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Pathways Involved in
Interleukin-1g-Mediated
Murine Cardiomyocyte
Apoptosis

Accumulating evidence suggests that interleukin-1 (IL-1) signaling plays an essential role
in the pathogenesis of heart failure by inducing cardiomyocyte apoptosis, but the mecha-
nisms of this process are poorly defined. We further explored these molecular pathways.

We isolated cardiomyocytes from neonatal mice and then cultured and stimulated them
with murine IL-1B in vitro. Cell apoptotic ratios were measured by means of flow cytom-
etry. Expression of effector molecules was analyzed by means of enzyme-linked immuno-
sorbent assay, Western blotting, and real-time quantitative polymerase chain reaction. The
results showed that IL-13 induced murine cardiomyocyte apoptosis through a release of
cytochrome c into cytoplasm and through caspase 3 activation. Simultaneously, IL-18 sig-
naling promoted expression of endonuclease G and high-temperature requirement protein
A2 messenger RNA. Survivin and X-linked inhibitors of apoptosis protein (IAP), members
of the IAP family, were inhibited on the messenger RNA level during IL-13-mediated car-
diomyocyte apoptosis.

We found that IL-1B signaling during cardiomyocyte apoptosis in vitro induced the ac-
tivation of caspase-dependent and caspase-independent pathways, and inhibited IAPs.
Understanding the molecular mechanisms involved in IL-1-mediated cardiomyocyte
apoptosis might assist in the design of therapeutic approaches to protect cardiomyocyte
function and prevent heart failure. (Tex Heart Inst J 2015;42(2):109-16)

nterleukin-1 (IL-1), a multifunctional proinflammartory cytokine, was originally

described as the first endogenous pyrogen. It can exert complex biological effects

by modulating gene expression in a wide variety of cell types and inflammatory
conditions.” Interleukin-1 consists of 2 distinct ligands (IL-1o and IL-1B) with high-
sequence homology; however, only IL-1f can be released from cytosol to exocellular
space after activation.*” In addition, IL-1 is consistently induced and activated after
tissue injury, and it appears to mediate reparative responses.®” In the pathogenesis
of cardiovascular diseases, IL-1 signaling promotes the formation of atheromatous
lesions, increases vascular inflammation, and triggers plaque destabilization.** After
myocardial infarction, IL-1 signaling critically regulates the inflammatory response
and is involved in the development of adverse remodeling by increasing the expression
of matrix metalloproteinases.”® Emerging evidence suggests that IL-1 signaling has an
essential role in heart failure by suppressing cardiac function, promoting myocardial
hypertrophy, and even inducing cardiomyocyte apoptosis.”"!

Interleukin-1P has induced rat cardiomyocyte apoptosis that was associated with
activation of Bcl-2 family members." Although the activation of pro-apoptotic path-
ways mediated by IL-1 stimulation during cardiomyocyte injury has been confirmed,
the mechanism involved in this process is poorly defined. Coincidentally, a marked
upregulation of IL-1 has been found in ischemic hearts.** Therefore, understand-
ing the mechanism of IL-1B—mediated cardiomyocyte apoptosis is important in the
designing of optimal therapeutic approaches to counter heart failure. In the current
study, we used cardiomyocytes isolated from neonatal mice and explored the molecu-
lar pathways involved in IL-13—mediated cardiomyocyte apoptosis in vitro, including
caspase-dependent pathways, caspase-independent pathways, and inhibitor of apop-
tosis proteins (IAPs).

This work was supported by grants from the National Natural Science Foundation of China
(No. 31000526) and National 973 Basic Research Program of China Grant 2012CB722406.
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Materials and Methods

We used the neonatal (1-3 d after birth) C57BL/6]
mouse in accordance with our institution’s guidelines
for the care and use of animals. We referred to standard
methods for the primary culture of neonatal rat cardio-
myocytes and modified them for the neonatal mouse.”
First, each mouse heart was gently removed into a Petri
dish that contained cold Gibco® phosphate-buffered sa-
line solution (Life Technologies, part of Thermo Fisher
Scientific Inc.; Grand Island, NY). The atria were dis-
carded. The ventricles were dissected into small pieces
with use of fine scissors and were placed into a new
50-mL tube (Corning Life Sciences; Tewksbury, Mass)
that contained 0.25% Gibco trypsin-EDTA solution
(Life Technologies) and 0.2% type II collagenase so-
lution (Sigma-Aldrich Co. LLC; St. Louis, Mo). The
tube was incubated at a temperature of 37 °C in a water
bath for approximately 30 min, with gentle stirring,

