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Abstract

Rationale—The role of interleukin (IL)-6 in the pathogenesis of cardiac myocyte hypertrophy
remains controversial.

Objective—To conclusively determine whether IL-6 signaling is essential for the development of
pressure overload-induced left ventricular (LV) hypertrophy, and to elucidate the underlying
molecular pathways.

Methods and Results—Wild-type (WT) and /L-6 knockout (/L-67") mice underwent sham
surgery or transverse aortic constriction (TAC) to induce pressure overload. Serial
echocardiograms and terminal hemodynamic studies revealed attenuated LV hypertrophy and
superior preservation of LV function in /L-67" mice after TAC. The extents of LV remodeling,
fibrosis, and apoptosis were reduced in /L-67" hearts after TAC. Transcriptional and protein
assays of myocardial tissue identified CaMKII and STAT3 activation as important underlying
mechanisms during cardiac hypertrophy induced by TAC. The involvement of these pathways in
myocyte hypertrophy was verified in isolated cardiac myocytes from WT and /L-67~ mice
exposed to pro-hypertrophy agents. Furthermore, overexpression of CaMKII in H9c2 cells
increased STAT3 phosphorylation, and exposure of H9c2 cells to IL-6 resulted in STAT3
activation that was attenuated by CaMKI|I inhibition. Together these results identify the
importance of CaMKII-dependent activation of STAT3 during cardiac myocyte hypertrophy via
IL-6 signaling.
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Conclusions—Genetic deletion of /L-6attenuates TAC-induced LV hypertrophy and
dysfunction, indicating a critical role played by IL-6 in the pathogenesis of LV hypertrophy in
response to pressure overload. CaMKII plays an important role in IL-6-induced STAT3 activation
and consequent cardiac myocyte hypertrophy. These findings may have significant therapeutic
implications for LV hypertrophy and failure in patients with hypertension.
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INTRODUCTION

Millions of patients worldwide suffer from hypertension and its cardiovascular sequelae, left
ventricular (LV) hypertrophy and congestive heart failure. The spectrum of hypertensive
heart disease directly or indirectly accounts for inordinate morbidity and mortality globally.
Although several signaling pathways have been known to influence cardiac myocyte
hypertrophy, the precise molecular pathogenesis of LV hypertrophy and failure in response
to pressure overload remains unclear.

Interleukin (IL)-6, an inflammatory cytokine with pleiotropic effects in diverse cells and
organs, has been implicated in cardiovascular pathologies.12 I1L-6 is produced by cardiac
myocytes themselves, and persistent activation of gp130, a key component of IL-6 signaling,
induced myocardial hypertrophy in mice.2 However, gp130 also transduces signaling by
other members of the IL-6 family of cytokines, and hence not specific for IL-6. A
subsequent study has shown that I1L-6 infusion results in concentric hypertrophy in rats,
albeit without increasing blood pressure.* However, there is no direct evidence to date that
IL-6 signaling is necessary for pressure overload-induced LV hypertrophy.

Interestingly, and contrary to the notion that IL-6 signaling is critical for cardiac myocyte
hypertrophy, in a study using /L-67~ mice, Kaminski and colleagues concluded that IL-6
was not necessary for cardiac hypertrophy in mice.> Furthermore, using a model of
transverse aortic constriction (TAC), Lai and colleagues reported similar LV hypertrophy,
dilation and dysfunction in control and /L-67~ mice, indicating that IL-6 was not essential
for pressure overload-induced hypertrophy in vivo.®

Considering the above controversies, and the well-known association of IL-6 with
cardiovascular pathologies, we sought to conclusively determine whether IL-6 is necessary
for pressure overload-induced hypertrophy using an 7n vivo model of TAC. We also
elucidated the molecular pathways involved in this process. Our results indicate that pressure
overload-induced deleterious effects on LV structure and function are attenuated in the
absence of IL-6, indicating an essential role played by this cytokine. Our molecular data
further unravel several heretofore unknown signaling roles, including the contribution of
Ca?*/calmodulin-dependent protein kinase II (CaMKII) toward signal transducer and
activator of transcription 3 (STAT3) activation in this process.
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METHODS

An expanded methods section is available in the Online Data Supplement.

Animals

All animal experiments were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee at the University of Kansas Medical Center.
Male /L-67~ mice (/L-6"1KopT genetic background C57BL/6J, stock No: 002650) were
purchased from the Jackson Laboratory (Bar Harbor, ME). Age and body weight-matched
wild-type C57BL/6J mice (WT) were used as controls. Deletion of /L-6was confirmed by
PCR using mouse tail genomic DNA as template (Online Figure I).

Minimally invasive transverse aortic constriction

Minimally invasive transverse aortic constriction was performed to induce left ventricular
(LV) pressure overload in age- and body weight-matched mice.

Histology
Standard methods were used for the assessment of fibrosis and apoptosis.

Measurement of cardiac myocyte size

cardiac myocytes were isolated from WT and /L-67" mice at 6 weeks after sham and TAC
procedures.

Echocardiography

LV function and structure were assessed by serial transthoracic echocardiography prior to
surgery and at 1, 2, 4, and 6 weeks after surgery using published methods.”-8

Invasive hemodynamic studies

Open chest in vivo hemodynamic studies were performed.’

Assessment of apoptosis

Myocyte apoptosis was quantitated using Terminal dUTP Nick End-labeling (TUNEL) assay
performed on myocardial sections at 6 weeks after TAC.

H9c2 myoblast culture

H9c?2 cells were maintained according to suggested culture methods. Transfection of H9c2
cells was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and plasmids
targeting CaMKII (Addgene, Cambridge, MA).

Cell treatments

Isolated adult cardiac myocytes were stimulated with angiotensin 11 (Ang I1), phenylephrine
(PE) or recombinant IL-6 (rIL-6); H9c2 myoblasts were exposed to rIL-6, and CaMKII or
STAT3 inhibitors.
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Assessment of cell surface area

H9c2 cells were fixed with 4% paraformaldehyde and stained with 1% crystal violet for
assessment of cell surface area.

