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Stat proteins as intracellular requlators of resistance to myocardial
injury in the context of cardiac remodeling and targeting for therapy
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Abstract

The roles of STAT (signal transducers and activators of transcription) proteins are widely discussed in relation
to other agents like IFN-y that are involved in cardiovascular diseases. STAT3 protects cardiomyocytes dur-
ing endotoxic shock and ischemia and prolongs survival of these cells by activation of antiapoptotic genes
like Bcl-2 and c-Fos. Moreover, IL-6 dependent expression of STAT3 is probably responsible for hypertrophy
of cardiomyocytes. On the contrary, STATT mediates cell death by induction of caspase-1. STAT6 probably
enhances cellular damage in myocardial infraction, which is significantly reduced in mice with the knockout
STAT6 gene. Considering these facts, we attempted to review in this paper the role of STAT proteins in myo-
cardial remodeling, highlighting STAT3 as a potent mediator of cardioprotection. Our review also aims to
acquaint a broad audience of internal medicine practitioners with the STAT3-related molecular mechanisms
that underlie the therapeutic properties of such widely administered drugs as angiotensin Il type 1 (AT1)
receptor antagonists and HMG-CoA reductase inhibitors, such as losartan and lovastatin.
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STAT (signal transducers and activators of transcrip-
tion) proteins transduce signals from the cell membrane
to the nucleus. They also induce gene transcription.
There are 7 members of the STAT protein family: STAT1,
STAT?2, STAT3, STAT4, STAT5a, STAT5b and STAT6.
We can distinguish a few functional sites of the STAT pro-
tein. The first one is a SH2 (Src Homology 2) domain that
binds a membrane receptor (usually gp-130 in the case of
STATS3). The transactivation domain interacts with nucle-
ar DNA. A C-terminal end of the STAT protein contains
tyrosine and serine residues.! Phosphorylation of the ty-
rosine residue activates STAT proteins which translocate
from cytoplasm to nucleus. A serine residue acquires phos-
phate indirectly by kinases MAP (mitogen activated kinas-
es), e.g. ERK1 (Extracellular Regulated Kinase), ERK2, p38,
JNK (c-Jun N-terminal/stress-activated protein kinase) or
H7-SK (H7-Sensitive Kinase), but STAT2 does not contain
the serine residue.>? Phosphoserine contributes to the re-
cruitment of transcription cofactors, for instance coactiva-
tor CBP.* Janus kinases (JAK) are necessary for the type II
cytokine receptors to activate STAT. However, receptors
of tyrosine kinase activity (e.g. EGFR - Epidermal Growth
Factor Receptor and PDGFR - Platelet-Derived Growth
Factor Receptor) can stimulate STAT without the involve-
ment of any intermediate messengers.! In that case, STATS
join to form dimmers and enter the nucleus, where they
regulate the transcription of certain genes. As a result, they
control the biosynthesis of their surface antigens, enzymes
and other proteins. STAT proteins are involved in differen-
tiation, proliferation, apoptosis and angiogenesis."®