The neonatal mouse cardiomyocytes were isolated
by means of digestion with collagenase and trypsin.
During the first 3 days of culture, we added fibroblast
growth inhibitor to the medium, to purify the cardiac
myocytes from the isolated population. The digestion
was stopped by the addition of a Gibco minimal es-
sential medium that contained 10% Gibco fetal bovine
serum (Life Technologies).

After being washed twice with the medium in a cen-
trifuge for 5 min at 250 xg at a temperature of 4 °C,
the isolated cells were placed into 6-well plates (Corn-
ing Costar Corporation; Corning, NY) at a density of
2 x 10° cells/cm? in a humidified 5% CoO, incubator at
a temperature of 37 °C. The next day, the unattached
cells were removed and fresh medium was added, supple-
mented with fibroblast growth inhibitor (0.1 mmol/L of
bromodeoxyuridine). The culture medium was changed
daily until the cells were used; fibroblast growth inhibi-
tor was added only on the first 3 days. By means of our
method, the purity of the cardiomyocytes exceeded
90%, as determined from the results of cardiac troponin
I immunostaining (Abcam; Cambridge, Mass).

After routine culture in minimal essential medium
and 10% fetal bovine serum for another 3 to 5 days, the
cardiomyocytes were transferred into a new dish (con-
centration, 1 x 10° cells/mL) and were incubated with
the addition of 10 ng/mL of recombinant murine IL-13
(PeproTech; Rocky Hill, NJ) for 72 hr. The cardiomyo-
cytes were then dispersed into single cells with use of
trypsin and were analyzed by means of flow cytometry
under annexin V staining,

Flow Cytometric Analysis

The cultured cardiomyocytes were dispersed into single
cells with use of 0.25% trypsin-EDTA solution. Phyco-
erythrin-conjugated BD Pharmingen™ annexin V (BD
Biosciences; San Jose, Calif ) was added into each sam-
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ple, with incubation in the dark for 15 min ata tempera-
ture of 25 °C. Flow cytometry was performed on a BD
FACSCalibur™ flow cytometer (BD Biosciences) within
1 hr after staining, and the data were analyzed with use
of FlowJo software (FlowJo LLC; Ashland, Ore).

Enzyme-Linked Immunosorbent Assay Analysis
The cultured cardiomyocytes were harvested from the
plates with use of trypsin, and the cytosolic fraction of
every sample (10° cells/sample) was generated with use
of a cell fractionation kit (Abcam). The level of cyto-
chrome c in the cytoplasm was determined with use of
a cytochrome ¢ quantitative enzyme-linked immuno-

sorbent analysis (ELISA) kit (Abcam).

Western Blot Analysis

We separated the whole-cell protein extracts from the
harvested cardiomyocytes by means of sodiumdodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred them to Millipore® Durapore® PVDF
Membrane Filters (EMD Millipore; Billerica, Mass).
After the membranes were incubated with use of an
anti-active (cleaved) caspase-3 antibody (EMD Mil-
lipore), we added a horseradish peroxidase-conjugated
secondary antibody. Finally, the bands were detected
with use of an enhanced chemiluminescence assay, and
the grayscales were analyzed.

Real-Time Quantitative

Polymerase Chain Reaction

The total RNA of the cardiomyocytes was extracted
with use of Invitrogen™ TRIzol® RNA Isolation Re-
agent (Life Technologies), and the complementary DNA
was synthesized with use of Invitrogen™ SuperScript®
IT Reverse Transcriptase (Life Technologies). Table I
shows the primers used to test for the following: apopto-
sis-inducing factor (AIF), cellular inhibitor of apoptosis
protein-1 and -2 (c-IAP1 and c-IAP2), endonuclease G,
glyceraldehyde-3 phosphate dehydrogenase (GAPDH),
high-temperature-requirement protein A2 (HerA2/
Omi), second mitochondria-derived activator of cas-
pase (Smac/Diablo), survivin, and X-linked inhibitor
of apoptosis protein (XIAP). Messenger RNA (mRNA)
was quantified with use of a Bio-Rad CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad Laborato-
ries, Inc.; Hercules, Calif). The data were analyzed by
means of the 2-AACt method, and the fold change in
the expression of the target gene relative to the internal-
control gene (GAPDH) was determined.

