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HIGHLIGHTS

PKA-phosphorylation of Hsp20 is
elevated in human failing hearts.
Increases in phosphorylated Hsp20 in vivo
are associated with fibrotic remodeling
and reduced left ventricular function.
The phosphorylated Hsp20 in
cardiomyocyte promotes upregulation of
IL-6 and its subsequent paracrine actions
on the cardiac fibroblast.

Blockade of IL-6 effects ex vivo and in
vivo reduces the pro-fibrotic effects of
phosphorylated Hsp20.

Targeting phosphorylated Hsp20 in the
cardiomyocyte may represent a potential
therapeutic strategy to mitigate fibrotic
remodeling and preserve function in the
failing heart.
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SUMMARY

licenses/by-nc-nd/4.0/).

eart failure is a world-wide health problem

affecting approximately 26 million people

(1). Although significant advances have
been made in the management of disease symptoms,
morbidity and mortality rates remain high throughout
the world (1). Studies aiming to understand the mech-
anisms, the underlying causes, and the progression of
heart failure have implicated several signaling path-
ways. Specifically, the B-adrenergic axis, including
its downstream regulatory phosphorylation sub-
strates, has been shown to play a major role in cardiac
remodeling (2). However, it is puzzling that some cy-
clic adenosine monophosphate-dependent phospho-
proteins are downregulated, whereas others are
increased in failing hearts (3). These altered responses
may reflect the fine balance between protein kinase
and phosphatase activities in subcellular compart-
ments during heart failure progression (4). Among
the cardiac phosphoproteins in the f-adrenergic trans-
duction pathway is the small heat shock protein 20
(Hsp20 or HspB6), which has recently drawn particular
attention.

SEE PAGE 200

Hsp20 belongs to the subfamily Hsps, which con-
sists of 10 members whose molecular masses range
from 12 to 43 kDa (5). It is a highly conserved protein
and can be detected in all tissues but is most abun-
dant in cardiac, skeletal, and smooth muscles (6). The
levels of Hsp20 are mostly upregulated in human
failing hearts (7) and in animal models upon oxidative
stress, ischemia-reperfusion (I/R) injury, exercise
training, and chronic B-adrenergic stimulation (8).
These findings suggest that Hsp20 may play a critical
role in cellular stress resistance as an adaptive
response after exposure to stress stimuli. Indeed,
adenoviral studies and studies in transgenic (TG)
mice with cardiac-specific increases in Hsp20 have
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Cardiomyocyte-specific increases in phosphorylated Hsp20 (S16D-Hsp20) to levels similar to those observed in
human failing hearts are associated with early fibrotic remodeling and depressed left ventricular function,
symptoms which progress to heart failure and early death. The underlying mechanisms appear to involve
translocation of phosphorylated Hsp20 to the nucleus and upregulation of interleukin (IL)-6, which subse-
quently activates cardiac fibroblasts in a paracrine fashion through transcription factor STAT3 signaling.
Accordingly, treatment of S16D-Hsp20 mice with a rat anti-mouse IL-6 receptor monoclonal antibody (MR16-1)
attenuated interstitial fibrosis and preserved cardiac function. These findings suggest that phosphorylated
Hsp20 may be a potential therapeutic target in heart failure. (J Am Coll Cardiol Basic Trans Science
2019;4:188-99) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology
Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

demonstrated a protective role for this pro-
tein against f-agonist-induced apoptosis
(9,10), chronic doxorubicin-induced oxida-
tive stress (11), and I/R injury (12).

Hsp20 was initially discovered as a phos-
phoprotein induced upon prolonged B-adren-
ergic stimulation of cardiomyocytes (13).
Proteomic analysis revealed that phosphory-
lation occurs at Seri6 by protein kinase A,
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a phenomenon unique to Hsp20 among the small Hsp
family (13). Subsequent investigations have shown
that phosphorylation at Ser16 was elevated in human
failing hearts as well as in murine hearts after I/R
injury (7,12), suggesting that Hsp20 may function as
an innate protector. Indeed, studies from the present
authors’ laboratory have indicated that over-
expression of a constitutively phosphorylated form of
Hsp20 (S16D) in cultured cardiomyocytes conferred
protection against isoproterenol-induced cellular
apoptosis, whereas overexpression of constitutively
dephosphorylated Hsp20 (S16A) offered no anti-
apoptotic benefits (9). Moreover, TG mice with
cardiac-specific overexpression of the dephosphory-
lated S16A-Hsp20 exhibited diminished functional
recovery and greater infarct size following I/R injury,
both of which were associated with increased car-
diomyocyte necrosis and apoptosis (7). These find-
ings implicated phosphorylation of Hsp20 as a
potential cardioprotector.

