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AdipoRon Attenuates Inflammation and
Impairment of Cardiac Function Associated
With Cardiopulmonary Bypass—Induced
Systemic Inflammatory Response Syndrome
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BACKGROUND: Cardiac surgery using cardiopulmonary bypass (CPB) frequently provokes a systemic inflammatory response
syndrome, which is triggered by TLR4 (Toll-like receptor 4) and TNF-a (tumor necrosis factor ) signaling. Here, we investigated
whether the adiponectin receptor 1 and 2 agonist AdipoRon modulates CPB-induced inflammation and cardiac dysfunction.

METHODS AND RESULTS: Rats underwent CPB with deep hypothermic circulatory arrest and were finally weaned from the heart-
lung machine. Compared with vehicle, AdipoRon application attenuated the CPB-induced impairment of mean arterial pres-
sure following deep hypothermic circulatory arrest. During the weaning and postweaning phases, heart rate and mean arterial
pressure in all AdipoRon animals (7 of 7) remained stable, while cardiac rhythm was irretrievably lost in 2 of 7 of the vehicle-
treated animals. The AdipoRon-mediated improvements of cardiocirculatory parameters were accompanied by increased
plasma levels of IL (interleukin) 10 and diminished concentrations of lactate and K*. In myocardial tissue, AdipoRon activated
AMP-activated protein kinase (AMPK) while attenuating CPB-induced degradation of nuclear factor kB inhibitor a (IkBa), up-
regulation of TNF-q, IL-13, CCL2 (C-C chemokine ligand 2), nicotinamide adenine dinucleotide phosphate (NADPH) oxidase,
and inducible nitric oxide synthase. Correspondingly, in cultured cardiac myocytes, cardiac fibroblasts, and vascular endothe-
lial cells, AdipoRon activated AMPK, upregulated IL-10, and attenuated activation of nuclear factor kB, as well as upregula-
tion of TNF-q, IL-13, CCL2, NADPH oxidase, and inducible nitric oxide synthase induced by lipopolysaccharide or TNF-a. In
addition, the treatment of cardiac myocytes with the AMPK activator 5-aminoimidazole-4-carboxamide 1-3-D-ribofuranoside
resulted in a similar inhibition of lipopolysaccharide- and TNF-a—induced inflammatory cell phenotypes as for AdipoRon.

CONCLUSIONS: Our observations indicate that AdipoRon attenuates CPB-induced inflammation and impairment of cardiac
function through AMPK-mediated inhibition of proinflammatory TLR4 and TNF-a signaling in cardiac cells and upregulation of
immunosuppressive IL-10.
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response syndrome

machine (HLM) represents a standard technique tion characterized by heavy systemic inflammation, is

Cardiopulmonary bypass (CPB) using a heart-lung response syndrome (SIRS), a serious disease condi-
in modern cardiac surgery. Systemic inflammatory ~ a frequent complication affecting up to 10% of patients
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CLINICAL PERSPECTIVE

w

hat Is New?

Using a small animal model of cardiopulmonary
bypass—induced systemic inflammatory response
syndrome and in vitro experiments with cardiac
myocytes, cardiac fibroblasts, and vascular en-
dothelial cells, the present study demonstrates
that the adiponectin receptor 1 and 2 agonist
AdipoRon attenuates cardiopulmonary bypass—
induced inflammation and cardiac dysfunction.

The beneficial effects of AdipoRon act through
AMP-activated protein kinase—mediated inhibi-
tion of Toll-like receptor 4 and tumor necrosis
factor a signaling in cardiac cells, as well as up-
regulation of immunosuppressive interleukin 10.

What Are the Clinical Implications?

These results indicate that AdipoRon is a
promising therapeutic candidate to address
cardiopulmonary bypass—induced systemic
inflammatory response syndrome with the ca-
pacity to inhibit the underlying complex and
multifactorial pathogenesis.

Nonstandard Abbreviations and Acronyms

AdipoR1 adiponectin receptor 1

AdipoR2 adiponectin receptor 2

AICAR 5-aminoimidazole-4-carboxamide
1-3-D-ribofuranoside

AMPK AMP-activated protein kinase

CCL2 C-C chemokine ligand 2

CPB cardiopulmonary bypass

DHCA deep hypothermic circulatory arrest

HLM heart-lung machine

HPRT1 hypoxanthine
phosphoribosyltransferase 1

HR heart rate

I/R ischemia/reperfusion

ICAM-1 intercellular adhesion molecule 1

IkB nuclear factor kB inhibitor a

iNOS inducible nitric oxide synthase

NADPH nicotinamide adenine dinucleotide
phosphate

NF-kB nuclear factor kB

qPCR quantitative real-time polymerase chain
reaction

ROS reactive oxygen species

rRNA ribosomal RNA

TLR4 Toll-like receptor 4

VCAM-1  vascular cell adhesion molecule 1
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undergoing cardiac surgery employing CPB." CPB-
induced SIRS results in various postoperative compli-
cations ranging from short-term organ dysfunction to
multiple organ failure and death.? Besides the surgical
trauma, blood contact with nonphysiological surfaces,
ischemia/reperfusion (I/R), as well as endotoxemia are
major triggers of CPB-induced SIRS. Several proin-
flammatory signaling pathways (eg, TLR4 [Toll-like re-
ceptor 4] and TNF-a [tumor necrosis factor ] signaling)
and mediators (complement, cytokines, reactive oxy-
gen species [ROS]) act synergistically, finally resulting
in deleterious systemic activation of immune and non-
immune cells.® Numerous pharmacological strategies
(eg, use of glucocorticoids, antioxidants, and antibod-
ies against cytokines) have been developed to attenu-
ate the emergence of SIRS. Until today, none of these
approaches have proven to be clinically effective.'3

A tremendous number of preclinical and clinical
studies under various (patho)physiological conditions
have shown that the adipocytokine adiponectin me-
diates protective metabolic, anti-inflammatory, and
antiapoptotic effects with therapeutic relevance for
CPB-induced SIRS.* AdipoRon is a cost-effective
small molecule agonist for the ubiquitously expressed
adiponectin receptor 1 (AdipoR1) and adiponectin re-
ceptor 2 (AdipoR2) enabling large-scale clinical appli-
cations of AdipoR1- and AdipoR2-mediated effects.®
Like adiponectin, AdipoRon improves glucose and
lipid metabolism as well as insulin sensitivity in vitro
and in vivo by mechanisms involving the metabolic
master switch AMP-activated protein kinase (AMPK).®
Moreover, in an animal study examining myocardial I/R
AdipoRon—like adiponectin—reduced postischemic
oxidative stress, attenuated cardiac tissue injury, and
preserved left ventricular function.” These results make
a convincing case that targeting adiponectin receptors
with AdipoRon is an effective strategy to attenuate the
multifactorial cross-linked pathophysiology of CPB-
induced SIRS.

Thus, in the present study, using a rat model of
CPB-induced SIRS and cell culture experiments with
cardiac cells, we investigated whether AdipoRon
modulates CPB-induced inflammation and cardiac
dysfunction.

METHODS

Data Availability

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Experimental Animals and Study Design

This study was approved by the supervisory body
(Landesamt flr Natur, Umwelt und Verbraucherschutz
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Nordrhein-Westfalen, Germany) and conducted in ac-
cordance with German and European guidelines of lab-
oratory animal care (approval number 84-02.04.2016.
A085). All animals were kept under standard labora-
tory conditions and offered food and water ad libidum.
Thirty male Wistar rats from Janvier Labs (Le Genest-
Saint-Isle, France), weighing between 450 and 500 g,
were randomly assigned to 3 experimental groups
(sham, CPB-Vehicle, and CPB-AdipoRon) and sub-
jected to CPB or sham treatment to achieve a size of
n=7 per group. To guarantee comparable conditions
between the experimental groups, exclusion criteria
were defined before the start of the study. Animals
were excluded from the study when >1 of the follow-
ing conditions were fulfilled during the experimental
procedure: low hemoglobin concentration <5.0 mg/
dL during the entire procedure, persistent low mean
arterial pressure (MAP) <40 mm Hg following deep
hypothermic circulatory arrest (DHCA) not responding
to norepinephrine application, prolonged ventricular fi-
brillation, and failure to convert to sinus rhythm during
rewarming (no conversion until 35°C). Finally, 1 animal
was excluded because of low hemoglobin concentra-
tion, 3 animals were excluded because of technical
problems regarding the HLM or other components of
the CPB circuit, and another 5 animals were excluded
because of catecholamine-refractory hypotension. All
other animals were included in the study (sham: n=7;
CPB-Vehicle: n=7; and CPB-AdipoRon: n=7).