Statistical Analysis

Results are presented as mean + SD. Significance be-
tween groups was evaluated by means of the Student
¢ test with use of SPSS 20.0 for Windows (IBM Cor-
poration; Armonk, NY). A P value less than 0.05 was
considered statistically significant.
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TABLE I. Primers Used to Synthesize Complementary DNA of Cardiomyocytes by Means of Real-Time Quantitative
Polymerase Chain Reaction

Effector Molecule Primer
AlF TTGGTCTGGTGGATAGTAGTTTGC/AGAAGATGACACCTTTGCCGTAG
c-1AP1 TGTGGCCTGATGTTGGATAAC/GGTGACGAATGTGCAAATCTACT
c-1AP2 TTTGAATCCAGCCAACAGTCTG/TGATTTGCTCGGAAGTTCACAG
Smac/Diablo GTTGGAGACCACTTGGATGACAG/AGCCAACTTGGTTTCTGCCTT

Endonuclease G GCGAACTTACCAAAATGTCTATGTC/GCTCCAGAGGGATGGTCTCAT

HtrA2/Omi GGACTCCCTCAAAACAACGTG/GAAGGGATGGCAAAGGAGATT
Survivin GAGGCTGGCTTCATCCACTG/ATGCTCCTCTATCGGGTTGTC
XIAP ACTTCCCAAGTAGTAGTCCTGTT/TATTGCCGCATGACAACTGAA
GAPDH GCCTTCCGTGTTCCTACC/AGAGTGGGAGTTGCTGTTG

AlF = apoptosis-inducing factor; c-IAP = cellular inhibitor of apoptosis protein; GAPDH = glyceraldehyde-3 phosphate dehydrogenase;

HtrA2/Omi = high-temperature-requirement protein A2; Smac/Diablo = second mitochondria-derived activator of caspase;

XIAP = X-linked inhibitor of apoptosis protein

Results

In comparison with the control samples (which did
not undergo IL-1f incubation), the IL-1B—incubated
groups had a significantly higher cell apoprotic ratio
(36.7% + 8.4% vs 5.5% £ 2.3%, P=0.0034) (Fig. 1).
Interleukin-1 therefore induced apoptosis of murine
cardiomyocytes in vitro.

Endonuclease G and HtrA2/Omi. Endonuclease G
and HtrA2/Omi were involved in caspase-indepen-
dent pathways during IL-1B—mediated cardiomyocyte
apoptosis. To explore the molecular mechanisms of
this apoptosis, we checked principal effectors involved
in the caspase-dependent and caspase-independent
pathways. The IL-1B—incubated cardiomyocytes had
significantly higher levels of cytosolic cytochrome c (31
*+ 4.4 vs 6+ 0.4 ng/mL per 10° cells; P=0.0014) than
did the unincubated control samples, as determined by
means of ELISA analysis. The released cytochrome cin
cytoplasm triggered the formation of the apoptosome
complex that leads to cell apoptosis via a caspase-de-
pendent pathway. The results of Western blot analysis
revealed that the cardiomyocytes had significantly
higher active (cleaved) caspase-3 expression after IL-1
incubation than did the control samples (Fig. 2). As
a central executioner caspase, caspase 3 was activated
in the cardiomyocytes under IL-1B treatment. These
results indicate that IL-1f signaling triggers the caspase-
dependent apoptotic pathway in cardiomyocyrtes.

In regard to the caspase-independent pathways, the
results of real-time quantitative polymerase chain re-
action (PCR) analysis revealed that the IL-1B—incu-
bated cardiomyocytes had higher endonuclease G and
HtrA2/Omi mRNA expression than did the control

Texas Heart Institute Journal

samples (endonuclease G, P=0.0084; and HerA2/Omi,
P=0.0483). However, we found no significant differ-
ence in Smac/Diablo or AIF expressions of mRNA be-
tween the groups, with or without IL-1f incubation
(Fig. 3). Interleukin-1f signaling also triggered the
caspase-independent apoptotic pathways, which were
mediated by endonuclease G and HerA2/Omi.