The antiapoptotic
properties of STAT

Cultured murine cardiac myocytes express the mRNA
of c-Fos and ANF. These factors contribute to myocar-
dial hypertrophy only if a function of STAT3 that is me-
diated by gp130 after stimulation by IL-6 is not impaired
by, for example, an adenoviral introduction of mutated-
type STAT3 ¢DNA into cardiomyocytes.® In addition,
dominant-negative STAT3 limited the expression of
VEGF mRNA in the cultured cardiomyocytes of 1-2-day-
old Wister rat lines after the stimulation of leukemia in-
hibitory factor (LIF) and also inhibited the expression of
VEGF which was not induced by LIF in mutant transgenic
mice with the STAT3 knockout gene. Therefore STATS3 is
thought to take part in the angiogenic processes of cardiac
vasculature.” Transgenic (TG) mice with constitutively
active STAT3 (caSTAT3) had more developed capillary
vasculature of the heart and express VE-cadherin on en-
dothelial cells very intensively.® Moreover, development
of the vascular network is remarkably impaired in mice
without the STAT3 gene, which explains why these ani-
mals were more sensitive to ischemic damage and suffered
from myocardial infractions to a greater extent than mice
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with functional molecules of STAT3.? In rat neonatal car-
diomyocytes, constitutively active STAT3 causes cytopro-
tective effects in case of hypoxia and following reoxygen-
ation that, in vivo, result from ischemia and reperfusion.!’
STATS3 upregulates expression of manganese superoxide
dismutase (MnSOD), which is completely suppressed in
cardiomyocytes by a transfection of the dominant nega-
tive STAT3. Less creatine phosphokinase escapes from
cardiomyocytes after exposure to reactive oxygen spe-
cies only if caSTAT3 was introduced in these cells. Thus,
damage of cardiac myocytes seems to be limited by the
detoxicative properties of STAT3 that are aimed at ROS.1°
Overexpressed cardiac-specific STAT3 (STAT3-TG) up-
regulates production of atrial natriuretic factor (ANF),
[-myosin heavy chain (MHC), and cardiotrophin (CT)-1
in rat cardiomyocytes.!! A cell injury that is generated by
the antitumor agent doxorubicin is effectively attenuated
by STAT3-TG, whose deficiency limits the survival of mice
that were treated with this drug.!? In human end-stage di-
lated cardiomyopathy (DCM), there was a lower activity
of JAK2 and a diminished immunoreactivity of STAT3 in
cardiomyocytes, which indicates a possible disturbance of
the gp-130 mediated JAK2/STAT3 pathway.!> A STAT3-
deficient murine myocardium was far more sensitive to
the inflammatory damage caused by lipopolysaccharide in
comparison with hearts with a normal expression of the
gene. The knockout of STAT3 resulted in an increase of fi-
brosis and cardiac myocytes’ apoptosis as a consequence of
the upregulated production of TNF-a by cardiomyocytes.'*
A delayed tyrosine phosphorylation of STAT3 is mediated
indirectly by angiotensin II (Angll) via induction of IL-6,
CT-1 and LIF mRNA expression. Subsequently, these fac-
tors are released by cardiomyocytes and can affect them in
an autocrine or paracrine way, which results in activation
of STAT3.!> Angiotensin II stimulates STAT1 and STAT2
by recruitment of JAK2 and Tyk2 in half an hour, and later,
after 2 h, it independently contributes to the phosphoryla-
tion of STAT3.16 Endothelin-1 interferes in the LIF-induced
JAK/STAT pathway. However, despite the abrogation of
STATS3, endothelin-1 causes hypertrophy of cardiac myo-
cytes in an independent manner.!”!® In one study, it was
found that STAT3 switched on survival gene Bcl-2 and in-
hibited expression of the counteracting BAX gene, which
reduced the amount of cardiomyocytes that were undergo-
ing cell death in circumstances of hypoxia and subsequent
reoxygenation.!®

The proapoptotic function
of STAT proteins

STAT1 mediates the cell death of cardiomyocytes via
induction of the caspase-1 gene in response to IFN-y and
in response to ischemia and reperfusion.!® Serine-727
phosphorylation of STAT1 contributes to expression of
the Fas ligand and Fas receptor, whose signals determine
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cell death, and are transmitted after coupling this receptor
with an activator of caspases — the FADD protein that is
also stimulated by TNF-a.2° The antiapoptotic effects were
attributed to the LIF-induced expression of Bcl-xL with
very questionable signal mediation by STAT1 through
gp130.2 Later studies clarified that gp-130 is associated
with STAT3 rather than STAT1 and that cardiothropin-1
(CT-1) is a cytokine that antagonizes the gp-130 recep-
tor and stimulates STAT3 and c-Fos-dependent survival
of cardiomyocytes.”®!1 As opposed to the cardioprotec-
tive involvement of STAT3 and probably STAT5a in isch-
emic preconditioning, the STAT6 gene is also activated in
ischemia and reperfusion events.!”182* Namely, when the
STAT6 gene was completely knocked out of mice, it re-
sulted in a limitation of myocardial infraction.?* So STAT6
seems to have reverse properties to STAT3 and STATS5,
which regulate the survival of cardiomyocytes.