Quantitative PCR

Total RNA was isolated from frozen tissues and cultured cells and processed for real-time
quantitative reverse transcription polymerase chain reaction (QPCR) using standard
protocols.

Protein extraction and western blot analysis

Standardized protocols were used as described in the Online Data Supplement.

Statistical analysis

Data were expressed as mean + SEM. For comparison of 2 groups, Student's ftests (2-tailed)
were performed; multiple groups (= 3groups) comparison was performed by one-way
ANOVA with Bonferroni's post hoc test. Serial echocardiographic parameters were analyzed
using two-way (time and group) ANOVA followed by Student's #tests with the Bonferroni
correction. Pvalues less than 0.05 were considered statistically significant. All statistical
analyses were performed using the SPSS software version 22.0 (IBM, Armonk, NY).

RESULTS

Experimental protocol

The Jin vivo experimental protocol is summarized in Online Figure Il. A total of 153 mice
were enrolled. Fifteen mice were excluded for the reasons specified in Online Table I1.
Following a baseline echocardiography, WT and /L-67~mice underwent either TAC (TAC
group) or sham (sham group) surgery. Echocardiography was repeated at 1, 2, 4 and 6 weeks
after the surgery for quantitative assessment of LV structural and functional parameters.
Mice were sacrificed at 6 weeks after surgery following a terminal hemodynamic study.
Histological and molecular assays were performed utilizing myocardial tissue harvested at 1,
2 and 6 weeks after surgery. /n vitro experiments were conducted using cardiac myocytes
isolated from WT and /L-67~ hearts after TAC.

Genetic deletion of IL-6 attenuated LV hypertrophy induced by pressure overload in vivo

Gross morphology after 6 weeks of surgery in the WT and /L-67~ mice (Figure 1A)
suggested attenuation of hypertrophy in /L-67~ hearts. We used heart weight/tibia length
(HWI/TL) ratio to assess changes in LV mass. As expected, HW/TL in sham-operated WT
and /L-6" mice were similar. However, in the TAC groups, HW/TL in WT mice was
significantly higher compared with /-6~ mice (10.1 + 0.44mg/mm vs. 8.8 + 0.29mg/mm,
£<0.05) (Figure 1B; Online Table I11). Next, we measured the cross-sectional area of
myocytes in both groups. Interestingly, myocytes in sham-operated /L-67~ hearts at 6 weeks
after TAC were smaller compared with WT counterparts (135.1 + 13.2um? vs. 167.4

+ 6.7um?, £<0.05) (Figure 1C; Online Table 1V). These findings suggest that IL-6 plays an
important role in the normal development of cardiac myocytes. After TAC, the transverse
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area of myocytes increased in both WT and /L-6~mice; however, this increase was
significantly attenuated in /-6~ mice compared with WT mice (173.4 + 12.3um? vs. 256.4
+17.7um?2, P<0.05) (Figure 1C; Online Table IV). Due to differences in the transverse area
of myocytes in /L-67~and WT mice in the sham group, we calculated the percent change in
the area in respective TAC group. The increase in myocyte area in WT mice was
significantly greater compared with /L-67~ mice (53% vs. 28%, £<0.05). These results
indicate that the absence of IL-6 attenuates LV hypertrophy induced by pressure overload.

In addition, we measured surface area of cardiac myocytes isolated from WT and /L-67~
mice at 6 weeks after surgery. Consistent with histological observations above, cardiac
myocytes isolated from /L-67~mice were smaller than WT in the sham group (3126.78
+73.33 pm? vs. 3415.11 + 60.56 um?, A<0.05) (Figure 1D,E). Cell surface area increased in
both WT and /-6~ mice after TAC, however, the increase was significantly attenuated in
/L-67~ myocytes compared with WT (3904.30 + 21.24pum? vs. 5208.14 + 243um2, £<0.05)
(Figure 1D,E). Similarly, the width of isolated cardiac myocytes was less in /-6~ mice
compared with WT in the sham groups (20.9 + 0.32um vs.22.9 + 0.25 um, /<0.05) (Figure
1D,F); and the increase in myocyte width was significantly attenuated in /L-67~ mice
compared with WT mice (23.96 £ 0.09um vs. 26.14 + 0.61um, A<0.05) (Figure 1D,F) in the
TAC groups. Interestingly, there was no difference in length between WT and /L-67~
myocytes in the sham groups (145.5 + 1.56pum vs. 143.7 + 2.8um, P=NS) (Figure 1G). There
was an increase in cardiac myocyte length in the TAC groups; however, the increase was
significantly attenuated in /L-67~ hearts compared with WT hearts (169.78 + 0.83um vs.
191.93 + 5.38um, ~<0.05) (Figure 1G).

To confirm findings at the molecular level, we performed mRNA and protein
characterization for hypertrophy-related markers using tissue samples isolated at 2 weeks
after surgery. There was significantly higher mRNA expression of atrial natriuretic peptide
(anp), brain natriuretic peptide (bnp), alpha skeletal muscle actin (a-SK actin) and GATA
binding protein 4 (gata4) in WT hearts compared with /L-67~ hearts after TAC. There was
no significant difference between sham-operated WT and /L-67~ hearts (Figure 1H).
Consistently, protein expression for ANP was significantly higher in WT hearts compared
with /L-67" hearts at both 2 and 6 weeks after TAC (Figure 11,J). The continued suppression
of ANP in /L-67~ mice at 6 weeks after TAC suggests that the protective effect of IL-6
deletion is sustained.