Interleukin-1[ Signaling and Inhibition of Survivin
and XIAP during Apoptosis. Further, we wanted to
know whether anti-apoptotic molecules such as IAPs
were involved in IL-1B—mediated cardiomyocyte apop-
tosis. The results of real-time quantitative PCR analysis
indicated that IL-1B—incubated cardiomyocytes had
lower survivin and XIAP mRNA expression than did
the control samples (survivin, 2=0.0001; and XIAP,
P=0.0069). We unexpectedly found that c-IAP1 and
c-IAP2, two other IAPs, had higher mRNA levels after
IL-1PB incubation (c-IAP1, P=0.0227; and c-IAP2,
P=0.0003) (Fig. 4). Therefore, IL-1B signaling simulta-
neously mediated the inhibition of IAP family members,
including survivin and XIAP during cardiomyocyte
apoptosis.

Discussion

The results of abundant studies of cardiac biology
suggest that the actions of IL-1f are highly complex,
depending on cell type.”**” To better define the mech-
anisms involved in cytokine-induced cardiomyocyte
apoptosis, Ing and colleagues' examined the effects of
IL-1B with and without the combination of other in-
flammatory cytokines, such as interferon-y and tumor
necrosis factor-a.. The investigators found that IL-1B
alone was sufficient to induce apoptosis of neonatal
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Fig. 1 Apoptosis of murine cardiomyocytes with interleukin-1p (IL-1B) incubation in vitro. After 72 hours, flow cytometry showed that A)
interleukin-1B—incubated cardiomyocytes had more annexin V-positive cells than did B) unincubated control samples. Data are represen-
tative of 3 different experiments. C) Graph shows the apoptotic ratio of cardiomyocytes with and without IL-18 incubation (mean + SD
of 3 experiments, *P <0.01). P <0.05 was considered statistically significant.

rat cardiomyocytes, which was associated with expres-
sion of nitric oxide and Bcl-2 family members. In that
study, pro- and anti-apoptotic genes (Bak and Bcl-xL) of
cardiomyocytes were upregulated after IL-1f stimula-
tion." Coincidentally, we found apoptosis in response
to IL-1PB treatment on murine cardiomyocytes in our
experiments. A statistically significant increase in the
apoptosis of cardiomyocytes was achieved after 72-hr
incubation with IL-1B, whereas there was no significant
difference between these samples and the unincubated
control samples at 24 or 48 hr (data not shown). This
suggests that IL-1p triggers other intracellular signal-
ing associated with cardiomyocyte apoptosis, instead
of priming cell-death programs directly. The results of
other studies to determine the molecular mechanisms of
this process have revealed that cardiomyocytes express
a higher level of active caspase 3, a principal effector
in caspase-dependent pathways, after IL-1f incubation
in vitro. The apoptotic signals from the death receptor
and mitochondrion usually converge to caspase 3. As a
central-executioner caspase, caspase 3 can be activated
by the upstream cascades, which results in the orderly
dismantling and removal of cells."* Accordingly, the
apoptotic process of cardiomyocytes cannot be reversed
after caspase pathways are activated by IL-1f stimula-
tion.

Apoptosis is dependent on caspase activation, which
leads to substrate cleavage and ultimately cell death.”
However, in some processes, cells undergo apoptosis
without caspase activation, and this is called caspase-
independent cell death. Caspase-independent cell death
occurs in response to most intrinsic apoptotic cues and
shares some characteristics with the caspase-dependent
process, such as mitochondrial outer-membrane per-
meabilization.®* This last process leads to the release
of various proteins from the mitochondrial intermem-
brane space, including cytochrome c, AIF, endonucle-
ase G, HtrA2/Omi, and Smac/Diablo. ¢ The released

112 Pathways of IL-1p—Mediated Cardiomyocyte Apoptosis

Active caspase 3 -

GAPDH

IL-18 Control

Fig. 2 Western blot results show activation of caspase 3 in
cardiomyocytes after 72-hr incubation in 10 ng/mL of interleukin-
1B (IL-1B) versus unincubated control samples (control gene,
glyceraldehyde-3 phosphate dehydrogenase [GAPDH)). Data are
representative of 3 different experiments.