Fig. 1. Impact of STAT1 and STAT3 on cardiomyocytes

Ischemia and reperfusion
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Ischemia and reperfusion, and also IFN-y, trigger upregulation of STAT1,
which interacts with the FAS receptor and FASL complex. STAT1 stimulates
an increase of caspase-1 activity. Caspase-1 together with FAS receptor
and FASL complex lead to cell death. LIFT and CT-1 via gp130 and Ang Il
with IL-6 induce activation of STAT3. STAT3 upregulates Bcl-2 and Gfos
and downregulates MnSOD and Bax. STAT3 mediated actions contribute
to hypertrophy and survival of cardiomyocytes.

The therapeutic implications of
STAT proteins - current state of the
art and future perspectives

The inflammatory background of cardiac remodeling
should be emphasized in this review.? Particularly, there is
a magnitude of proteins that take part in events leading to
heart failure, e.g. tumor necrosis factor alpha (TNF-a), Fas
(apoptosis stimulating fragment) protein, TRAIL (TNF-a
related apoptosis-inducing ligand) protein, activin A, C-
reactive protein, lipoprotein-associated phospholipase a2
(Lp-PLA2), myeloperoxidase and pentraxin-3, to mention
the most important ones.?® Interleukin 6 (IL-6) also be-
longs to this group.?® IL-6 is strongly linked to the NYHA
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stage of heart failure and higher levels of IL-6 ominously
affect patients’ survival. In the elderly population, increase
of IL-6 causes a high risk of future heart failure.?> IL-6 is
the only one which mediates its effects via STAT3 action,
as IL-6 mediated acute inflammation and subsequent re-
active STAT3-dependant cardiomyocyte proliferation
were induced in neonatal mouse myocardium by microin-
jected immunogenic zymosan A to open a new horizon for
cardiac regenerative medicine.?

Before some of the major clinical implications of STAT3
are presented here, it should be emphasized that STAT3
is recognized as a key but also truly pleiotropic, cardio-
protective molecular factor acting as a transcriptional re-
pressor in regulation of the ubiquitin-proteasome system,
controller of cellular homeostasis of cardiomyocytes, in-
ducer of gene expression by non-canonical pathways and
mediator of nongenomic actions covering microtubule
stability, mitochondrial respiration, and autophagy, with
an impact on proliferation, differentiation and survival in
cardiac myocytes and fibroblasts.?”28

First of all, cardiac fibroblasts, as major cardiac remodel-
ing drivers, actively participate in myocardial remodeling
in hyperglycemia and hypertension.? Together, high levels
of angiotensin II and glucose levels occur in diabetes, so it
is not surprising that myocardial remodeling is so acceler-
ated in diabetes. Hyperglycemia and Ang II increased ty-
rosine phosphorylation of both JAK2 and STAT3, and also
enhanced collagen I deposition in cardiac fibroblasts dia-
betes.?? However, when atrial muscle tissue and patients’
sera were investigated, it turned out that the activity of
STATS3 and JAK2 was higher in nondiabetic patients (ND)
than in individuals with uncontrolled diabetes (UD) in
these cellular contents.?* Furthermore, the antiapoptotic
proteins Mcl-1, Bcl-2 and p-Akt were elevated, while the
expressions of apoptotic proteins p-Bc12/Bc12 and caspase
3 were reduced in UD in comparison to ND.3? In addition,
cardiopulmonary bypass (CPB) event was associated with
lower phosphorylation levels of STAT3 compared to pa-
tients with no CPB.3°