Pressure overload-induced ventricular remodeling was ameliorated in the absence of IL-6

Echocardiographic LV mass increased in both WT and /£-67~ mice at 1 week after TAC;
however, the increase was significantly greater in WT mice (101.77 + 4.87mg vs. 88.79

+ 3.51mg, A<0.05) (Figure 2A). The other parameters of LV remodeling including posterior
wall thickness at end-diastole, LV end-diastolic diameter (LVEDD) and LV end-diastolic
volume (LVEDV) were also significantly persevered in /L-67~mice compared with WT
mice after TAC (Figure 2B-D). The LV chamber diameter measured in hearts harvested at 6
weeks after surgery was significantly larger in WT compared with /£-67~mice in the TAC
groups (4.2 £ 0.05mm vs. 3.8 + 0.05mm, A<0.05) (Figure 2E). These results corroborated
with the echocardiographic data.
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Genetic deletion of IL-6 prevented pressure overload-induced LV dysfunction

There was no significant difference in LV ejection fraction (LVEF) (69.11% = 1.06% vs.
70.56% + 0.92%, in WT and /L-67mice, respectively, P~NS; Figure 3A) and LV fractional
shortening (LVFS) (39.81% + 0.98% vs. 39.21% + 2.06%, in WT and /L-6" mice,
respectively, P~NS; Figure 3B) at baseline. LVEF decreased in both WT and /L-67" mice at
1 week after TAC; however, the reduction was significantly greater in WT mice compared
with /L-67"mice (64.21% + 0.83% vs. 66.77% + 0.64%, £<0.05; Figure 3A). Similar
results were noted for LVFS in the TAC group (35.42% * 0.72% vs. 37.69% = 0.70%,
FP<0.05; Figure 3B). There was continued reduction in LVEF and LVFS in WT mice during
follow-up at 2, 4 and 6 weeks after TAC. At each follow-up time point, cardiac function was
better preserved in /L-67~mice compared with WT mice (Figure 3A,B). Consistently, the
progressive increase in LV end-systolic volume (LVESV) was also less pronounced in
/L-67~mice (Figure 3C).

These observations corroborated with data from invasive hemodynamic studies at 6 weeks
after surgery. LV dP/dty,y Was significantly better in /-6~ mice compared with WT mice
in the TAC groups, while there was no significant difference in the sham groups (Figure 3D;
Online Table V). The end-systolic pressure-volume relationship (ESPVR) also showed
preserved systolic function in /L-67~ mice compared with WT mice in the TAC groups
(Figure 3E,F; Online Table V). The parameters of LV diastolic function, including dP/dtpin
and Tau (t) showed superior preservation of diastolic function in /-6~ mice compared
with WT mice (Figure 3G,H; Online Table V). Finally, LV end-diastolic pressure (LVEDP)
was also lower in /L-67~ mice compared with WT mice in the TAC groups (Figure 3l;
Online Table V).

Pressure overload-induced myocardial fibrosis was attenuated in IL-67/~ hearts

Myocardial interstitial and perivascular fibrosis was assessed in picrosirius red-stained
sections at 6 weeks after surgery. There was no significant difference in the extents of
interstitial and perivascular fibrosis in WT and /L-67~mice in the sham groups. However,
both interstitial and perivascular fibrosis increased in WT hearts after TAC, with more
pronounced changes in perivascular areas (Figure 4A-D). This increase in interstitial and
perivascular fibrosis was significantly blunted in /L-67" hearts after TAC (Figure 4A-D). To
understand the molecular underpinnings of these results, we assessed gene and protein
expression of fibrosis-related molecules in myocardial tissue. The mRNA levels for collagen
type | alpha 1 (Col1A1), collagen type 111 alpha 1 (Col3A1) and periostin were measured in
LV tissue samples harvested at 2 weeks after surgery. Consistent with data from quantitative
analysis of fibrosis in picrosirius red-stained myocardial sections, the mRNA expression for
Col1A1 and Col3A1 was significantly higher in WT compared with /Z-67~mice after TAC
(Figure 4E). The mRNA expression of periostin was also significantly higher in WT
compared with /L-67~ mice after TAC (Figure 4E). The TAC-induced increase in
myocardial periostin expression was also confirmed at the protein level (Figure 4F).
Importantly, increased expression of MMP9 noted in WT hearts at 6 weeks after TAC was
attenuated in /L-67" hearts (Figure 4F). These results from mRNA and protein
characterization were consistent with our histological findings of improved remodeling in
the absence of IL-6.
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Genetic deletion of IL-6 attenuated cardiac myocyte apoptosis induced by pressure

overload

To elucidate the role of IL-6 in the pressure overload-induced apoptosis, we performed
TUNEL staining on myocardial samples harvested at 6 weeks after surgery. The percentage
of apoptotic cardiac myocyte nuclei in WT hearts was significantly greater than /L-67~
hearts in the TAC groups (0.074+0.012% vs. 0.040+0.008%, A<0.05; Figure 5A,B),
indicating that absence of IL-6 protects cardiac myocytes from pressure overload-induced
apoptosis. Consistent with these observations, the expression of proapoptotic molecule
Bcl-2-assocaited X protein (Bax) in WT hearts was greater compared with /L-67~ hearts at
6 weeks after TAC. Moreover, the levels of antiapoptotic molecule Bcl-2 were reduced in
WT hearts compared with /L-67" hearts at 6 weeks after TAC (Figure 5C). The ratio of Bax/
Bcl-2 was significantly lower in /L-67~ hearts compared with WT hearts in TAC groups
(Figure 5D), suggesting that the absence of IL-6 promotes an antiapoptotic milieu.

Hypertrophic response was attenuated in IL-67~ adult cardiac myocytes

To specifically examine the role of IL-6 in cardiac myocyte hypertrophy, we performed /n
vitro experiments using cardiac myocytes isolated from WT and /L-67~ mice. These cardiac
myocytes were exposed to rIL-6 for 24 h followed by isolation of mMRNA and quantitative
PCR for hypertrophy related genes (anp, bnp and myh-7). The expression of these genes
after rIL-6 stimulation was significantly higher in WT cardiac myocytes compared with
/L-67~ cardiac myocytes (Figure 6A). This prompted us to explore the expression of IL-6
receptors in WT and /L-6" cardiac myocytes. Indeed, the expression of IL-6 receptors was
lower in /L-67~ cardiac myocytes compared with WT cardiac myocytes (Figure 6B),
offering a possible explanation for the lack of response to IL-6. Next, we tested the effects of
Ang 11 on cardiac myocytes isolated from WT and /-6~ mice. Although Ang Il increased
the expression of anp, bnp and myh-7in both groups, the response was blunted in /L-67~
cardiac myocytes (Figure 6C). When WT and /-6~ cardiac myocytes were stimulated
with PE, another hypertrophy-promoting agent, the results showed similar trends (Figure
6D). Together, these results corroborate our /in7 vivo observations regarding the requirement
of I1L-6 for pressure overload-induced cardiac hypertrophy.