cytochrome c interacts with other molecules (such as
Apaf-1 and caspase 9) and forms the apoptosome com-
plex in cytoplasm, which leads to activation of the apop-
totic program via a caspase-dependent pathway.”” After
the IL-1P treatment, we found that the cardiomyocytes
released cytochrome c into cytoplasm. This finding
became further evidence of the activation of caspase-
dependent apoptotic pathways in cardiomyocytes medi-
ated by IL-1P signaling (Fig. 5).

In addition, cytochrome ¢, AIF, endonuclease G,
HtrA2/Omi, and Smac/Diablo have been shown to
induce caspase-independent cell death after mitochon-
drial release. Our results of quantitative PCR analysis
showed that IL-1 signaling in cardiomyocytes trig-
gered the caspase-independent apoptotic pathways that
were mediated by endonuclease G and HerA2/Omi
(Fig. 5). Endonuclease G is a nuclear-encoded mito-
chondrial nuclease that reportedly functions in apop-
tosis.”** During cell apoptosis, endonuclease G can
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be released from the mitochondria, translocate to the
nucleus, and cooperate with other nucleases to trigger
DNA fragmentation.”***' In addition, endonuclease G
expression can be promoted under certain initial stimuli
during cell apoptosis.”* Our results illuminated the
fact that IL-1p signaling initiated the death program
in cardiomyocytes by increasing the expression of en-
donuclease G.

The serine protease HerA2/Omi is found in the mi-
tochondria and can be released during cell apoptosis.***
Activated (cleaved) HtrA2/Omi exposes an amino ter-
minal motif resembling that of the IAP inhibitor Smac/
Diablo. The interaction between HtrA2/Omi and IAP
family members antagonizes their inhibition of caspase
activity and protection from apoptosis.’*®* In our study,
IL-1B signaling significantly increased HerA2/Omi ex-

>

*%

i

0.9 1

0.6

Endo G (Relative Expression)

Control IL-18

)

0.6 1

0.3 1

Smac/Diablo (Relative Expression)

Control IL-18

pression, which might amplify the antagonistic action
on AP family members and promote cardiomyocyte
apoptosis.

In addition to the pro-apoptotic molecules discussed
above, we explored anti-apoptotic factors. The IAPs are
structurally related anti-apoptotic proteins that were
initially identified in baculoviruses. Mammalian IAPs,
such as c-IAP1, c-IAP2, survivin, and XIAP, are able to
block apoptosis either by binding and inhibiting cas-
pases or through caspase-independent mechanisms.?**°
This family of proteins has become increasingly promi-
nent in the apoptotic process. The results of our quan-
titative PCR analysis indicated that IL-1f signaling
mediated the inhibition of survivin and XIAP in car-
diomyocyte apoptosis. The modulation of survivin and
XIAP would attenuate their inhibitory function on

W
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Fig. 3 Graphs show caspase-independent pathways during interleukin-1B (IL-18)-mediated cardiomyocyte apoptosis. After 72-hr incu-
bation with 10 ng/mL of IL-1B (control samples underwent no IL-1p incubation), the cardiomyocytes were harvested and used for RNA
isolation. Real-time quantitative polymerase chain reaction analysis was performed for gene expression of effectors in the caspase-
independent pathways: IL-1B—incubated cardiomyocytes had significantly higher A) endonuclease G (Endo G) and B) high-temperature-
requirement protein A2 (HtrAZ2/Omi) messenger RNA expression than did control samples. There were no differences in C) second
mitochondria-derived activator of caspase (Smac/Diablo), or D) apoptosis-inducing factor (AIF) messenger RNA expression.