STAT3 protects the myocardium and counteracts car-
diac remodeling in acute myocardial cardiac event injury.®!
STAT3 rapid phosphorylation follows ligation of mice
coronary artery and intrinsic activation of STAT3 persists
in the subacute phase of myocardial infarction. Several
consequences followed the knocking of STAT3 activity by
tamoxifen in rodent myocardium (tamoxifen (TM)-induc-
ible cardiac-specific STAT3 knockout (STAT3 iCKO) mice).
Namely, capillary density was lowered. Moreover, MI asso-
ciated mortality was elevated. Furthermore, severe cardiac
hypertrophy was induced in the border zone close to MI
focus. Finally, cardiac fibrosis was favored by increased ex-
pressions of fibrosis-related gene transcripts, including ma-
trix metalloproteinase 9, procollagen 1, and procollagen 3.3

Atrial fibrillation (AF) is such an important factor of
cardiovascular disease-related morbidity and mortality
that Zheng et al. investigated the role of AT1, Ang II and
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STATS3 in atrial cardiomyocytes that underwent fibrilla-
tion as a consequence of ischemic hypoxia. By stimulation
of its receptor AT1, Ang-II activated STAT3 via its tyro-
sine and serine phosphorylation in these myocytes. STAT3
affected the transcription of MMP1 and MMP2 of atrial
fibroblasts. Finally, Ang II favored a potent signal for apop-
tosis: namely it contributed to translocation of cytochrome
C mitochondria to the cytoplasm of atrial myocytes and
this action was abolished by losartan. Thus, STAT3 is re-
garded as a crucial molecule on the Ang-II/AT1 receptor/
STAT3 signaling pathway, which is engaged in remodeling
of the cardiac atrium.?? Interleukin-27 (IL-27), a recently
discovered member of the IL-6 family, is elevated in pa-
tients with coronary heart disease.® IL-27 was proved to
activate STAT3 by receptor subunit gp130, and this activa-
tion was reversible with application of a gp130-neutraliz-
ing antibody in rodent hearts. IL-27 and IL-6 were shown
to remarkably limit cell damage after induction of severe
hypoxia in H9¢2 cardiomyoblasts and primary rat neona-
tal cardiomyocytes by appreciation of lactate dehydroge-
nase release and crystal violet staining in experimentally
induced ischemia/reperfusion (IR) injury.®

Before discussing the relationships of STAT3 with phar-
macological agents, it is worth noting what STAT3 has in
common with “sports”.3* STAT3 plays a role in the prophy-
laxis and prevention of cardiac insufficiency with linkage
to physical exercise.>* Namely, after physical activity (pre-
cisely, the treadmill exercise of mice), the phosphorylated
(p) signal transducer and activator of transcription 3 was
increased in the gastrocnemius and heart muscles, with
an elevation of serum IL-6 and IL-6 receptor (IL-6R), and
IL-6R of gastrocnemius and heart muscle origin. Such re-
markable findings could signify that keeping our skeletal
muscles in good shape helps our myocardium in its cardio-
protective aspect via elevation of circulating IL-6.3* Some-
what in line with the findings of McGinnis et al., it was
revealed that if ischemia/reperfusion events are triggered
in a remote organ, the myocardium can acquire a higher
resistance to ischemic injury as a result.3*3*> Under remote
ischemic preconditioning (RIPC), there was decrease of
serum troponin I levels with an accompanying increase of
STATS5 phosphorylation in patients undergoing coronary
artery bypass surgery in comparison with control patients
without RIPC.* In a pig experimental model of remote
ischemic preconditioning, it was proved that RIPC lim-
ited infarct size and augmented STAT3 phosphorylation
while STAT5 remained decreased in the early phase of re-
perfusion in both the RIPC and control groups. Such car-
dioprotection can be transferable with plasma from pigs
to isolated rat hearts. Moreover, it was concluded that the
cardioprotective effect of STAT3 signaling and function is
the same in RIPC and ischemic postconditioning.3¢