CPB and Deep Hypothermic Circulatory
Arrest
As previously described,® animals were intubated and
underwent inhalative anesthesia with 2.5 Vol% iso-
flurane (AbbVie). For CPB, the median sacral artery
and the right internal jugular vein were cannulated
and connected to a customized small-animal HLM
(Humbs Engineering). The CPB circuit was primed
with 8 mL of 6% hydroxyethyl starch (Fresenius Kabi).
Moreover, the femoral artery was cannulated to mon-
itor the MAP. After 30 minutes of systemic cooling,
DHCA was induced for 45 minutes at a body core
temperature of 16°C. Afterwards, CPB was restarted
and the animals were subjected to 40 minutes of
rewarming and subsequent reperfusion for 60 min-
utes at a body temperature of 37°C. Then, animals
were weaned from CPB over a period of 20 minutes
by stepwise 10% reductions of the CPB flow rate,
which were performed every 2 minutes. Finally, ani-
mals were observed for 10 minutes without cardioc-
irculatory support, then euthanized and their organs
harvested. Sham animals underwent vascular can-
nulation without initiation of CPB.

AdipoRon (12.5 mg/kg body weight, Sigma-
Aldrich) or vehicle (dimethyl sulfoxide, Sigma-Aldrich)
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was applied twice via the shortcut access of the
HLM at time points 10 minutes before the start of the
CPB and with the beginning of the rewarming phase,
respectively.

ECG, peripheral oxygen saturation, and rectal body
temperature were monitored throughout the experi-
mental procedure. Arterial electrolyte and blood gas
analysis (ABL 700, Radiometer Copenhagen) as well
as blood cell count (Vet abc, Scil animal care company)
were analyzed at 5 predefined time points (T1: at the
beginning of cannulation; T2: at a body temperature of
25°C in the cooling phase; T3: at a body temperature
of 20°C in the rewarming phase; T4: at a body tem-
perature of 35°C during the rewarming phase; and T5:
at the end of the reperfusion phase). To maintain phys-
iological vital parameters, sodium bicarbonate (8.4%,
B. Braun Medical Inc), trometamol (36.34%, B. Braun
Medical Inc), or carbon dioxide were applied or an al-
tered ventilation scheme was used. In the rewarming
and reperfusion phases at body temperatures of at
least 30°C norepinephrine (Arterenol, Sanofi) was ap-
plied in case of MAP values <40 mm Hg.

A timeline of the experimental procedures including
AdipoRon applications and sample takings is shown
in Figure S1.

Troponin T Measurements

Serum levels of troponin T were measured using
automated analyzers (Roche Diagnostics) at the
Central Institute of Clinical Chemistry and Laboratory
Diagnostics of Dusseldorf University Hospital.

Cell Culture

Neonatal cardiac myocytes and fibroblasts were pre-
pared from hearts of 1- to 3-day-old Wistar rats and
subsequently cultured as described.® Human aortic en-
dothelial cells were obtained from PromoCell and cul-
tured as recommended by the supplier. TLR4-grade
lipopolysaccharide was purchased from Enzo Life
Sciences. AdipoRon, 5-Aminoimidazole-4-carboxamide
1-B-D-ribofuranoside (AICAR), and recombinant human
TNF-a were sourced from Sigma-Aldrich.

Cytokine ELISA

Concentrations of the cytokines TNF-q, IL (interleu-
kin) 1B, IL-6, and IL-10 in blood plasma or cell culture
supernatants were measured using ELISA kits from
Biolegend, R&D Systems, and ThermoFisher Scientific,
respectively.

Quantitative Real-Time Polymerase Chain
Reaction

RNA was extracted from left ventricular tissue sam-
ples or cultured cells by using TRIzol (Invitrogen)
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and the RNeasy Mini Kit (Qiagen) including a DNAse
(Qiagen) treatment to remove residual genomic DNA.
RNA concentration and purity was determined with
an Infinite M1000 PRO plate reader (TECAN) and
RNA integrity was checked using a 2100 Bioanalyzer
(Agilent Technologies). cDNA was synthesized using
the Quantitect Reverse Transcription Kit (Qiagen) in
a T3000 thermocycler (Biometra). Quantitative real-
time polymerase chain reaction (QPCR) was per-
formed in a StepOnePlus Real-Time PCR System
(Applied Biosystems) using the GoTag PCR Master Mix
(Promega) and self-designed primers against mRNA
transcripts encoding rat TNF-q, IL-13, IL-10, CCL2 (C-C
chemokine ligand 2), inducible nitric oxide synthase
(iNOS), nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (Nox2 subunit), or hypoxanthine
phosphoribosyltransferase 1 (HPRT1) as well as human
TNF-q, IL-1B, IL-10, CCL2, iINOS, intercellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1
(VCAM-1), or 18S ribosomal RNA (rRNA). gPCR results
were evaluated using the ACt method with HPRT1 or
18S rBNA as reference gene for normalization.

For detailed primer sequences please refer to
Data S1.

Immunoblot

Proteins were extracted from left ventricular tissue or
cells using Cell Lysis Buffer (Cell Signaling Technology)
supplemented with proteinase and phosphatase in-
hibitors (cOmplete Mini and PhosSTOP, Roche). An
amount of 50 pg of protein was separated by SDS-
PAGE (7-10% polyacrylamide gels) and transferred
to nitrocellulose membranes (Bio-Rad) via tank blot.
Individual protein expression and activation was quan-
tified using primary antibodies against phosphoryl-
ated AMPK, AMPK, cleaved caspase-3, caspase-3,
phosphorylated nuclear factor kB inhibitor a, nuclear
factor kB inhibitor (IkBa), B-Actin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) in combina-
tion with horseradish peroxidase—conjugated second-
ary antibodies (all Cell Signaling Technology). Protein
bands were visualized using a chemiluminescence
system (Thermo Fisher). Band intensities were quan-
tified using Imaged software (National Institutes of
Health).

NF-«kB p65 Activation Assay

Activation of nuclear factor kB (NF-kB) p65 in whole
cell lysates was quantified using the TransAm NF-kB
p65 DNA-binding ELISA (Active Motif).

Statistical Analysis

GraphPad PRISM version 6.07 (GraphPad Software)
was used for statistical data analysis. Experimental data
were presented as mean+SEM. Only nonparametric
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tests were applied to assess statistical differences, ie,
Kruskal-Wallis test and subsequent post hoc testing
via 2-sided Mann-Whitney U test for pairwise com-
parisons between experimental groups. For Figures 1
and 2 as well as for the Table, statistical differences
of analyzed markers were assessed by comparing the
experimental groups CPB-Vehicle and CPB-AdipoRon
at the indicated time points. Moreover, for reasons of
clarity, values of £>0.10 are not shown in Figures 1 and
2 or in Table. For Figures 3 through 10 and Figures S2
through S4, statistical differences of marker expression
levels between experimental groups were assessed by
performing the indicated pairwise comparisons, which
were of analytical interest for this study. Moreover, a
Holm-Bonferroni correction was conducted for the
pairwise comparisons, which were performed in this
study. As an exception, for Figure 1C, the statistical
differences were assessed using Fisher exact test.
Differences were considered statistically significant at
a value of P<0.05.