*P <0.05, **P <0.01

Results are shown as mean + SD of 3 experiments with appropriate primers. P <0.05 was considered statistically significant.
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Fig. 4 Graphs show expression of inhibitor of apoptosis proteins (IAPs) during interleukin-1p (IL-1B8)-mediated cardiomyocyte apoptosis.
After 72-hr incubation with 10 ng/mL of IL-18 (control samples underwent no IL-1B incubation), the cardiomyocytes were harvested
and used for RNA isolation. In comparison with control samples, significant differences were seen in the expression of IAPs in the
IL-1B~incubated cardiomyocytes, including A) survivin, B) X-linked inhibitor of apoptosis protein (XIAP), C) cellular inhibitor of apoptosis

1 (c-IAP1), and D) cellular inhibitor of apoptosis 2 (c-IAP2), upon real-time quantitative polymerase chain reaction analysis.

*P <0.05, **P <0.01

Results are shown as mean + SD of 3 experiments with appropriate primers. P <0.05 was considered statistically significant.

IL-1B signaling
Caspase-independent Caspase-dependent Survivin, XIAP|
pathways pathways

Fig. 5 Schematic diagram shows pathways involved in
interleukin-1p (IL-1B)-mediated cardiomyocyte apoptosis in vitro.
Interleukin-1B signaling induced the release of cytochrome ¢
from the mitochondria into cytosol and induced the activation of
Cytochrome c release caspase 3 to trigger the caspase-dependent apoptotic pathway
in the cardiomyocytes. Interleukin-1B signaling also induced the
activation of caspase-independent apoptotic pathways through

. o the upregulation of endonuclease G (Endo G) and high-temper-
Endo G, HrA2/Omi 1 Caspase 3 activation ature-requirement protein A2 (HtrA2/Omi) expression. Simulta-

neously, IL-1B signaling mediated the inhibition of survivin and
X-linked inhibitor of apoptosis protein (XIAP), members of the

Cardiomyocyte inhibitor of apoptosis proteins family, to attenuate anti-apoptotic
apoptosis effects during cardiomyocyte apoptosis.
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apoptosis, which would consequently promote the pro-
apoptotic progression of cardiomyocytes. Nevertheless,
we found higher levels of both ¢-IAP1 and ¢-IAP2 on
the mRNA level after IL-1B stimulation. This suggests
that IL-1P signaling precisely modulates the apoptotic
process of cardiomyocytes by inducing or inhibiting
specific gene expression.

A limitation of this study is that we observed the acti-
vation of various molecules without providing informa-
tion on the interactions of various pathways that result
in a net increase in cardiomyocyte apoptosis. In future
studies, we expect to identify the dominant pathways
that result in cardiomyocyte apoptosis, and we plan to
explore the interactions of the molecules involved in the
various pathways. Another limitation is that this study
was performed with the use of cultured cardiomyocytes.
To confirm the findings from in vitro experiments, an
animal model of heart failure should include IL-1 neu-
tralization and IL-1 receptor antagonism.

Extensive experimental evidence has already suggest-
ed an important role for IL-1 signaling in cardiovascu-
lar diseases.”®"**4* Interleukin-1 signaling seems to be a
promising therapeutic target in a variety of cardiovas-
cular conditions, including heart failure. The inhibition
of IL-1 signaling might reduce the progression of car-
diomyocyte apoptosis and preserve heart function. The
current study has revealed that IL-1p signaling induces
the activation of caspase-dependent and -independent
pathways and the inhibition of IAPs during cardiomyo-
cyte apoptosis in vitro. Understanding the molecular
mechanisms involved in IL-1B—mediated cardiomyo-
cyte apoptosis might assist in the design of optimal
therapeutic approaches for cardiomyocyte survival.

References

1. Dinarello CA. Cytokines as endogenous pyrogens. J Infect
Dis 19995179 Suppl 2:5294-304.

2. Dinarello CA. Biologic basis for interleukin-1 in disease.
Blood 1996;87(6):2095-147.

3. Dinarello CA. Immunological and inflammatory functions of
the interleukin-1 family. Annu Rev Immunol 2009;27:519-50.

4. Martinon F, Burns K, Tschopp J. The inflammasome: a mo-
lecular platform triggering activation of inflammatory caspas-
es and processing of prolL-beta. Mol Cell 2002;10(2):417-26.

5. Thornberry NA, Bull HG, Calaycay JR, Chapman KT,
Howard AD, Kostura MJ, et al. A novel heterodimeric cys-
teine protease is required for interleukin-1 beta processing in
monocytes. Nature 1992;356(6372):768-74.