Pressure overload-induced activation of MAPK and Akt signaling pathways was
suppressed by genetic deletion of IL-6

Since mitogen-activated protein kinase (MAPK) pathways are involved in gp130-mediated
cardiac myocyte hypertrophy,® we assessed the levels of phosphorylated ERK1/2 and JNK at
6 weeks after surgery. Although phosphorylated ERK1/2 increased in both WT and /L-67~
mice after TAC, the increase was attenuated in /L-67~mice (Online Figure I11A,B),
indicating that intact IL-6 signaling is necessary for pressure overload-induced activation of
ERK1/2. Similarly, the increase in phosphorylated JNK levels noted in WT hearts after TAC
was attenuated in /L-67" hearts (Online Figure I11A,C), albeit the difference was less
pronounced. In addition, increased phosphorylation of Akt (Online Figure 111D,E) and
GSK-3 (Online Figure 111D,F) was noted in WT hearts after TAC; both of which were
significantly attenuated in /L-67~ hearts. There was no significant difference in the levels of
these proteins in sham-operated WT and /L-67~ mice (Online Figure I1IA-F).
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CaMKIl and STAT3 contributed to IL-6-induced cardiac myocyte hypertrophy

Previous studies have suggested the involvement of STAT310 and CaMKI111 in pressure
overload-induced cardiac hypertrophy. At 6 weeks after TAC, the levels of phosphorylated
STAT3 (pTyr-STAT) and phosphorylated CaMKII (p-CaMKII) increased in both WT and
/L-67~ mice; however, the increase was significantly attenuated in /L-67~ mice (Figure 7A-
C). These observations highlight a significant role of IL-6 signaling in phosphorylation of
STAT3 and CaMKIl in specifically in the setting of TAC-induced hypertrophy. To further
confirm the interaction of IL-6 signaling with STAT3 and CaMKII, we used rIL-6 for
stimulation of H9¢c2 myoblasts in the presence and absence of inhibitors of STAT3 and
CaMKII. Exposure to rlL-6 increased the surface area of H9c2 cells indicating hypertrophy;
however, this increase was blocked in the presence of STAT3 inhibitor as well as CaMKI|I
inhibitor (Figure 7D,E). Consistently, exposure to rIL-6 also increased gene expression of
hypertrophy markers (anp, bnp) in H9c2 cells; and this was suppressed in the presence of
STAT3 and CaMKII inhibitors (Figure 7F). To understand the time-dependent nature of
phosphorylation of STAT3 and CaMKI|I, we treated H9c2 cells with rIL-6 for variable
durations. IL-6-induced phosphorylation of STAT3 and CaMKII peaked in 30 min and
plateaued subsequently (Figure 7G-I). Our observations indicate that phosphorylation of
CaMKII and STATS3 follow a similar time-course after exposure to IL-6. Together, these data
from harvested tissues and H9c?2 cells identify important roles of CaMKIIl and STAT3 in
IL-6-induced cardiac hypertrophy.

IL-6 activated STAT3 via a CaMKIIl-dependent manner

The relationship between CaMKII and STAT3 activation was further investigated by
transiently transfecting H9c2 cells with a vector encoding CaMKII. H9c2 cells transfected
with an empty vector served as controls. The levels of CaMKII, p-CaMKII and pTyr-STAT3
increased significantly in CaMKII-transfected cells 48 h later, suggesting that CaMKII may
be an upstream activator of STAT3 (Figure 8A-C). This relationship was further confirmed
by using an inhibitor of CaMKII (KN-62) prior to stimulation of H9c2 cells with rIL-6. The
level of pTyr-STAT3 was significantly attenuated in the presence of CaMKI|I inhibitor
(Figure 8D-F). Since STAT3 is translocated to the nucleus following phosphorylation, we
examined phosphorylated protein levels in cytoplasmic and nuclear fractions. pTyr-STAT3
levels increased significantly in both fractions in H9c2 cells treated with rIL-6. However, the
addition of CaMKII inhibitor resulted in significant reduction in pTyr-STAT3 levels in both
nuclear and cytoplasmic fractions of rIL-6-exposed cells (Figure 8G-I). Taken together, these
observations confirm that CaMKI|I is upstream of STAT3 and plays important role in the
activation of STAT3 by IL-6. Similar experiments using isolated adult cardiac myocytes
yielded similar results (Online Figure IV) further confirming the role of CaMKI|I in IL-6-
induced STATS3 activation.

DISCUSSION

Salient findings

Newer therapeutic approaches are urgently needed to improve the clinical outcomes in
millions of patients with hypertensive heart disease. However, and despite intense research,
the precise molecular pathways that can be modulated to prevent LV hypertrophy remain
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poorly understood. In particular, the involvement of IL-6, an inflammatory cytokine, in this
process remains controversial. Our studies using a mouse model of pressure overload /n vivo
and isolated cardiac myocytes /n vitro provide the following important observations: i)
genetic deletion of /L-6 attenuates pressure overload-induced cardiac hypertrophy; ii)
pressure overload-induced LV remodeling and dysfunction are ameliorated in the absence of
IL-6, indicating a critical role of this cytokine in the pathogenesis of these unfavorable
outcomes; iii) pressure overload-induced myocardial fibrosis and apoptosis are ameliorated
in the absence of /L-6, iv) IL-6 is required for hypertrophy of adult cardiac myocytes in
response to Ang Il and PE; and v) CaMKI|I plays a heretofore unknown and important role
in IL-6-induced STAT3 activation and cardiac myocyte hypertrophy. These signaling
insights may be useful toward formulation of novel cardioprotective strategies in
hypertensive patients.

