of
MI/RIL

Moreover, an increasing body of evidence suggested that I/R
could elevate the activation of NF-kB, whereas inflammatory
response was inhibited after NF-kB deactivation, and cardiac
function restored. IkB-a, regarded as an inhibitor, binds to NF-
kB p65/p50 heterodimer in cytoplasm (9-11). Phosphorylation
and subsequent degradation of IkB-a caused by IKK-p activation
lead to the release of NF-kB and then translocation to
nucleus. Ultimately, that will stimulate the production of various
inflammatory cytokines, such as interleukin (IL)-1B, tumor
necrosis factor (TNF)-a, IL-6 and cell adhesion molecules which
acts directly or indirectly to depress cardiac function (12).
Meanwhile, PMNs infiltration also remarkably influences the
post-ischemic perfused myocardium and various metabolites
into the myocardial cells as well. Therefore, suppressing PMNs
infiltration and NF-kB activation can obviously alleviate MI/RI
induced damages and consequently offer myocardial protection
(13, 14).

Ginkgolide B (GB, Figure 1), an effective flavonoid monomer,
was extracted from Ginkgo biloba leaves with multiple
modulatory or protective functions and has been used in
the treatment of cardio-cerebral vascular system damage for
years (15-17). Most recently, researchers have discovered that
GB could exert modulatory or protective functions against
inflammatory reactions induced cascade effect to subsequently

FIGURE 1 | Chemical structure of GB.

alleviate ischemia reperfusion diseases (18, 19). Moreover, there
has been reported that GB could protect against IR-induced
myocardial dysfunction and degradation of the membrane
phospholipids (20). However, there has been no research
reported on the relations between A20 and GB, meanwhile the
specific mechanism of its anti-inflammatory effects is still limited
and need an in-depth elucidation.

Thus, in this study, we investigated the role of GB in the
protection of inflammation induced by MI/RI in vivo. We also
made positive efforts to elucidate the role of A20-NF-kB signal
pathway in the protection of ventricular myocytes exposed to
H/R in vitro.

MATERIALS AND METHODS

Materials and Reagents

GB (PubChem CID: 65243), 2, 3, 5-Triphenyltetrazolium
chloride (TTC) was purchased from Sigma (St. Louis, MO,
United States). DMEM medium (high glucose) and newborn
calf serum were purchased from Gibco (Grand Island, NY,
United States). TNF-a, IL-1, and IL-6 ELISA kits were products
of Sigma (St. Louis, MO, United States). Anti-A20, anti-ICAM-1,
anti-VCAM-1, anti-iNOS, anti-NF-kB p65, anti-p-IkB-a, anti-
IKK-B, anti-Histone, anti-B-actin, goat anti-rabbit and anti-
mouse IgG antibodies were products of Santa Cruz (Santa Cruz,
CA, United States). Enhanced chemiluminescence (ECL) plus kit
was product of Keygen Biotech.

Animals

Male Sprague-Dawley rats (250-300g, Experimental Animal
Center of Shandong University) were used for the current
study. A20 gene silencing male mouse strains were provided
by Beijing Biocytogen Co., Ltd. Rats and mice were housed in
a temperature-controlled environment (18-22°C) with a 12h
light-dark cycle and allowed free access to food and water before
the experiment. All the experiments were approved by the ethics
committee of the Shandong Provincial Hospital affiliated to
Shandong University (NSFC: No. 2018-019).
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