RESULTS

AdipoRon Improves Cardiocirculatory
Recovery After DHCA

CPB initiated a similar decrease of heart rate (HR) and
MAP during cooling in both AdipoRon- and vehicle-
treated animals, finally resulting in DHCA (Figure 1A).
In the rewarming phase, cardiac rhythm was re-
sumed and at 35°C, HR of both groups had returned
to initial values, which were maintained until the end
of the reperfusion phase, respectively. Throughout
the reperfusion phase, the HR values of AdipoRon-
treated animals remained at the upper detection limit
of 300 beats per minute, which was slightly higher
than those of the vehicle group. MAP reverted only
in part to its initial values following DHCA in both
groups. However, AdipoRon application improved
MAP recovery, resulting in numerically but not sig-
nificantly increased values from time point “27.5°C
rewarming” throughout the remaining rewarming and
reperfusion phases.

AdipoRon Improves Cardiocirculatory

Resistance to Weaning From the HLM

During the entire process of weaning from the HLM
and the postweaning observational period, HR and
MAP values of the AdipoRon group remained sta-
ble at the levels observed at the end of the reperfu-
sion phase (Figure 1B). In contrast, shortly after the
initiation of weaning in 2 of 7 animals in the vehicle
group, the cardiac rhythm was irretrievably lost, ie,
asystole, or persistent ventricular fibrillation occurred
(Figure 1C). This subsequently resulted in average
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Figure 1. AdipoRon improves cardiocirculatory recovery after deep hypothermic circulatory arrest and resistance to

weaning from the heart-lung machine.

A, Heartrate (HR) and mean arterial pressure (MIAP) values were recorded after the start of the operation (OP) throughout the cardiopulmonary
bypass (CPB) procedure at the indicated predefined time points. B, HR and MAP values, as well as (C) existence of cardiac rhythm were
recorded throughout the weaning and postweaning phases at the indicated predefined time points. HR measurements were restricted by
an upper detection limit of 300 beats per minute (bpm). Results are presented as mean+SEM (n=7 animals per group). Differences of HR
and MAP values were analyzed statistically by comparing the experimental groups CPB-Vehicle and CPB-AdipoRon at the indicated time
points. No statistically significant intergroup differences were observed. Values of P>0.10 are not shown.

lower values of HR and MAP in animals in the vehicle
group.

Effects of AdipoRon on Blood Levels

of Electrolytes, Metabolites, and
Hemoglobin

Blood levels of Na* were stable throughout the CPB
procedure for both experimental groups (Table).
Moreover, the time courses of Ca?*, CI-, and glucose
concentration showed no differences. Hemoglobin
and hematocrit experienced a similar hemodilution-
associated downfall pattern for both experimental
groups. In vehicle-treated animals, the application
of CPB with DHCA resulted in a significant increase
in plasma levels of lactate, a marker for ischemia-
induced hypoxic metabolism, from 1.3 nmol/L at T1
to 10.0 nmol/L at T5 (Figure 2A). From T1 to T4 lac-
tate levels were similar in AdipoRon-treated animals.
However, at T5, lactate levels of AdipoRon-treated
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animals (4.7 nmol/L) were numerically but not signifi-
cantly lower compared with those in the vehicle group.
Increased blood release of K into the circulation is an
unspecific marker of CPB-induced organ injury result-
ing from I/R and inflammation. In animals in the ve-
hicle group, the CPB procedure induced a significant
increase in plasma levels of K* from 2.7 nmol/L at T1
to 7.3 nmol/L at T5 (Figure 2B). From T1 to T4, K* levels
were again similar in AdipoRon-treated animals, while
at T5, the K* levels (5.3 nmol/L) were numerically but
not significantly lower when compared with animals in
the vehicle group.

AdipoRon Does Not Affect Compensatory
Drug Application

For norepinephrine (Arterenol), sodium bicarbonate
(NaBic) and trometamol (TRIS), amounts applied to
animals of both experimental groups were not differ-
ent, respectively (Figure S2).
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Figure 2. AdipoRon modulates cardiopulmonary bypass (CPB)-induced changes in blood concentrations of K*, lactate,

and cytokines.

Blood levels of (A) lactate and (B) K* as well as (C) the cytokines TNF-a (tumor necrosis factor a), IL (interleukin) 13, IL-6, and IL-10
were measured in AdipoRon- and vehicle-treated rats before CPB (T1), at 25°C in the cooling phase (T2), at 20°C (T3) and 35°C (T4)
in the rewarming phase, and after 60 minutes of reperfusion (T5). Results for T1 to T5 are presented as mean+SEM (n=7 animals per
group). Differences of blood parameter values were analyzed statistically by comparing the experimental groups CPB-Vehicle and
CPB-AdipoRon at the indicated time points. No statistically significant intergroup differences were observed. Values of P>0.10 are

not shown.

Effects of AdipoRon on CPB-Induced
Changes of Circulating Cytokine
Concentrations

As a result of the CPB procedure, we observed in-
creases in circulating white blood cell counts (Table)
and plasma concentrations of the proinflammatory
cytokines TNF-q, IL-13, and IL-6, as well as the anti-
inflammatory cytokine IL-10, following DHCA from T4 to
T5 (Figure 2C) in animals in the vehicle group. While the
changes in white blood cell counts and plasma levels of
TNF-q, IL-1B3, and IL-6 were not affected by AdipoRon,
plasma concentrations of IL.-10 were upregulated by
trend at T5 (P=0.088) in AdipoRon-treated animals.

AdipoRon Attenuates CPB-Induced
Myocardial Inflammation

Because of the AdipoRon-induced improvement of car-
diocirculatory parameters, we also looked for associated
changes in myocardial inflammation. We observed a
significant CPB-induced upregulation in myocardial ex-
pression of cytokines such as TNF-a, IL-13 and IL-10, the
chemokine CCL2, as well as the enzymes NADPH oxi-
dase and iINOS, which mediate production of ROS and
reactive nitrogen species (Figure 3A and 3B). Whereas
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IL-10 was not affected by AdipoRon, the CPB-induced
increase in myocardial expression of TNF-a (numerically,
P=0.383), IL-13 (P<0.01), and CCL2 (by trend, P=0.053)
was attenuated in AdipoRon-treated animals, respec-
tively. Moreover, myocardial expression of NADPH oxi-
dase and iNOS was attenuated significantly (NADPH
oxidase, P<0.01) or numerically (iNOS, P=0.128) in ani-
mals in the AdipoRon group.

NF-kB is a central transcription factor of various proin-
flammatory signaling pathways controlling the expres-
sion of target genes such as TNF-q, IL.-13, and CCL2.1°
Proteosomal degradation of the inhibitor protein IkBa
results in nuclear translocation and increased transcrip-
tional activity of NF-kB. Our analysis by immunoblot re-
vealed that employment of CPB resulted in substantial
degradation of IkBa in myocardial tissue (Figure 3C).
Consistent with its inhibitory effect on the myocardial
expression of several inflammatory markers, application
of AdipoRon significantly attenuated IkBa degradation
(P<0.05) as an essential prerequisite for NF-kB activation.