IL-6 deletion prevents LV hypertrophy in response to pressure overload

Although gp130, a key component of IL-6 signaling, and the IL-6 family of cytokines
collectively have been implicated in LV hypertrophy, the specific impact of IL-6 signaling
with regard to LV hypertrophy remains unsubstantiated and controversial. Importantly,
gp130 transduces signaling not only for IL-6, but also for the other members of this family
of cytokines. As for IL-6 specifically, previous studies have shown that hypertrophy induced
by Angll and norepinephrine (NE) is significantly attenuated in /L-67~ mice suggesting a
role of 1L-6 in pathological hypertrophy.12.13 A previous study in rats showed that IL-6
infusion for 7 days induced LV hypertrophy, albeit without raising blood pressure.* The
direct impact of /L-6 deletion on pressure overload-induced LV hypertrophy has been
investigated to date only in one study, which showed no effect of /L-6 deletion on pressure
overload-induced LV dysfunction and remodeling at 2 and 4 weeks after TAC.%

Using a similar model of TAC, our study is the first to report that genetic deletion of /L-6
prevents LV hypertrophy, thereby identifying a critical role of this cytokine in the
pathogenesis of hypertensive heart disease. The potential reasons for differences between
observations made by Lai and colleagues® and our current findings include possible
differences in the severity of TAC and the differences in follow-up durations. In the study by
Lai et al., mice were followed for 4 weeks after TAC, while our observations were made at 6
weeks after TAC. Although it is possible that the protective effects of /L-6 deletion become
more pronounced with longer follow-up after TAC, the duration of follow-up may not be the
primary reason for the observed differences, because the benefits of /L-6 deletion were
apparent even at 1 week after TAC. Another important consideration is the fact that /L-67~
mice have been reported to exhibit smaller HW and HW/BW ratio with body weights of
/L-67" starting to differ after 6 months of age.14 Other investigators did not find differences
in HW and/or HW/BW ratio at younger ages.13:15.16 |n light of these reports, and in order to
avoid any potential confounding effects of /-6~ mice at baseline, we selected age- and
body weight-matched male WT mice as controls. Importantly, our in vivo observations are
further supported by observations in isolated cardiac myocytes (Figure 1D-G) and molecular
evidence that IL-6 deletion significantly curbs the induction of genes responsible for cardiac
hypertrophy (Figure 1H-J). In addition, the /n vivo data indicating a direct role of IL-6 in
pressure overload-induced hypertrophy was confirmed in our /n vitro model of IL-6-induced
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cardiac myocyte hypertrophy (Figure 7D-F). Together, these data provide conclusive
evidence that IL-6 is essential for pressure overload-induced cardiac myocyte hypertrophy.

Pressure overload-induced LV remodeling, fibrosis, and failure are attenuated in the
absence of IL-6

Persistent pressure overload induced by systemic hypertension or TAC results in LV
hypertrophy that is preceded by diverse molecular changes and culminates in LV remodeling
and eventual failure. The functional manifestation of LV remodeling is diastolic dysfunction
during earlier stages and systolic impairment at later stages. Although increased IL-6 levels
have been noted in patients with diastolic dysfunction,” no direct evidence to date has
linked IL-6 to the pathogenesis of hypertensive LV remodeling and failure. Although IL-6
infusion in a previous study resulted in LV hypertrophy, blood pressure was not elevated.*
Our results show that LV remodeling was evident in WT mice at one week after TAC.
Subsequently, the LV underwent progressive hypertrophy with increasing duration of follow-
up. /L-6 deletion was beneficial in preventing LV remodeling at every stage of follow-up
after TAC (Figure 2). Concentric remodeling and hypertrophy are risk factors for
development of heart failure with preserved ejection fraction (HFpEF).18 With increasing
prevalence of HFpEF, it is conceivable that a strategy halting LV remodeling would prove
helpful toward preventing HFpEF in patients with hypertension. Our study is the first to
conclusively demonstrate that IL-6 signaling is critical toward the development of LV
remodeling and failure /n vivoin a model of pressure overload.

LV remodeling is often associated with increased myocardial fibrosis.1® Increasing collagen
deposition after persistent pressure overload or myocardial infarction contributes to the
deterioration of LV compliance and development of diastolic dysfunction.29 Our data are the
first to show that /L-6 deletion inhibits myocardial collagen deposition in both interstitial
and perivascular areas after pressure overload, with greater impact on perivascular fibrosis
(Figure 4A-D). These histological quantitative data were further confirmed by concordant
changes in expression of fibrosis-related genes. These observations suggest that IL-6 may
also play an important role in the pathogenesis of hypertensive heart failure in humans.

With regard to LV failure, elevated IL-6 levels in patients with LV dysfunction even in the
absence of the clinical syndrome of congestive heart failure have been reported.?! The
current results suggest that I1L-6 signaling plays an important role in the pathogenesis of LV
dysfunction after pressure overload. The concordance of data from echocardiography and
invasive hemodynamic studies is noteworthy in this regard. Furthermore, hemodynamic
results also indicate that both LV systolic and diastolic function are preserved after TAC in
mice with genetic deletion of /L-6 (Figure 3).

IL-6 deletion attenuates cardiac myocyte apoptosis induced by pressure overload

A low level of cardiac myocyte apoptosis has been proposed as a causal mechanism for heart
failure.22 During persistent pressure overload, the molecular survival mechanisms are
overwhelmed and cardiac myocyte apoptosis ensues.23 Because of the low rate of cardiac
myocyte turnover, cumulative loss of cardiac myocytes through apoptosis eventually leads to
detrimental cardiac remodeling and heart failure. Although cardiac myocyte apoptosis is
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commonly observed in cardiac hypertrophy, the effects of IL-6 signaling on myocyte
apoptosis during cardiac hypertrophy remain unknown. A few reports have suggested that
IL-6 exerts pleiotropic effects and controls the balance between anti- and pro-apoptotic
pathways.24:25 Our results from histological quantitation of apoptosis as well as molecular
characterization of apoptosis regulators show that cardiac myocyte apoptosis in response to
pressure overload was significantly attenuated in /-6~ hearts at 6 weeks after TAC (Figure
5). However, the potentially complex interactions of IL-6 signaling with cardiac myocyte
apoptosis pathways during cardiac hypertrophy and failure needs to be further investigated
in future studies.