6. Dinarello CA. The role of the interleukin-1-receptor antago-
nist in blocking inflammation mediated by interleukin-1. N
Engl ] Med 2000;343(10):732-4.

7. Bujak M, Frangogiannis NG. The role of IL-1 in the patho-
genesis of heart disease. Arch Immunol Ther Exp (Warsz)
2009;57(3):165-76.

8. Kleemann R, Zadelaar S, Kooistra T. Cytokines and athero-
sclerosis: a comprehensive review of studies in mice. Cardio-
vasc Res 2008;79(3):360-76.

9. Apostolakis S, Vogiatzi K, Krambovitis E, Spandidos DA.
IL-1 cytokines in cardiovascular disease: diagnostic, prognos-

Texas Heart Institute Journal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Pathways of IL-1B—Mediated Cardiomyocyte Apoptosis
http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05

tic and therapeutic implications. Cardiovasc Hematol Agents
Med Chem 2008;6(2):150-8.

Siwik DA, Chang DL, Colucci WS. Interleukin-1beta and
tumor necrosis factor-alpha decrease collagen synthesis and
increase matrix metalloproteinase activity in cardiac fibro-
blasts in vitro. Circ Res 2000;86(12):1259-65.

Ing DJ, Zang J, Dzau V], Webster KA, Bishopric NH. Mod-
ulation of cytokine-induced cardiac myocyte apoptosis by ni-
tric oxide, Bak, and Bclx. Circ Res 1999;84(1):21-33.
Herskowitz A, Choi S, Ansari AA, Wesselingh S. Cytokine
mRNA expression in postischemic/reperfused myocardium.
Am ] Pathol 1995;146(2):419-28.

Guillen I, Blanes M, Gomez-Lechon MJ, Castell JV. Cyto-
kine signaling during myocardial infarction: sequential ap-
pearance of IL-1 beta and IL-6. Am ] Physiol 1995;269(2 Pt
2):R229-35.

Dewald O, Ren G, Duerr GD, Zoetlein M, Klemm C, Gersch
C, et al. Of mice and dogs: species-specific differences in the
inflammarory response following myocardial infarction. Am
J Pathol 2004;164(2):665-77.

Louch WE, Sheehan KA, Wolska BM. Methods in cardio-
myocyte isolation, culture, and gene transfer. ] Mol Cell Car-
diol 2011;51(3):288-98.

Palmer JN, Hartogensis WE, Patten M, Fortuin FD, Long
CS. Interleukin-1 beta induces cardiac myocyte growth but
inhibits cardiac fibroblast proliferation in culture. J Clin In-
vest 1995;95(6):2555-64.

Thaik CM, Calderone A, Takahashi N, Colucci WS. Inter-
leukin-1 beta modulates the growth and phenotype of neona-
tal rat cardiac myocytes. J Clin Invest 1995;96(2):1093-9.
Hengartner MO. The biochemistry of apoptosis. Nature
2000;407(6805):770-6.

Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled demo-
lition at the cellular level. Nat Rev Mol Cell Biol 2008;9(3):
231-41.

Kroemer G, Martin SJ. Caspase-independent cell death. Nat
Med 2005;11(7):725-30.

Tait SW, Green DR. Caspase-independent cell death: leaving
the set without the final cut. Oncogene 2008;27(50):6452-
6l.

Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE,
Brothers GM, et al. Molecular characterization of mitochon-

drial apoptosis-inducing factor. Nature 1999;397(6718):441-
6

LiLY, Luo X, Wang X. Endonuclease G is an apoptotic DNase
when released from mitochondria. Nature 2001;412(6842):
95-9.

Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K,
Takahashi R. A serine protease, HtrA2, is released from the
mitochondria and interacts with XIAP, inducing cell death.
Mol Cell 2001;8(3):613-21.

Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial
protein that promotes cytochrome c-dependent caspase activa-
tion by eliminating IAP inhibition. Cell 2000;102(1):33-42.
Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM,
Reid GE, etal. Identification of DIABLO, a mammalian pro-
tein that promotes apoptosis by binding to and antagonizing
IAP proteins. Cell 2000;102(1):43-53.

Jiang X, Wang X. Cytochrome C-mediated apoptosis. Annu
Rev Biochem 2004;73:87-106.