AdipoRon Does Not Affect CPB-Induced
Myocardial Injury

Persistent upregulation of proinflammatory cytokines
and chemokines as well as sustained release of ROS
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Table. AdipoRon Does Not Affect Physiological Blood Parameters During CPB
CPB—Vehicle CPB—AdipoRon

T T2 T3 T4 T5 T1 T2 T3 T4 T5

Na*, mmol/L Mean 136.6 138.7 141.7 138.6 142.7 137.7 137.4 14041 1371 138.9
SEM 1.4 0.5 0.8 1.4 2.9 1.3 1.0 1.3 2.3 1.9

Ca?, mmol/L Mean 0.31 0.82 0.87 0.70 0.84 0.36 0.80 0.85 0.81 0.80
SEM 0.05 0.02 0.06 0.04 0.05 0.07 0.04 0.03 0.07 0.02

CI7, mmol/L Mean 93.2 101.6 105.0 102.2 106.8 93.0 101.0 105.8 104.3 107.5
SEM 2.1 0.7 1.2 0.9 1.6 2.9 0.4 11 0.9 4.5

Glucose, mg/dL Mean 189.6 221.0 242.7 344.0 198.9 219.9 252.3 254.6 371.4 230.9
SEM 16.0 17.8 24.2 191 45.9 18.5 9.6 111 17.6 29.5
Hemoglobin, g/dL Mean 11.5 8.5 7.7 8.6 8.2 1.9 8.6 7.8 8.8 8.4
SEM 0.3 0.2 0.2 0.2 0.3 0.6 0.2 0.1 0.1 0.3

Hematocrit, % Mean 26.2 24.5 231 24.9 23.3 27.0 25.0 21.6 24.0 23.5
SEM 2.1 0.7 1.0 1.0 1.3 1.4 0.9 0.4 1.0 1.4
Erythrocytes, 108/uL Mean 4.8 4.5 41 4.6 4.2 4.9 4.7 41 4.6 4.5
SEM 0.4 041 0.1 041 0.2 0.3 0.2 0.1 0.2 0.2
White blood cells, 103/mm? Mean 6.5 4.6 2.8 6.6 9.4 6.3 5.0 2.6 7.4 7.2
SEM 2.7 1.9 1.1 2.7 3.8 2.8 2.2 1.2 3.0 2.9

Physiological blood parameters were measured in AdipoRon- and vehicle-treated rats before CPB (T1), at 25°C in the cooling phase (T2), at 20°C (T3)
and 35°C (T4) in the rewarming phase, and after 60 minutes of reperfusion (T5). Results for T1 to T5 are presented as mean+SEM (n=7 animals per group).
Differences of blood parameter values were analyzed statistically by comparing the experimental groups cardiopulmonary bypass (CPB)-Vehicle and CPB-
AdipoRon at the indicated time points. No statistically significant intergroup differences were observed. P values >0.10 are not shown.

and reactive nitrogen species eventually triggers myo-
cardial tissue injury. A key element in the process of
inflammation-associated apoptotic tissue injury is acti-
vation of caspase-3 via proteolytic cleavage. Our anal-
ysis by immunoblot revealed that myocardial cleavage
of caspase-3 was significantly upregulated (P<0.01
versus sham) in the rat model of CPB-induced SIRS
(Figure 4A). In contrast to the AdipoRon-mediated in-
hibitory effects on myocardial inflammation, the CPB-
induced increase in myocardial activation of caspase-3
was only attenuated numerically (P=0.224) in animals
in the AdipoRon group. Moreover, the CPB-induced
increase in circulating levels of troponin T (P<0.01) was
not affected by AdipoRon, further indicating absence
of significant inhibitory action with regard to myocardial
injury (Figure 4B).

AdipoRon Modulates Myocardial
Activation of AMPK

Activation of AMPK by phosphorylation of its a subu-
nit ensures cellular homeostasis by mediating protec-
tive metabolic, anti-inflammatory, and antiapoptotic
effects. Moreover, AMPK is a central component of
signaling cascades originating from AdipoR1/R2.5 Our
analysis by immunoblot (Figure 5) revealed that the
CPB procedure itself induced a significant activation of
myocardial AMPK (P<0.05). However, the application
of AdipoRon triggered a further upregulation (P<0.05)
of myocardial AMPK activation.
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AdipoRon Inhibits Emergence of a SIRS-
Associated Inflammatory Phenotype in
Cardiac Cells

Endotoxemia and massive release of proinflammatory
cytokines such as TNF-a constitute major triggers
of CPB-induced SIRS.® To evaluate mechanisti-
cally whether AdipoRon acts cardioprotective dur-
ing CPB-induced SIRS by inhibiting the emergence
of an inflammatory phenotype in cardiac myocytes,
cells were preincubated with AdipoRon doses rang-
ing from 40 to 100 umol/L before stimulation with
lipopolysaccharide or TNF-a. Treatment of cardiac
myocytes with AdipoRon dose-dependently sup-
pressed the lipopolysaccharide-induced release of
TNF-a (Figure 6A) while simultaneously upregulating
phosphorylation, ie, activation of AMPK (Figure 6B).
Correspondingly, AdipoRon-mediated suppression
of lipopolysaccharide-induced TNF-a release as well
as induction of AMPK activation were also observed
for cardiac fibroblasts (Figure 7A and 7B). In vascu-
lar endothelial cells, maximal AMPK activation was
already achieved at an AdipoRon concentration of
40 pmol/L (Figure 8A). Based on the results of the
associated cytotoxicity measurements by lactate de-
hydrogenase assay for cardiac myocytes (Figure 6C)
and fibroblasts (Figure 7C), which indicated nu-
merically but not significantly increased lactate de-
hydrogenase activity in supernatants of cardiac
cells preincubated with 100 pmol/L AdipoRon, an
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Figure 3. AdipoRon attenuates cardiopulmonary bypass (CPB)-induced myocardial inflammation.

Myocardial mRNA expression of (A) the cytokines/chemokines TNF-a (tumor necrosis factor ), IL (interleukin) 13, CCL2 (C-C
chemokine ligand 2), and IL-10, as well as (B) the enzymes nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox2
subunit) and inducible nitric oxide synthase (iNOS) was measured relative to HPRT1 (hypoxanthine phosphoribosyltransferase 1)
by quantitative real-time polymerase chain reaction in AdipoRon- and vehicle-treated animals after completion of the experimental
CPB procedure. C, Expression of nuclear factor kB inhibitor a (IkBa) in myocardial tissue of AdipoRon- and vehicle-treated rats was
analyzed by immunoblot. Left panel: representative pictures of the IkBa (molecular weight: 39 kDa) and GAPDH, molecular weight:
37 kDa) band patterns. Right panel: column bars indicate quantified levels of IkBa/GAPDH expression ratios. Results are presented as
mean+SEM (n=7 animals per group). Differences of marker expression levels between experimental groups were analyzed statistically
by performing the indicated pairwise comparisons.

AdipoRon dose of 80 pmol/L was finally chosen
for all further in vitro experiments, including the ex-
periments with vascular endothelial cells. As part of
these experiments, expression analysis by gPCR
revealed that preincubation of cardiac myocytes
with AdipoRon attenuated the lipopolysaccharide-
induced upregulation of the cytokine IL-1[3 (Figure 6D;
P<0.01), the chemokine CCL2 (P<0.05), as well as
the enzymes NADPH oxidase (Figure 6E; P<0.05)
and iINOS (P<0.01). Moreover, AdipoRon inhibited

J Am Heart Assoc. 2021;0:e018097. DOI: 10.1161/JAHA.120.018097

the TNF-a—induced upregulation of IL-13 (P<0.001),
CCL2 (P<0.001), NADPH oxidase (P<0.01), and iNOS
expression (numerical, P=0.114) in cardiac myocytes
(Figure S3). In cardiac fibroblasts, we observed
corresponding AdipoRon-mediated attenuation of
TNF-a-induced C CL2 (P=0.052) and NADPH oxi-
dase (P<0.01) expression as shown in Figure 7D and
7E, respectively. Finally, also in vascular endothelial
cells, AdipoRon mediated a comprehensive spec-
trum of anti-inflammatory effects as evidenced by
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Figure 4. AdipoRon does not affect cardiopulmonary bypass (CPB)-induced myocardial injury.

A, Myocardial activation of apoptosis marker caspase-3 (CASP-3) in AdipoRon- and vehicle-treated animals was analyzed by
immunoblot after completion of the experimental CPB procedure. Upper panel: representative pictures of the uncleaved (molecular
weight: 35 kDa) and cleaved CASP-3 (molecular weight: 17 kDa) band patterns. Lower panel: column bars indicate quantified levels
of cleaved CASP-3/CASP-3 expression ratios. B, Serum levels of troponin T were measured at the end of the reperfusion phase
(T5) in AdipoRon- and vehicle-treated animals. Results are presented as mean+SEM (n=7 animals per group). Differences of marker
expression levels between experimental groups were analyzed statistically by performing the indicated pairwise comparisons.

attenuation of lipopolysaccharide-induced upregula-
tions of TNF-a (Figure 8B; P<0.01), IL-13 (P<0.01), and
iNOS (Figure 8C; P=0.065) expression without caus-
ing toxic effects, as evidenced by unchanged lac-
tate dehydrogenase activity in culture supernatants
(Figure 8D). In addition, AdipoRon also inhibited the
TNF-a-induced upregulations of CCL2 (Figure 8E;
P<0.01), ICAM-1 (Figure 8F; P<0.05), and VCAM-1
(Figure 8G; P<0.01) in vascular endothelial cells.