The critical role of Hsp20 in the heart and the
potential benefits of its phosphorylation prompted
examination of the functional significance and long-
term effects of Hsp20 phosphorylation at Seri6
in vivo. To this end, the present authors generated a
model with cardiac-specific overexpression of a
constitutively phosphorylated Hsp20 form (S16D-
Hsp20) and chose a mouse line with levels similar to
those observed in human failing hearts for
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characterization (7). Surprisingly, and in contrast to
previous findings, S16D-Hsp20 mice exhibited early
fibrotic remodeling and dysfunction, which pro-
gressed to the development of heart failure. Ex vivo
studies have revealed that these effects were linked
to the pro-fibrotic role of phosphorylated Hsp2o0,
which induced synthesis of interleukin (IL)-6 in car-
diomyocytes and its subsequent paracrine activation
of cardiac fibroblasts through transcription factor
STAT3 signaling. Accordingly, treatment of S16D mice
using a rat anti-mouse IL-6 receptor monoclonal
antibody (MR16-1) attenuated interstitial fibrosis and
preserved left ventricular (LV) function. Taken
together, these results reveal a novel functional role
for Hsp20 in the heart and indicate that increases in
Hsp20 phosphorylation appear to be maladaptive and
may exacerbate the progression to heart failure.

METHODS

Additional detailed methods are available in the
Supplemental Appendix.

EXPERIMENTAL MODELS. All animal procedures
were performed according to guidelines set forth by
the U.S. National Institutes of Health and those of the
Institutional Animal Care and Use Committee at the
University of Cincinnati. TG mice with cardiac-
specific overexpression of constitutively phosphory-
lated Hsp20 (S16D-Hsp20) were generated as
previously described (7) and carried the mouse car-
diac S16D-Hsp20 cDNA under the control of the
a-myosin heavy chain promoter. Male TG and wild-
type (WT) age-matched control mice were used for
all studies. For endpoint studies, mouse hearts were
excised following anesthesia (200 mg/kg intraperito-
neally [IP], Euthasol, Virbac AH, Inc., Fort Worth,
Texas) and used for further analysis.

CARDIOMYOCYTE AND CARDIAC FIBROBLAST CROSS-
TALK EXPERIMENTAL DESIGN. Cardiomyocyte and
cardiac fibroblast isolation procedures were per-
formed as described in the Supplemental Methods.
Following cardiomyocyte isolation, the car-
diomyocyte pellet was resuspended in a solution of
plating medium (Dulbecco’s modified Eagle medium
[DMEM]), 10% fetal bovine serum [FBS], and 1%
penicillin-streptomycin [Pen/Strep, ThermoFisher
Scientific, Waltham, Massachusetts] plus 0.2% 2,3-
butanedione monoxime), which was plated on
laminin-coated dishes and incubated for 1 h at 37°C.
The medium was replaced with infection medium
(plating medium with no FBS), and cardiomyocytes
were infected with adenovirus-infected green fluo-
rescent protein (Ad.GFP), and with Ad.S16D or
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adenovirus-infected constitutively dephosphory-
lated Hsp20A (Ad.S16A) at a multiplicity of infection
of 100. After 2 h of infection, the cells were trans-
ferred to culture medium consisting of a solution of
DMEM plus 5 mg/l insulin-transferrin-selenium
(Sigma-Aldrich, St. Louis, Missouri), 100 U/ml
penicillin/streptomycin, 2 mM of L-glutamine, 4 mM
NaHCO5;, 10 mM Hepes, 0.2% bovine serum albu-
min, and 25 uM blebbistatin (Cayman Chemical, Ann
Arbor, Michigan) for 48 h. Medium was replaced
after 24 h, after which the cardiomyocytes were
collected for protein and RNA isolation. The condi-
tioned medium was obtained and centrifuged at
5,000 g for 10 min to remove cell debris and stored
at —80°C.