Hypertrophic response is attenuated in IL-6~/~ adult cardiac myocytes

In addition to /n vivo experiments, we also performed mechanistic studies using adult
cardiac myocytes from WT and /L-67~mice to examine the impact of IL-6 on cardiac
myocyte hypertrophy in response to various prohypertrophic agents. Previous studies have
suggested an involvement of I1L-6 in inflammation and dysfunction induced by Ang 11,26
however, its role in cardiac myocyte hypertrophy triggered by common inducers of myocyte
hypertrophy remains unclear. Moreover, such observations have rarely been tested in adult
cardiac myocytes isolated from /L-67~mice. Our data show that both Ang Il- and PE-
induced increase in hypertrophy genes is nearly abrogated in /L-67~ cardiac myocytes
(Figure 6C,D). The necessity of IL-6 in mediation of hypertrophy in response to otherwise
unrelated hypertrophy-promoting agents highlights a central role played by IL-6 in cardiac
myocyte hypertrophy. Interestingly, exposure to rIL-6 produced dissimilar responses with
regard to hypertrophy gene expression in /L-67~and WT cardiac myocytes (Figure 6A).
This unexpected observation may be potentially explained by the equally unexpected finding
that IL-6 receptor expression is reduced in /L-67" cardiac myocytes (Figure 6B).

The impact of IL-6 deletion on molecular mediators of pressure overload-induced
hypertrophy

It is well known that the IL-6 family of cytokines activate JAK/STAT pathway via gp130 to
mediate various cellular responses. Besides the JAK/STAT pathway, gp130 activation also
leads to Akt and ERK1/2 phosphorylation. However, despite reported involvement of Akt,
ERK1/2 and JNK in cardiac hypertrophy,27 very little direct evidence exists regarding
potential roles of these pathways in the context of IL-6 signaling and pressure overload. Our
data from myocardial tissue samples at 6 weeks after TAC indicate that the activation of Akt,
ERK, and JNK is blunted in /-6~ hearts, indicating broad suppression of pro-hypertrophy
signaling in the absence of IL-6. Furthermore, we noted increased phosphorylation of
GSK-3p in WT hearts at 6 weeks after TAC, which was abrogated in /-6~ hearts (Online
Figure 111D,F). To our knowledge, this is the first evidence that phosphorylation and
inhibition of GSK-3p in the setting of pressure overload requires intact IL-6 signaling.

With regard to STAT3, published evidence indicates that members of ‘IL-6 family’ are able
to induce cardiac myocyte hypertrophy via gp130-mediated STAT3 activation. However,
published evidence directly implicating IL-6 in this process is sparse and inconclusive.
Moreover, in the study by Lai et al., myocardial STAT3 activation was not affected in
/L-67~ mice after TAC.® Our results show that STAT3 activation was markedly attenuated in
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the absence of IL-6 at 6 weeks after TAC (Figure 7A,B). This is consistent with the
paradigm that IL-6 itself plays an important and non-redundant role in pressure overload-
induced activation of STAT3. These data also suggest that the absence of IL-6 is not
functionally compensated by upregulation of other members of IL-6 family. In conjunction
with the /n vitro data with Ang Il and PE stimulation, these results identify a central role of
STAT3 activation during pressure overload.

The role of CaMKIl in IL-6-induced STAT3 activation and cardiac myocyte hypertrophy

CaMKII is known to play an important role during cardiac hypertrophy.?® Although CaMKII
is upregulated after pressure overload,?® whether CaMKI|I plays any role in 1L-6-induced
cardiac hypertrophy remains unknown. Moreover, the participation of CaMKII signaling in
heart failure is complex and may vary depending on etiology3° and other associated
pathologies, such as diabetes.3! Our results show that myocardial p-CaMKI! levels are
markedly elevated in WT mice at 6 weeks after TAC, and this increase is abrogated in the
absence of IL-6 (Figure 8A,C). Furthermore, the time-dependent increase in p-CaMKI|I
levels in H9c2 cells following rIL-6 exposure confirmed the ability of IL-6 to directly
activate CaMKII. Consistently, 1L-6-induced increase in cell surface area and hypertrophy
gene induction was blocked by inhibition of CaMKI|, indicating a critical role of this kinase.

Interestingly, the time-course of CaMKI| activation was very similar to STAT3 activation
following IL-6 stimulation /n vitro. When KN-62, a CaMKI|I inhibitor, was added in addition
to IL-6, the inhibition of STAT3 activation was also mirrored changes in p-CaMKI| levels,
indicating that inhibition of CaMKII activation prevents STAT3 activation in response to
IL-6. These results were further confirmed in assays using cytoplasmic and nuclear protein
fractions. To our knowledge, these results from 7 vivo as well as /n vitro experiments
provide the first evidence that CaMKII is necessary for the activation of STAT3 by IL-6.
These data also identify CaMKII as an essential component of IL-6 signaling toward
inducing cardiac hypertrophy in response to pressure overload.

CONCLUSIONS

The current findings provide definitive evidence that IL-6 signaling is critically important
toward the development of LV hypertrophy, remodeling and dysfunction during pressure
overload. Our results also identify a heretofore unknown role of CaMKI|I in I1L-6-induced
STAT3 activation and cardiac myocyte hypertrophy. These insights may be utilized to
formulate novel pharmacological approaches to ameliorate hypertensive heart disease.
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Nonstandard Abbreviations and Acronyms

IL-67/~ Interleukin-6 knock out
WT wild type
CaMKIllI Ca%*/calmodulin-dependent protein kinase 1
STAT3 signal transducer and activator of transcription 3
LV left ventricle
TAC transverse aortic constriction
HW/TL heart weight/tibia length
HW/BW heart weight/body weight
LVEDD LV end-diastolic diameter
LVEDV LV end-diastolic volume
EF ejection fraction
FS fraction shortening
LVESV LV end-systolic volume
LVEDP LV end-diastolic pressure
Ang I angiotensin |1
PE phenylephrine
NE norepinephrine
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Novelty and Significance
What Is Known?
» Interleukin (IL)-6 has been implicated in several cardiovascular pathologies.