AdipoRon Inhibits Proinflammatory TLR4
and TNF-a Signaling in Cardiac Cells by
Mechanisms Involving Upregulation of
IL-10 and Activation of AMPK

NF-kB is a key regulatory transcription factor in both
the proinflammatory TLR4 and TNF-a signaling path-
ways. Using an NF-kB p65 subunit DNA-binding
ELISA, we observed a significant induction of NF-
KB p65 activation (P<0.05) following stimulation of
cardiac myocytes with lipopolysaccharide or TNF-a
(Figure 9A). Moreover, we witnessed lipopolysaccha-
ride- and TNF-a-induced upregulations (by trend,
P=0.086) of IkBa phosphorylation as prerequisite for
NF-kB p65 activation (Figure S4). Corroborating our
results of the aforementioned expression analysis,
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AdipoRon preincubation inhibited both activation of
NF-kB p65 (P<0.05) and phosphorylation of IkBa
(by trend, P=0.086), respectively. Simultaneously,
AdipoRon treatment of cardiac myocytes induced a
significant upregulation of the anti-inflammatory cy-
tokine IL-10 under baseline (P<0.05) and a numerical,
not significant, upregulation (P=0.209) under proin-
flammatory culture conditions (Figure 9B). Moreover,
in cardiac fibroblasts, the AdipoRon-induced up-
regulation of IL-10 was significant for both baseline
(P<0.05) and proinflammatory (P<0.05) culture con-
ditions (Figure 7F). However, in vascular endothelial
cells, there was no IL-10 expression detectable by
gPCR.

Furthermore, as observed for myocardial AMPK in
the animal model of CPB-induced SIRS, the compre-
hensive anti-inflammatory effects of AdipoRon were
accompanied by significantly upregulated phosphor-
ylation, ie, activation, of AMPK in cardiac myocytes
(Figure 9C) and fibroblasts (Figure 7G) as well as vas-
cular endothelial cells (Figure 8H).

Finally, to further clarify the key mechanistic role of
AMPK for mediation of anti-inflammatory and cardio-
protective effects induced by AdipoRon in our study, we
performed additional in vitro experiments examining ef-
fects of the AMPK activator AICAR on the development
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Figure 5. AdipoRon upregulates cardiopulmonary bypass
(CPB)-induced myocardial activation of AMP-activated
protein kinase (AMPK).

Phosphorylation of AMPK in myocardial tissue of AdipoRon- and
vehicle-treated rats was analyzed by immunoblot after completion
of the experimental CPB procedure. Upper panel: representative
pictures of the resulting phosphorylated AMPK (P-AMPK;
molecular weight: 62 kDa) and AMPK (molecular weight: 62 kDa)
band patterns. Lower panel: column bars indicate quantified
P-AMPK/AMPK expression ratios. Results are presented as
mean+SEM (n=7 animals per group). Differences of marker
expression levels between experimental groups were analyzed
statistically by performing the indicated pairwise comparisons.

of a SIRS-associated inflammatory phenotype in car-
diac myocytes. As observed for AdipoRon, treatment
of cardiac myocytes with 1-mmol/L AICAR significantly
blocked the lipopolysaccharide-induced release of
TNF-a (Figure 10A) without mediating toxic side effects,
as evidenced by unchanged lactate dehydrogenase ac-
tivity in culture supernatants (Figure 10B). Moreover, ex-
pression analysis by gPCR revealed that—as observed
for AdipoRon—preincubation of cardiac myocytes with
AICAR attenuated the lipopolysaccharide-induced
upregulation of inflammatory markers such as the
chemokine CCL2 (Figure 10C; P=0.065) and the en-
zyme iINOS (Figure 10D; P<0.05). However, in contrast
to AdipoRon, AICAR did not upregulate expression of
the anti-inflammatory cytokine IL-10 in cardiac myo-
cytes (Figure 10E), ie, the IL-10 expression remained
unchanged under baseline conditions and was down-
regulated by trend (P=0.087) under proinflammatory
culture conditions in response to AICAR stimulation.
Finally, as expected, AICAR significantly upregulated
(P<0.05, respectively) phosphorylation, ie, activation,
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of AMPK in cardiac myocytes (Figure 10F) under both
baseline and proinflammatory culture conditions.

DISCUSSION

In this study, we report that application of the synthetic
adiponectin receptor agonist AdipoRon is beneficial in
a rat model of CPB-induced SIRS by modulating sys-
temic and myocardial inflammation thus attenuating
impairment of myocardial function.

AMPK is a key mediator of metabolic, anti-
inflammatory, and cytoprotective/organoprotective ef-
fects with relevance for CPB-induced SIRS. It inhibits
energy-consuming and stimulates energy-producing
metabolic processes avoiding hypoxanthine accumu-
lation during ischemia and thus attenuating ROS gen-
eration after reperfusion." Correspondingly, synthetic
activators of AMPK have been shown to ameliorate I/R-
induced inflammation and injury in cardiac myocytes in
vitro'? and in vivo.'® Consistent with the fact that AMPK
is a central component of signaling cascades origi-
nating from AdipoR1/R2,% our analysis by immunoblot
shows that AdipoRon application in the model of CPB-
induced SIRS actually results in increased myocardial
activation of AMPK. This finding indicates that adminis-
tered AdipoRon is readily delivered to the heart where
it effectively activates AMPK-dependent cardioprotec-
tive processes.

An associated major finding of our study is that
AdipoRon modulates CPB-induced inflammation at
both systemic and cardiac level. As part of the in-
flammatory cascade of CPB-induced SIRS, large
amounts of various immunomodulatory cytokines
are released systemically.® Correspondingly, we ob-
served substantial increases in plasma levels of TNF-
a, IL-1B, IL-6, and IL-10 following DHCA in our rat model
of CPB-induced SIRS. Whereas TNF-a, IL-13, and
IL-6 were not affected by AdipoRon, it upregulated
plasma levels of the anti-inflammatory IL-10, which
has been shown to attenuate development of organ
failure in human SIRS.'"* In the heart, we observed
CPB-induced increases in myocardial expression of
TNF-q, IL-13, CCL2, and ROS- and reactive nitrogen
species—producing NADPH oxidase and iNOS, which
were mostly attenuated significantly or by trend fol-
lowing AdipoRon application. Moreover, AdipoRon
inhibited the CPB-induced myocardial degradation
of IKBa as prerequisite for activation of transcription
factor NF-kB, which controls the expression of tar-
get genes such as TNF-a, IL-13, CCL2, NADPH ox-
idase, and iNOS in immune and nonimmune cells.'°
These findings are consistent with a previous study
by Zhang et al,'® which demonstrated that applica-
tion of AdipoRon attenuated the upregulation of left
ventricular NADPH oxidase expression triggered by
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Figure 6. AdipoRon inhibits the emergence of a systemic inflammatory response syndrome-associated inflammatory
phenotype in cardiac myocytes.