There are plenty of pharmacological ways to regulate
STATS3 activity, so our task was to focus only on those ex-
amples which are most essential for internal medicine
practitioners. If mocetinostat (a selective HDAC inhibi-
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tor tested in oncologic disorders) was injected intraperi-
toneally, pSTAT3 and histone deacetylases (HDACI and
HDAC?2), pro-fibrotic markers, collagen-1, fibronectin Con-
nective Tissue Growth Factor (CTGF) and IL-6 levels were
decreased in cardiomyocytes, while cardiac fibroblasts ex-
pressed less of collagen I and III, fibronectin and TIMP-1
(tissue inhibitors of metalloproteinas-1) in rats which devel-
oped congestive heart failure CHF as a consequence of MI
(myocardial infarction) due to coronary artery occlusion.?”
With a decrease of levels of these factors, fibrotic scar to-
tal collagen quantity was limited. Thus, it can be concluded
that the anti-fibrotic properties of mocetinostat are medi-
ated by a decrease of IL-6/STAT3 signaling in CHF.*”

Wang L. et al. studied the impact of losartan (a selec-
tive angiotensin II type 1 (AT1) receptor antagonist) on
myocardial interstitial fibrosis in male Wister rats with
streptozotocin (STZ)-induced diabetes and the accom-
panying cardiomyopathy (DCM).?® In opposition to rats
with DCM but without losartan treatment, the myocar-
dial levels of p-JAK2 and p-STAT3 decreased in DCM
rodent hearts as a result of losartan treatment, with a de-
cline of TGF-P1 cardiac collagen quantity and LVEDP
(left ventricular end-diastolic pressure) with augmenta-
tion of LVSP (left ventricular systolic pressure) + dp/dt.8

Lovastatin transiently increased the level of phosphory-
lated STAT3 as well as protein phosphatase 1 until miR-21
microRNA levels were significantly diminished.® On the
other hand, simvastatin decreased expression of pSTAT3
in cardiomyocytes, which was previously elevated in hy-
pertrophy of the heart. Simvastatin was shown to counter-
act that kind of cardiac hypertrophy, which can be induced
by isoproterenol in rats.*°

Fig. 2. Current therapeutic implications of STAT3 on cardiomyocytes
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Ang Il and lovastatin were both shown to increase the phosphorylated
level of STAT3 in myocardial cells. However, only Ang Il was shown to
increase cardiomyocyte apoptosis via stimulation of the translocation of
cytochrome C from mitochondrium to cytoplasm. In contrast, losartan
inhibits the translocation of cytochrome C from mitochondrium to
cytoplasm. Thus, losartan exerts anti-apoptotic properties on cardiac
myocytes. Simvastatin limited expression of pSTAT3 in cardiomyocytes
which was previously elevated in isoproterenol (ISO)-evoked hypertrophy
of the rodent heart.*® Simvastatin was shown to counteract that kind of
cardiac hypertrophy.
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Conclusion

STAT proteins are engaged in the differentiation and
survival of cellular components not only in the vascular
bed but also in the cardiac walls.* Induction of STAT
proteins was traditionally associated with inflammatory
response.2>*? Their overexpression can affect the regula-
tion of ischemic cardiac damage during hypoxia. So in the
future, STAT proteins could serve as targets for different
sorts of treatment that would slow down the progress of
coronary atherosclerosis and reduce hypoxic injury of the
heart. To sum up, pathways of intracellular signaling can
be elucidated thanks to STAT proteins in the heart. Par-
ticularly STAT3 is emerging as the most essential repre-
sentative of this protein family for both classical pharma-
cological counteractions of myocardial remodeling with
such drugs as losartan or lovastatin and for such novel
experimental modes of treatment as microRNAs.
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