» IL-6 has been shown to induce cardiac myocyte hypertrophy, without increasing
blood pressure; however, published reports also indicate that IL-6 is not essential
for left ventricular (LV) hypertrophy.

e Therole of IL-6 in pressure overload-induced cardiac hypertrophy and failure
remains controversial and the underlying molecular signaling poorly understood.

What New Information Does This Article Contribute?

»  Genetic deletion of /L-6attenuates LV hypertrophy and remodeling induced by
pressure overload /n7 vivo and prevents cardiac myocyte hypertrophy /n vitro
following exposure to hypertrophy-promoting agents, indicating an essential
role of IL-6 in cardiac myocyte hypertrophy.

»  Cardiac myocyte apoptosis and LV dysfunction in response to pressure overload
are attenuated in the absence of I1L-6.

«  Ca?*/calmodulin-dependent protein kinase 11 (CaMKI1) plays an important role
in IL-6-induced STAT3 activation and consequent cardiac myocyte hypertrophy
during pressure overload, and GSK-3f inhibition in the setting of pressure
overload requires intact 1L-6 signaling.

IL-6, a pleiotropic cytokine with multi-faceted actions, has been implicated in cardiac
hypertrophy; however, the precise role of IL-6 in this process remains unclear. . Our
echocardiographic and hemodynamic data show that LV hypertrophy, remodeling, and
dysfunction in response to pressure overload induced by transverse aortic constriction /7
vivo are ameliorated in mice with genetic deletion of /L-6. These physiological changes
are accompanied by reduced myocardial fibrosis and apoptosis at the tissue level. The
necessity of IL-6 for cardiomyocyte hypertrophy is further evidenced by blunted
enlargement of IL-6-deficient cardiomyocytes following stimulation with hypertrophy-
promoting agents. The current data also provide evidence that CaMKII is necessary for
the activation of STAT3 by IL-6 in the setting of pressure overload; and suggest that IL-6
signaling is important in phosphorylation and inhibition of GSK-38. These findings
suggest that IL-6 signaling is critical for ventricular hypertrophy and dysfunction during
pressure overload. Thus, therapeutic modulation of I1L-6 signaling could potentially
benefit patients with hypertensive heart disease.
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F_igure 1. Genetic deletion of IL-6 attenuated LV hypertrophy induced by pressure overload in
VIVO

A, representative images showing gross cardiac morphology used for HW/TL calculation
(upper panel); transverse sections stained with Masson's trichrome (middle panel);
microscopic cross-sections stained with Masson's trichrome and used for calculation of
transverse myocyte area (lower panel), scale bars, 50um (n=10-12 per group). B-C, bar
graphs showing quantitative data for HW/TL (B) and myocyte cross sectional area (C)
(n=10-12 per group). D, representative images of isolated cardiac myocytes used for the
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assessment of myocyte cell surface area, myocyte width and myocyte length, scale bars,
100um. E, Quantitative assessment of myocyte cell surface area calculated from isolated
cardiac myocytes (n=6 per group). F, Myocyte width calculated from isolated cardiac
myocytes (n=6 per group). G, Myocyte length calculated from isolated cardiac myocytes
(n=6 per group). H, Transcriptional profiling of cardiac hypertrophy-related genes using
gRT-PCR at 2 weeks after surgery (n=6 per group). | and J, representative western blots
with quantification showing expression of ANP in WT and /L-67~mice at 2 and 6 weeks
after surgery (n=6 per group). Data represent means £ SEM. */<0.05 vs. Sham WT mice; §
P<0.05 vs. Sham /L-67~ mice; # £<0.05 vs. TAC WT mice.
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Figure 3. Genetic deletion of IL-6 ameliorated cardiac dysfunction induced by pressure overload
A-C, LVEF, LVFS and LVESV were assessed by serial echocardiography in WT and /L-67~

mice before and at 1, 2, 4 and 6 weeks after surgery (n=10-12 mice per group), *~<0.05 vs.
BSL in TAC WT mice; § A<0.05 vs. BSL in TAC /L-67"mice, # P<0.05 vs. TAC WT mice.
D, LV systolic function represented by LV contractility index (dP/dty,x) as assessed during
invasive hemodynamics at 6 weeks after surgery (n=10-12 mice per group). E and F,
representative LV pressure-volume loops from WT and /L-67~ mice (loops from sham-
operated animal are shown in black and those from TAC-operated in grey) at 6 weeks after
surgery. ESPVR is represented by the line joining end-systolic pressure and volume
coordinates. G and H, LV diastolic function represented by speed of cardiac relaxation
(dP/dtmin) and relaxation constant (tau) as assessed by invasive hemodynamic studies at 6
weeks after surgery (n=10-12 mice per group). I, LV end-diastolic pressure (LVEDP)
assessed during invasive hemodynamic study at 6 weeks after surgery (n=10-12 mice per
group). *P<0.05 vs. Sham WT mice; # £<0.05 vs. TAC WT mice.
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Figure 4. Genetic deletion of IL-6 attenuated pressure overload-induced LV fibrosis
Myocardial fibrosis was quantitated in picrosirius red-stained myocardial sections from WT

and /L-67~ mouse hearts at 6 weeks after surgery. A-D, representative images and
quantification of interstitial (A and B) and perivascular fibrosis (C and D), scale bar, 50um
(n=9-14 mice per group). E, mRNA levels of Co/1A1, Col3A1 and periostinwere analyzed
by gPCR from WT and /L-67~ mouse hearts at 2 weeks after surgery. The relative
abundance of transcripts were quantified and normalized to GAPDH (n=6 per group). F,
representative Western immunoblots and quantitation of MMP9 and periostin protein levels
from WT and /L-67~ mouse hearts at 6 weeks after surgery (n=6 per group). Data represent
means + SEM. *£<0.05 vs. Sham WT mice; § £<0.05 vs. Sham /L-67~mice; # P<0.05 vs.
TAC WT mice.
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Figure 5. Attenuation of pressure overload-induced cardiac myocyte apoptosis in the absence of
IL-6