Cardiac myocytes were preincubated with AdipoRon (concentration range 40-100 pmol/L) or vehicle (dimethyl sulfoxide) for 2 hours
before stimulation with lipopolysaccharide (1 mg/mL) for 1 hour. A, Concentration of TNF-a (tumor necrosis factor ) in culture
supernatants, (B) phosphorylation status of AMP-activated protein kinase (AMPK; molecular weight: 62 kDa) in cell lysates, and
(C) content of lactate dehydrogenase (LDH) in culture supernatants was quantified by ELISA (n=5), immunoblot (n=2), and activity
assay (n=5), respectively. Cardiac myocytes were preincubated with AdipoRon (80 pmol/L) or vehicle for 2 hours before stimulation
with lipopolysaccharide (1 mg/mL) for 1 hour. mRNA expression of (D) the cytokine IL (interleukin) 13 and the chemokine CCL2 (C-C
chemokine ligand 2), as well as (E) the enzymes nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox2 subunit) and
inducible nitric synthase (iNOS) were measured relative to 18S ribosomal RNA (rRNA) by quantitative real-time polymerase chain
reaction (n=6-7). Results are presented as mean+SEM. Differences of marker expression levels between experimental groups were
analyzed statistically by performing the indicated pairwise comparisons.

myocardial I/R. Moreover, systemic overexpression
of adiponectin in murine autoimmune myocarditis
resulted in comprehensive inhibition of myocardial
inflammation as evidenced by diminished expression
of proinflammatory cytokines and chemokines such
as TNF-q, IL-13, and CCL2."® Although AdipoRon did
attenuate myocardial inflammation and impairment of
cardiac function in rats subjected to CPB with DHCA,
these effects were not accompanied by a limitation
of myocardial injury in the present study. However, in
2 earlier studies examining the effects of selenium'
and DNAse '8 in a rat model of CPB-induced SIRS,
we observed that treatment-induced improvements

J Am Heart Assoc. 2021;0:e018097. DOI: 10.1161/JAHA.120.018097

of ROS formation/persistence and inflammation do
not necessarily go along with immediate alleviation
of cardiac and pulmonary tissue injury in our disease
model. Thus, whether an attenuation of cardiac injury
associated with AdipoRon-mediated improvements
of CPB and DHCA-related inflammation may occur
at later time points has to be examined in future stud-
ies including an extended postweaning observational
period.

SIRS-associated myocardial inflammation has
been shown to decrease cardiac contractility and im-
pair myocardial compliance, resulting in acute heart
failure, because myocyte contractility is inhibited by
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Figure 7. AdipoRon inhibits the emergence of a systemic inflammatory response syndrome-associated inflammatory
phenotype in cardiac fibroblasts.

Cardiac fibroblasts were preincubated with AdipoRon (concentration range 40—-100 umol/L) or vehicle (dimethyl sulfoxide) for 2 hours
before stimulation with lipopolysaccharide (1 mg/mL) for 1 hour. A, Concentration of TNF-a (tumor necrosis factor a) in culture
supernatants, (B) phosphorylation status of AMP-activated protein kinase (AMPK; molecular weight: 62 kDa) in cell lysates and (C)
content of lactate dehydrogenase (LDH) in culture supernatants was quantified by ELISA (n=5), immunoblot (n=2), and activity assay
(n=5), respectively. Cardiac fibroblasts were preincubated with AdipoRon (80 pmol/L) or vehicle for 2 hours before stimulation with
TNF-a (10 ng/mL) for 1 hour. mMRNA expression of (D) the chemokine CCL2 (C-C chemokine ligand 2), (E) the enzyme nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (Nox2 subunit), and (F) the cytokine IL (interleukin) 10 was measured relative to
18S ribosomal RNA (rRNA) by quantitative real-time polymerase chain reaction (n=6). G, Phosphorylation of AMPK in cell lysates
was analyzed by immunoblot (n=5). Upper panel: representative pictures of the resulting phosphorylated AMPK (P-AMPK; molecular
weight: 62 kDa) and AMPK (molecular weight: 62 kDa) band patterns. Lower panel: column bars indicate quantified P~-AMPK/AMPK
expression ratios. Results are presented as mean+SEM. Differences of marker expression levels between experimental groups were
analyzed statistically by performing the indicated pairwise comparisons.

proinflammatory cytokines, ROS, and reactive nitro-
gen species.'® Consistent with diminished myocar-
dial inflammation in animals in the AdipoRon group,
we observed that AdipoRon treatment attenuates
CPB-induced impairment of HR and MAP following
DHCA. Moreover, during the weaning and postwean-
ing phases, HR and MAP values in all animals in the
AdipoRon group (7 of 7) remained at levels observed
immediately before the start of the weaning phase,
while in 2 of 7 of the dimethyl sulfoxide—treated ani-
mals the cardiac rhythm was irretrievably lost. These

J Am Heart Assoc. 2021;0:e018097. DOI: 10.1161/JAHA.120.018097

AdipoRon-mediated enhancements of HR and MAP
seem to result in improved tissue perfusion and oxy-
gen supply, as following DHCA we observed reduced
blood levels of lactate—a marker of ischemia-induced
hypoxic metabolism?°—in AdipoRon-treated animals.
Endotoxemia is a major trigger of CPB-induced
SIRS as systemically released endotoxin/lipopoly-
saccharide potently elicits inflammatory responses
via activation of TLR4 signaling.?’ Moreover, proin-
flammatory cytokines such as TNF-a are central me-
diators reinforcing CPB-induced SIRS,® resulting in
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Figure 8. AdipoRon inhibits the emergence of a systemic inflammatory response syndrome-associated inflammatory
phenotype in vascular endothelial cells.

Vascular endothelial cells were preincubated with AdipoRon (concentration range 40-100 umol/L) or vehicle (dimethyl sulfoxide) for
2 hours before stimulation with lipopolysaccharide (1 mg/mL) for 1 hour. A, Phosphorylation status of AMP-activated protein kinase
(AMPK; molecular weight: 62 kDa) in cell lysates was quantified by immunoblot (n=2). Vascular endothelial cells were preincubated
with AdipoRon (80 pmol/L) or vehicle for 2 hours before stimulation with lipopolysaccharide (1 mg/mL) for 1 hour. mMRNA expression
of (B) the cytokines TNF-a (tumor necrosis factor a) and IL (interleukin) 13 and (C) the enzyme inducible nitric oxide synthase (INOS)
was measured by quantitative real-time polymerase chain reaction (n=6). D, The content of lactate dehydrogenase (LDH) in culture
supernatants was quantified by activity assay (n=6). Vascular endothelial cells were preincubated with AdipoRon (80 pmol/L) or vehicle
for 2 hours before stimulation with TNF-a (10 ng/mL) for 1 hour. mRNA expression of (E) the chemokine CCL2 (C-C chemokine ligand
2) and the adhesion molecules (F) intercellular adhesion molecule 1 (ICAM-1) and (G) vascular cell adhesion molecule 1 (VCAM-1) was
measured relative to 18S ribosomal RNA (rRNA) by quantitative real-time polymerase chain reaction (n=6). H, Phosphorylation of AMPK
in cell lysates was analyzed by immunoblot (n=5). Upper panel: representative pictures of the resulting phosphorylated AMPK (P-
AMPK; molecular weight: 62 kDa) and AMPK (molecular weight: 62 kDa) band patterns. Lower panel: column bars indicate quantified P-
AMPK/AMPK expression ratios. Results are presented as mean+SEM. Differences of marker expression levels between experimental
groups were analyzed statistically by performing the indicated pairwise comparisons.

deleterious sustained hyperactivation of immune and the upregulation of various SIRS-related proinflam-
nonimmune cells. The results of our in vitro experi- matory markers such as TNF-a, IL-13, CCL2, NADPH
ments using cardiac cells provide clear mechanistic ~ oxidase, and iNOS, while simultaneously attenu-
indications on how AdipoRon acts anti-inflammatory ating phosphorylation of IkBa and subsequent ac-
and cardioprotective in the animal model of CPB- tivation of the proinflammatory transcription factor
induced SIRS. As observed in vivo, in cultured NF-kB triggered by lipopolysaccharide and TNF-q,
cardiac myocytes, cardiac fibroblasts, and vascu- respectively. Corresponding inhibitory effects with
lar endothelial cells—representing the major SIRS- regard to TLR4 and TNF-a signaling in cardiac myo-
relevant types of cardiac cells—AdipoRon treatment cytes have been previously described for adiponec-
dose-dependently and comprehensively inhibited  tin.'®22 Moreover, AdipoRon induced a significant
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Figure 9. AdipoRon inhibits systemic inflammatory response syndrome-associated proinflammatory TLR4 (Toll-like
receptor 4) and TNF-a (tumor necrosis factor a) signaling in cardiac myocytes by mechanisms involving upregulation of IL
(interleukin) 10 and activation of AMP-activated protein kinase (AMPK).