The ventricular fibroblasts were plated in growth
medium and allowed to grow for 4 to 5 days until
confluent. After fibroblasts were passaged in dishes
appropriately sized for subsequent experiments, they
were cultured in growth medium containing the
cardiomyocyte-conditioned medium at a dilution of
1:1. Fibroblast proliferation was determined by using
the MTT cell growth assay (catalog number CTO02,
MilliporeSigma, Burlington, Massachusetts) as previ-
ously described (14). Gene expression of pro-fibrotic
markers was assessed using quantitative polymerase
chain reaction (qPCR), and alpha-smooth muscle
actin (SMA) stress fiber formation was evaluated us-
ing immunofluorescence. IL-6 inhibition was ach-
ieved through addition of an IL-6-neutralizing
antibody (catalog number MAB406, R & D Systems,
Minneapolis, Minnesota) to the conditioned medium
upon application to the fibroblasts at a concentration
of 0.60 pg/ml, based on a previously established
protocol (15).

MR16-1 TREATMENT. Four-week old male S16D and
WT control mice were injected with the rat anti-mouse
IL-6 receptor monoclonal antibody MR16-1 (Gen-
entech, San Francisco, California), as described later,
using previously established protocols with minor
modifications (16,17). Echocardiography was per-
formed before the first injection and subsequently at 2
and 4 weeks afterward. Immediately after baseline
echocardiography was performed, mice were given 2
mg/body MR16-1 or phosphate-buffered saline (PBS)
as control by IP injection. During the first, second,
and third weeks after the initial injection, mice
received 0.5 mg/week MR16-1 or PBS (0.25 mg/body x
2 injections/week). At 8 weeks of age, following the
final echocardiographic assessment, mice were sacri-
ficed, and hearts were removed for examination
of fibrosis using PicroSirius Red staining (Abcam,
Cambridge, Massachusetts). Cardiac fibroblasts and
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FIGURE 1 S16D-Hsp20 Transgenic Mice Exhibit Reduced Survival, Left Ventricular Remodeling, and Dysfunction
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(A) Kaplan-Meier survival curve of S16D and WT control mice. Longitudinal echocardiographic assessment of S16D and WT mice at 2, 4, and 6
months of age: (B) LVEDV; (C) LVESV; and (D) EF. Gravimetric analysis of S16D and WT control mice at 2, 4, and 6 months of age. Ratios of (E)
heart weight/body weight and (F) lung weight/body weight in S16D and WT control mice. Values are mean + SEM. *p < 0.05; **p < 0.07;
**+p < 0.001 versus WT. The number of samples (n) per group is indicated on the bar graphs. EF = ejection fraction; LVEDV = left ventricular

end diastolic volume; LVESV = left ventricular end systolic volume; S16D = phosphorylated Hsp20; WT = wild type.

cardiomyocytes were isolated from a second cohort of
treated and nontreated WT and S16D mice, as
described in the Supplemental Methods. STAT3
signaling was assessed in the isolated fibroblasts by
Western blotting, and expression of remodeling markers
(ANP, BNP, and -MHC) were measured using qPCR.

STATISTICS. Data were expressed as mean + SEM.
Comparisons between the means of 2 groups were
evaluated using an unpaired Student ¢-test at each
time point (Figures 1B to 1F and 2D) or the Mann-
Whitney U test for data sets shown in Figure 2B, due
to the small sample size (n = 3). Comparisons of more
than 2 groups were performed using 1-way analysis of
variance (ANOVA) followed by the Tukey multiple
comparison test (Figures 3B to 3E and 5F). Alterna-
tively, the Kruskal-Wallis test followed by Dunn’s