Zhang J, Dong M, Li L, Fan Y, Pathre P, Dong J, et al. En-
donuclease G is required for early embryogenesis and normal
apoptosis in mice. Proc Natl Acad Sci U S A 2003;100(26):
15782-7.

Huang KJ, Ku CC, Lehman IR. Endonuclease G: a role for
the enzyme in recombination and cellular proliferation. Proc

Natl Acad Sci U S A 2006;103(24):8995-9000.

115



30.

31.

32.

33.

34.

35.

116

Widlak P, Li LY, Wang X, Garrard WT. Action of recom-
binant human apoptotic endonuclease G on naked DNA
and chromatin substrates: cooperation with exonuclease and
DNase L. ] Biol Chem 2001;276(51):48404-9.

Arnoult D, Gaume B, Karbowski M, Sharpe JC, Cecconi F,
Youle RJ. Mitochondrial release of AIF and EndoG requires
caspase activation downstream of Bax/Bak-mediated permea-
bilization. EMBO ] 2003;22(17):4385-99.

Mitra S, Keswani T, Dey M, Bhattacharya S, Sarkar S, Go-
swami S, et al. Copper-induced immunotoxicity involves cell
cycle arrest and cell death in the spleen and thymus. Toxicol-
ogy 2012;293(1-3):78-88.

Mercer KE, Apostolov EO, da Costa GG, Yu X, Lang P,
Roberts DW, et al. Expression of sulfotransferase isoform
1A1 (SULT1AL1) in breast cancer cells significantly increases
4-hydroxytamoxifen-induced apoptosis. Int ] Mol Epidemiol
Genet 2010;1(2):92-103.

Ho YT, Lu CC, YangJS, Chiang JH, Li TC, Ip SW, et al.
Berberine induced apoptosis via promoting the expression
of caspase-8, -9 and -3, apoptosis-inducing factor and endo-
nuclease G in SCC-4 human tongue squamous carcinoma
cancer cells. Anticancer Res 2009;29(10):4063-70.

van Loo G, van Gurp M, Depuydt B, Srinivasula SM, Rodri-
guez I, Alnemri ES, et al. The serine protease Omi/HtrA2 is
released from mitochondria during apoptosis. Omi interacts
with caspase-inhibitor XIAP and induces enhanced caspase

activity. Cell Death Differ 2002;9(1):20-6.

Pathways of IL-1B—Mediated Cardiomyocyte Apoptosis

36.

37.

38.

39.

40.

41.

42.

Martins LM, Iaccarino I, Tenev T, Gschmeissner S, Totty NF,
Lemoine NR, et al. The serine protease Omi/HtrA2 regulates
apoptosis by binding XIAP through a reaper-like motif. ] Biol
Chem 2002;277(1):439-44.

Verhagen AM, Silke J, Ekert PG, Pakusch M, Kaufmann H,
Connolly LM, et al. HerA2 promotes cell death through its
serine protease activity and its ability to antagonize inhibitor
of apoptosis proteins. ] Biol Chem 2002;277(1):445-54.
Liston P, Fong WG, Korneluk RG. The inhibitors of apoptosis:
there is more to life than Bcl2. Oncogene 2003;22(53):8568-
80.

Nachmias B, Ashhab Y, Ben-Yehuda D. The inhibitor of
apoptosis protein family (IAPs): an emerging therapeutic tar-
get in cancer. Semin Cancer Biol 2004;14(4):231-43.
Gyrd-Hansen M, Meier P. IAPs: from caspase inhibitors to
modulators of NF-kappaB, inflammation and cancer. Nat
Rev Cancer 2010;10(8):561-74.

Nishikawa K, Yoshida M, Kusuhara M, Ishigami N, Isoda K,
Miyazaki K, Ohsuzu F. Left ventricular hypertrophy in mice
with a cardiac-specific overexpression of interleukin-1. Am J
Physiol Heart Circ Physiol 2006;291(1):H176-83.

Lane JR, Neumann DA, Lafond-Walker A, Herskowitz A,
Rose NR. Role of IL-1 and tumor necrosis factor in coxsackie
virus-induced autoimmune myocarditis. ] Immunol 1993;151

(3):1682-90.

Volume 42, Number 2, 2015

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