A, Cardiac myocytes were preincubated with AdipoRon (80 pmol/L) or vehicle (dimethyl sulfoxide) for 2 hours before stimulation
with lipopolysaccharide (1 mg/mL) for 1 hour (left panel) or TNF-a (10 ng/mL) for 15 minutes (right panel). Activation of nuclear factor
KB (NF-kB) p65 in cell lysates was measured by DNA-binding ELISA (n=5). Cardiac myocytes were preincubated with AdipoRon
(80 pumol/L) or vehicle ) for 2 hours before stimulation with lipopolysaccharide (1 mg/mL) for 1 hour. B, mRNA expression of the
cytokine IL (interleukin) 10 was quantified relative to 18S ribosomal RNA (rRNA) by quantitative real-time polymerase chain reaction
(n=6-7). C, Phosphorylation of AMPK in cell lysates was analyzed by immunoblot (n=5). Left panel: representative pictures of the
resulting phosphorylated AMPK (P-AMPK; molecular weight: 62 kDa) and AMPK (molecular weight: 62 kDa) band patterns. Right
panel: column bars indicate quantified phospho-AMPK/AMPK expression ratios. Results are presented as mean+SEM. Differences of
marker expression levels between experimental groups were analyzed statistically by performing the indicated pairwise comparisons.

upregulation of the anti-inflammatory cytokine IL-10 increased activation of myocardial AMPK and AMPK-
in cardiac myocytes and fibroblasts. Although we  associated downstream signaling pathways. Thus,
observed no comparable in vivo effect for myocar-  AICAR attenuated CPB-induced myocardial injury
dial tissue, AdipoRon application induced by trend and dysfunction as evidenced by plasma levels of
increased plasma levels of IL-10, which has been cardiac troponin |, echocardiographic measurement
shown to contribute to the immunoinhibitory effects  of left ventricular ejection fraction, and left ventricular
of adiponectin.?® Furthermore, as observed for myo- end-systolic dimension. Moreover, in various studies
cardial tissue in vivo, the anti-inflammatory effects of ~ employing murine models of lipopolysaccharide-
AdipoRon in cardiac myocytes, cardiac fibroblasts induced septic myocardial injury in vivo, administra-
and vascular endothelial cells were accompanied by  tion of AMPK activators such as AICAR or metformin
significant activation of AMPK, the key mediator of  resulted in comprehensive cardioprotection®®-27
anti-inflammatory and cardioprotective effects trig- associated with suppression of TLR4 signaling-
gered by AdipoR1/R2 signaling.® Similar to our study  induced myocardial inflammation and injury. In addi-
examining the effects of AdipoRon, Wang et al®*  tion, in a murine model of myocardial I/R, Kim et al*®
observed that administration of the AMPK activator =~ demonstrated that activation of myocardial AMPK
AICAR in a rat model of CPB was associated with and associated downstream signaling triggered by
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Figure 10. 5-Aminoimidazole-4-carboxamide 1-3-D-ribofuranoside (AICAR) inhibits the emergence of a systemic
inflammatory response syndrome-associated inflammatory phenotype in cardiac myocytes.

Cardiac myocytes were preincubated with AICAR (1 mmol/L) or vehicle (H,O) for 2 hours before stimulation with lipopolysaccharide
(1 mg/mL) for 1 hour. A, Concentration of TNF-a (tumor necrosis factor ) in culture supernatants and (B) content of lactate
dehydrogenase (LDH) in culture supernatants was quantified by ELISA (n=7) and activity assay (n=7), respectively. Cardiac myocytes
were preincubated with AICAR (1 mmol/L) or vehicle (H,0) for 2 hours before stimulation with lipopolysaccharide (1 mg/mL) for 1 hour.
mRNA expression of (C) the chemokine CCL2 (C-C chemokine ligand 2), (D) the enzyme inducible nitric oxide synthase (iNOS), and
(E) the cytokine IL (interleukin) 10 was measured relative to 18S ribosomal RNA (rRNA) by quantitative real-time polymerase chain
reaction (n=6). F, Phosphorylation of AMP-activated protein kinase (AMPK) in cell lysates was analyzed by immunoblot (n=5). Upper
panel: representative pictures of the resulting phosphorylated AMPK (P-AMPK; molecular weight: 62 kDa) and AMPK (molecular
weight: 62 kDa) band patterns. Lower panel: column bars indicate quantified P-AMPK/AMPK expression ratios. Results are presented
as mean+SEM. Differences of marker expression levels between experimental groups were analyzed statistically by performing the
indicated pairwise comparisons.

the small molecule activator A769662 protects the
heart against injury by inhibiting myocardial apopto-
sis and necrosis. Accordingly, Zhang et al’ showed
that AdipoRon-induced attenuation of myocardial
oxidative stress and tissue injury as well as preserva-
tion of left ventricular function following myocardial-
specific I/R is essentially mediated by AMPK. Finally,
systemic adiponectin  overexpression attenuates
myocardial inflammation in murine autoimmune
myocarditis through AMPK-mediated inhibition of
proinflammatory TLR4 and TNF-a signaling.'®?? The
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results of our in vitro experiments examining the ef-
fects of the AMPK activator AICAR on the emergence
of a SIRS-associated inflammatory phenotype in car-
diac myocytes further support our hypothesis that
AdipoRon attenuates CPB-induced SIRS by activat-
ing AMPK, as AICAR—similar to AdipoRon—induced
a comprehensive spectrum of anti-inflammatory
effects inhibiting lipopolysaccharide-induced up-
regulation of various SIRS-associated proinflam-
matory markers such as TNF-a, CCL2, and iNOS.
The fact that AICAR did not induce a simultaneous
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upregulation of the anti-inflammatory cytokine IL-
10 in cardiac myocytes, neither under baseline nor
under proinflammatory culture conditions, indicates
that the AdipoRon-induced upregulation of IL-10 is
independent of AMPK activation. This is conceivable,
since AMPK represents the major mediator of signal-
ing originating from AdipoR1/R2, but otherwise also
an activation of various AMPK-independent down-
stream signaling pathways has been observed.?®
However, the similarity of AICAR- and AdipoRon-
mediated inhibitory effects with regard to emergence
of TNF-a and TLR4 signaling—induced inflamma-
tory phenotypes in cardiac myocytes illustrates that
AMPK is the essential mediator of AdipoRon-related
immunomodulation and cardioprotection in our rat
model of CPB-induced SIRS.

Several limitations of our study have to be consid-
ered. First, it is a pilot study that examined only a sin-
gle AdipoRon dose/application regimen that included
only a relatively small number of animals. Moreover,
regarding the evaluation of myocardial function, there
were no hemodynamic measurements included and
the significance of HR measurements was restricted
by an upper detection limit. Furthermore, our study
only analyzed acute effects of AdipoRon, ie, its im-
pact on long-term parameters of cardiac recovery—
such as remodeling and hemodynamics®®*—was not
assessed. In addition, because of our lack of expe-
rience with the postweaning stability of the animals
we chose, a postweaning observational period,
which was possibly too short to assess whether the
observed protective effects of AdipoRon, are main-
tained long enough to attenuate the long-term detri-
mental effects of CPB-induced SIRS and to make the
AdipoRon-induced improvements in cardiocirculatory
resistance fully visible. However, to allow a mean-
ingful analysis of the protective long-term effects of
AdipoRon with regard to cardiac inflammation, injury,
remodeling, and hemodynamics, we plan to expand
the analytical setup of our rat model of CPB-induced
SIRS, ie, animals will be weaned from the CPB and
then wake up from anesthesia to be observed for up
to 14 days postoperatively. Moreover, this approach
would allow to examine the effects of additional re-
peated AdipoRon administrations during the follow-up
observational phase on the long-term course of the
CPB-induced SIRS. Besides, the clinical application
of CPB with DHCA is currently restricted to extended
aortic surgery and complex pediatric cardiac surgery.
However, DHCA enables extended periods of global
ischemia and facilitates the subsequent restoration of
cardiac rhythm. Moreover, the establishment of CPB
with nonhypothermic cardiac arrest is challenging in
small animal models.®' Finally, possibly because of the
relatively small sizes of the treatment groups in our
study, we repeatedly observed effects of AdipoRon
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treatment in our in vivo and in vitro experiments, which
lacked statistical significance.