multiple comparison test was used for data shown in
Figure 5H, due to the small sample size (n = 3). Groups
which originated from the same heart were compared
using a paired Student t-test (Figure 4B) or 1-way
repeated measures ANOVA, followed by Tukey’s
multiple comparison test (Figure 3A). Data in
Figure 3G were analyzed by using the Friedman test
followed by Dunn’s multiple comparison test,
because of the small sample size (n = 3). Comparisons
among the expression levels of 4 genes in the
adenovirus-infected cardiomyocytes (Figure 4A) were
performed by 2-way repeated measures ANOVA, fol-
lowed by Bonferroni correction. Comparisons among
groups in the MR16-1 treatment study (Figure 5D)
were performed using 2-way repeated measures
ANOVA, followed by the Neuman-Keuls multiple

191
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FIGURE 2 Extensive Interstitial Fibrosis Evident in S16D-Hsp20 Hearts
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(A) Representative confocal images (original magnification: x20) for TUNEL staining (green) counterstained with actin (red) and DAPI to
visualize nuclei (blue). Arrows indicate TUNEL-positive cells; scale bar: 50 um. (B) Quantitative analysis of TUNEL-positive nuclei (expressed
as a percentage of total nuclei) in S16D and WT ventricular sections at 2, 4, and 6 months of age. (C) Representative images (original
magnification: x20) of ventricular sections stained with Picrosirius red; scale bar: 50 um. (D) Quantitative analysis of ventricular fibrosis
(expressed as a percentage of total area) in S16D and WT hearts at 2, 4, and 6 months of age. The number of samples (n) per group is
indicated on the bar graphs. DAPI = 4',6-diamidino-2-phenylindole; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling;
other abbreviations as in Figure 1.

comparison test. Analysis of survival was performed
using the Kaplan-Meier method (using 29 WT control
and 37 S16D mice). The following statistical thresh-
olds were applied: p < 0.05, p < 0.01, and p < 0.001.
Comparisons were made among the experimental
groups and WT or GFP or among the indicated
groups. Statistical analyses were performed using
Prism version 8 software (GraphPad, San Diego,
California).

RESULTS

S16D-Hsp20 TRANSGENIC MICE EXHIBITED CARDIAC
REMODELING, DYSFUNCTION, AND EARLY MORTALITY.
Hsp20 is upregulated and hyperphosphorylated in
human heart failure and experimental I/R injury

(7,12). To determine the functional significance of
increases in Hsp20 phosphorylation, TG mice with
cardiac-specific overexpression of a constitutively
phosphorylated mutation (S16D-Hsp20) were gener-
ated (Supplemental Figure S1A). A TG mouse line was
chosen that expressed increases in S16D-Hsp20 levels
similar to those observed in human failing hearts (7)
(Supplemental Figures S1B and S1C) for further char-
acterization studies. Interestingly, S16D mice exhibi-
ted significantly reduced survival, with a mortality
rate of approximately 50% by 7 months and 100% by
10 months of age (Figure 1A). There were no parallel
deaths in either WT (Figure 1A) or TG mice with
similar levels of WT-Hsp20 overexpression (12).
Longitudinal assessment of LV geometry using
indicated chamber

echocardiography significant
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FIGURE 3 S16D-Hsp20 Cardiomyocyte-Conditioned Medium Activates Myofibroblast Differentiation
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Adult mouse cardiac fibroblasts were cultured in conditioned medium from Ad.GFP, Ad.S16D, Ad.S16A. Fibroblast proliferation and markers of myofibroblast differ-
entiation were assessed. (A) Quantification of fibroblast proliferation was determined using the MTT assay. Values are fold changes relative to those of Ad.GFP.
Relative gene expression levels are shown for (B) Collal; (C) Col3al; (D) TGF(T; and (E) IL-6. Values are fold-changes relative to those of Ad.GFP. (F) Representative
confocal images (original magnification: x40) of fibroblasts stained with zSMA (green) plus DAPI to visualize nuclei (blue); scale bar: 50 um. (G) Quantification of
aSMA fluorescence intensity. The number of samples (n) per group is indicated on the bar graphs. SMA = smooth muscle actin; Ad.GFP = adenovirus-infected green
fluorescent protein; Ad.S16D = adenovirus-infected phosphorylated Hsp16D; Ad.S16A = adenovirus-infected dephosphorylated Hsp16A; Collal = collagen 1a1; Col3a7
= collagen 3aT; IL = interlukin-6; TGF = transforming growth factor; other abbreviations as in Figure 2.