A and B, TUNEL staining was performed on myocardial sections from WT and /L-67~
hearts harvested at 6 weeks after surgery. Apoptotic nuclei (white arrows) are visualized by
green fluorescence. Nuclei are identified in blue (DAPI). Sections were co-immunostained
with anti-a-sarcomeric actin (red) to identify cardiac myocytes. TUNEL-positive myocyte
nuclei were quantitated as a percentage of total cardiac myocyte nuclei, scale bar, 5um
(n=10-12 per group). C, representative Western immunoblots for Bax and Bcl-2. D, bar
graph showing the ratio of Bax to Bcl-2 (n=6 per group). Data represent means + SEM.
*£<0.05 vs. Sham WT mice; # £<0.05 vs. TAC WT mice.
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Figure 6. Requirement of I1L-6 for adult cardiac myocyte hypertrophy

Page 23

A, expression of hypertrophy-related genes (anp, bnp and myh-7) in adult mouse cardiac

myocytes from WT and /L-67~ mice following stimulation with rIL-6 (50ng/ml) for 24 h. B,
expression of 1L-6 receptor in WT and /L-67" cardiac myocytes. C, expression of anp, bnp
and myh-7in adult cardiac myocytes from WT and /L-67~ mice following stimulation with

Ang 11 (1x10~7 mol/L) for 48 h. D, expression of anp, bnpand myh-7in adult cardiac

myocytes from WT and /L-67~ mice following stimulation with PE (10pumol/L) for 24 h.
Data represent mean £ SEM from three independent experiments. */£<0.05 vs. WT cardiac

myocytes; #P<0.05 vs. WT cardiac myocytes treated with pro-hypertrophic stimulators.
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Figure 7. STAT3 and CaMKI I contributed to IL-6-Induced cardiac myocyte hypertrophy
A-C, representative Western immunoblots (A) and quantitative data for pTyr-STAT3 (B) and

p-CaMKII (C) in WT and /L-67~ mouse hearts at 6 weeks after surgery (n=6 per group),
*P<0.05 vs. Sham WT mice; #/<0.05 vs. TAC WT mice. D, representative images of H9c2
cells stained with 1% crystal violet after treatment with KN-62 (10umol/L) or WP1066
(6umol/L) in the presence and absence of rIL-6 (50ng/ml) for 24 h, scale bar=100 um. E,
cell surface area measured after 24 h of exposure to rlL-6 in the presence or absence of
inhibitors of CaMKII or STAT3. F, Levels of mMRNA for anp and brp as determined by
gPCR after 24 h of exposure to rIL-6 in the presence or absence of inhibitors of CaMKII and
STAT3. (GI) stimulation with rIL-6 (50ng/ml) for variable duration with subsequent
quantitation of pTyr-STAT3 (H) and p-CaMKII (I). Data represent means + SEM from three
independent experiments. *A<0.05 vs. control; # £<0.05 vs. rIL-6 treatment only.
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Figure 8. IL-6-induced STAT3 phosphorylation and translocation in part via a CaMKII-
dependent manner

A-C, H9c2 cells were transfected with 2, 4 and 6 ug of plasmids encoding CaMKI|I.
Representative Western immunoblots (A) and quantitative data for CaMKII (B) and pTyr-
STAT3 (C). D-F, representative Western immunoblots (D) and quantitative data for p-
CaMKII (E) and pTyr-STAT3 (F) after stimulation with rIL-6 (50ng/ml) in the presence or
absence of KN-62 (5umol/L or 10umol/L). G-I, representative Western immunaoblots (G)
and quantitative data for cytoplasmic and nuclear contents of p-CaMKII (H) and pTyr-
STATS3 (I) after stimulation with rIL-6 (50ng/ml) in the presence or absence of KN-62
(5umol/L or 10pumol/L). Data represent means = SEM from three independent experiments.
*P<0.05 vs. control; # A<0.05 vs. IL-6 treatment only.

Circ Res. Author manuscript; available in PMC 2017 June 10.



	Abstract
	INTRODUCTION
	METHODS
	Animals
	Minimally invasive transverse aortic constriction
	Histology
	Measurement of cardiac myocyte size
	Echocardiography
	Invasive hemodynamic studies
	Assessment of apoptosis
	H9c2 myoblast culture
	Cell treatments
	Assessment of cell surface area
	Quantitative PCR
	Protein extraction and western blot analysis
	Statistical analysis

	RESULTS
	Experimental protocol
	Genetic deletion of IL-6 attenuated LV hypertrophy induced by pressure overload in vivo
	Pressure overload-induced ventricular remodeling was ameliorated in the absence of IL-6
	Genetic deletion of IL-6 prevented pressure overload-induced LV dysfunction
	Pressure overload-induced myocardial fibrosis was attenuated in IL-6−/− hearts
	Genetic deletion of IL-6 attenuated cardiac myocyte apoptosis induced by pressure overload
	Hypertrophic response was attenuated in IL-6−/− adult cardiac myocytes
	Pressure overload-induced activation of MAPK and Akt signaling pathways was suppressed by genetic deletion of IL-6
	CaMKII and STAT3 contributed to IL-6-induced cardiac myocyte hypertrophy
	IL-6 activated STAT3 via a CaMKII-dependent manner

	DISCUSSION
	Salient findings
	IL-6 deletion prevents LV hypertrophy in response to pressure overload
	Pressure overload-induced LV remodeling, fibrosis, and failure are attenuated in the absence of IL-6
	IL-6 deletion attenuates cardiac myocyte apoptosis induced by pressure overload
	Hypertrophic response is attenuated in IL-6−/− adult cardiac myocytes
	The impact of IL-6 deletion on molecular mediators of pressure overload-induced hypertrophy
	The role of CaMKII in IL-6-induced STAT3 activation and cardiac myocyte hypertrophy

	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