CONCLUSIONS

Our study indicates that AdipoRon is a promising
therapeutic candidate to address CPB-induced SIRS
with the capacity to attenuate the underlying complex
and multifactorial pathogenesis. Thus, it will be worth
testing alternative dose/application regimens and novel
synthetic agonists with further improved AdipoR1/
AdioR2 binding affinity and specificity as well as opti-
mized absorption, distribution, metabolism, and excre-
tion properties.
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Data S1. Supplemental Materials and Methods

Quantitative real-time polymerase chain reaction (QPCR)

gPCR was performed using self-designed primers against mRNA transcripts encoding rat
tumor necrosis factor o (TNF)-a (forward: GCTCCCTCTCATCAGTTCCA, reverse:
GCTTGGTGGTTTGCTACGAC), interleukin (IL)-1p (forward: TCTTTGAAGAAGAGCCC
GTCC, reverse: GCAGTGCAGCTGTCTAATGG), IL-10 (forward: GACGCTGTCATCGA-
TTTCTCCC, reverse: GCCTTGTAGACACCTTTGTCTTG), C-C chemokine ligand (CCL)2
(forward: CTGTAGCATCCACGTGCTGT, reverse: GGTGCTGAAGTCCTTAGGGT),
inducible nitric oxide synthase (iNOS) (forward: CTTGTTCAGCTACGCCTTCA, reverse:
TGCCAAATGTGCTTGTAACC), nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Nox2 subunit) (forward: TAGCACTTCACACGGCCATT, reverse: ATATGGGTCC
GAAGTCCCGA), or hypoxanthine phosphoribosyltransferase (HPRT)1 (forward: GACCG
GTTCTGTCATGTCG, reverse: ACCTGGTTCATCATCACTAATCAC), as well as human
TNF-a (forward: CTGCTGCACTTTGGAGTGAT, reverse: GCCAGAGGGCTGATTAG
AGA), IL-1p (forward: AGCTGATGGCCCTAAAC AGA, reverse: GGAGATTCGTAGCTG
GATGC), IL-10 (forward: CCTGACCACGCTTTC TAGCT, reverse: GGCTCCCTGGTTTC
TCTTCC), CCL2 (forward: GCTCATAGCAGCCACCTTCA, reverse: AGGTGACTGGGGC
ATTGATT), INOS (forward: AAGCAGCAGAATGAGTCCCC, reverse: TGCATCCAGCTT
GACCAGAGQ ), intercellular adhesion molecule (ICAM)-1 (forward: GCCAACCAATGTGCT
ATTCA, reverse: AGTTCCACCCGTTCTGGAGT), vascular cell adhesion molecule
(VCAM)-1 (forward: TGCGGGAGTATATGAATGTGAA, reverse: GCACGAGAAGCTCA
GGAGAA), or 18S ribosomal RNA (rRNA) (forward: CAGCCACCCGAGATTGAGCA,

reverse: TAGTAGCGACGGGCGGTGTG).



Figure S1. Experimental time line of the cardiopulmonary bypass (CPB) procedure.

AdipoRon ™y AdipoRon |

90 min 30 min 45 min 40 min 60 min 20 min 10 min
Post-
Cannulation Cooling Hypothermic Rewarming Reperfusion Weaning Weaning
Arrest/ Ischemia
------ J:-
LiE N
o Cardio Pulmonary Bypass tﬁ
— T1
— —] 1 T4 T5
=]
L. 3 |
@ 35°C —]
L —
2 — | I
(o] R -]
£ 30°C — |
o —
= -
2 25°C —
> —
5 = T2 T3 .
g 20°C ] application of AdipoRon
- e . (IA, 12.5 mg/kg)
15°C — I |

u taking of blood samples

t“\\i taking of organ samples

Male Wistar rats were cannulated, connected to a heart-lung machine (HLM) and cooled to a temperature of 16°C within 30 min before they underwent 45 min of
deep hypothermic circulatory arrest (DHCA) with global ischemia. Restart of the CPB was followed by rewarming and 60 min of reperfusion. Subsequently, the rats
were weaned from the CPB over a period of 20 min by stepwise ten percent reductions of the CPB flow rate performed every 2 min. After the weaning process was
completed the animals were observed for a further 10 min and finally euthanized. Hemodynamic and vital parameters were recorded throughout the CPB procedure.
Blood gas analysis was performed and blood as well as cardiac tissue samples were taken to measure systemic and organ-specific markers of inflammation, stress-
response and injury. T1-T5 represent predefined time points for blood sampling, i.e. before CPB (T1), at 25°C in the cooling phase (T2), at 20°C (T3) and 35°C (T4)
in the rewarming phase and after 60 min of reperfusion before the start of the weaning process (T5). AdipoRon (12.5 mg/kg body weight) or vehicle (dimethyl
sulfoxide) was applied twice intra-arterial (IA) via the short cut access of the HLM at time points 10 min before the start of the CPB and with the beginning of the
rewarming phase, respectively.



Figure S2. AdipoRon does not affect compensatory drug application.
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If necessary to maintain physiological vital parameters sodium bicarbonate (NaBiC), trometamol (TRIS) or norepinephrine (Arterenol) were applied during the
operative procedures of the cardiopulmonary bypass (CPB) model. Administered volumes of drugs were recorded for each animal. Results are presented as

mean+SEM (n = 7 animals per group). Differences of applied drug volumes were analyzed statistically by comparing the experimental groups CPB-vehicle (VHC)
and CPB-AdipoRon (ADR).



Figure S3. AdipoRon inhibits the emergence of a systemic inflammatory response syndrome-associated tumor necrosis factor a

(TNF-a))-induced inflammatory phenotype in cardiac myocytes.
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Cardiac myocytes were preincubated with AdipoRon (ADR, 80 uM) or vehicle (VHC, dimethyl sulfoxide) for 2 h before stimulation with TNF-a (10 ng/mL) for
1 h. mRNA expression of the (A) enzymes nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox2 subunit) and inducible nitric oxide synthase
(iNOS) as well as (B) the cytokine interleukin (IL)-1p and the chemokine C-C chemokine ligand (CCL)2 was measured relative to 18S ribosomal RNA (rRNA) by
gPCR (n = 8). Results are presented as mean+SEM. Differences of marker expression levels between experimental groups were analyzed statistically by performing
the indicated pairwise comparisons.



Figure S4. AdipoRon attenuates systemic inflammatory response syndrome-associated Toll-like receptor 4 (TLR4) and (tumor

necrosis factor a (TNF-a) signaling-induced phosphorylation of nuclear factor kB inhibitor a (IkBa) in cardiac myocytes.
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Cardiac myocytes were preincubated with AdipoRon (ADR, 80 uM) or vehicle (VHC, dimethyl sulfoxide) for 2 h before stimulation with (A) lipopolysaccharide
(LPS, 1 mg/mL) for 1 h or with (B) TNF-a (10 ng/mL) for 15 min. The phosphorylation of IkBa. in cell lysates was analyzed by immunoblot (n = 4). Left panel:
Representative pictures of the resulting phosphorylated IxBa (P-IxkBa, molecular weight: 40 kDa) and B-Actin (molecular weight: 45 kDa) band patterns. Right
panel: Column bars indicate quantified P-IkxBo/B-Actin expression ratios. Results are presented as mean+SEM. Differences of marker expression levels between
experimental groups were analyzed statistically by performing the indicated pairwise comparisons.