dilation (i.e., LV end-diastolic volume and LV end-

systolic volume) in S16D mice, which became
evident as early as 2 months of age (Figures 1B and 1C).
These geometrical alterations were accompanied by a
decrease in ejection fraction (EF) by 3 months of age
(Figure 1D). The EF continued to deteriorate over time
to <50% of normal by 6 months, concomitant with
50% mortality (Figure 1D). In contrast, TG mice over-
expressing nonphosphorylated Hsp20 (S16A) at levels
similar to those of S16D-Hsp20 mice did not exhibit
any alterations in LV function and geometry up to 6
months of age (Supplemental Figure S2A to S2C).
Further morphological, histological, and cellular

studies were concentrated at the following 3 time

points: at 2 months of age, at which point no change
in LV function and slight chamber dilation occurred;
at 4 months of age, when a significant decline in LV
function and chamber dilation were exhibited but
minimal deaths; and at 6 months, when severe
dysfunction, extensive chamber dilation, and close to
50% mortality occurred (Figure 1A). Gravimetric
analysis revealed a 13% increase in heart weight/body
weight ratio as early as 2 months, which further
increased at 4 and 6 months in S16D mice compared
to those in WT mice (Figure 1E). Accordingly, car-
diomyocyte hypertrophy, determined by wheat germ
agglutinin staining, was increased at 2 months and
further

was augmented at 4 and 6 months
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FIGURE 4 Acute Overexpression of S16D-Hsp20 in Cardiomyocytes Promotes Upregulation of the IL-6 Gene Expression and Secretion
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(A) Assessment of the following cytokine gene expression levels in Ad.GFP and Ad.S16D cardiomyocytes Ccl2, Ccl3, TNF-«, and IL-6. TGF(1
and /L-16 were not detectable in either group. Values were normalized to those of the internal control, 18 S, and expressed as fold-changes
relative to those of Ad.GFP. (B) Quantification of IL-6 secretion into the conditioned medium from Ad.GFP and Ad.S16D cardiomyocytes was
determined by using an ELISA assay. The number of samples (n) per group is indicated on the bar graphs. Ccl2 = C-C motif chemokine ligand 2;
Ccl3 = C-C motif chemokine ligand 3; ELISA = enzyme-linked immunosorbent assay; MR16-1 = rat anti-mouse IL-6 receptor monoclonal
antibody; TNF = tumor necrosis factor; WT = wild type; other abbreviations as in Figure 3.

(Supplemental Figures S3A and S3B). Analysis of gene
expression of remodeling markers indicated that only
the atrial natriuretic peptide (ANP) level was signifi-
cantly elevated at 2 months of age. However, by 6
months of age, ANP, brain natriuretic peptide (BNP),
and B-myosin heavy chain (MHC) levels were all
significantly increased in S16D hearts (Supplemental
Figure S3). Assessment of lung congestion indicated
significant increases only at 6 months of age in S16D
mice (Figure 1F). These results suggested that cardiac
overexpression of S16D promoted early LV dilation,
culminating in cardiac dysfunction and development
of heart failure, resulting in early death.

EARLY INTERSTITIAL FIBROSIS. Evidence indicates
that the advancement of cardiac remodeling is asso-
ciated with myocyte apoptosis and interstitial fibrosis
(18). Thus, cardiomyocyte loss in S16D hearts was
assessed by terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay. There were
significant levels of apoptosis at 4 and 6 months
compared to WT control mice, whereas there was no
evidence of TUNEL-positive nuclei at 2 months
(Figures 2A and 2B). The absence of cardiomyocyte
death at 2 months was further confirmed by lack of
alterations in serum levels of cardiac troponin I
(Supplemental Figure S4A) as well as caspase-3 ac-
tivity (Supplemental Figure S4B) and the apoptotic

markers Bak, Bcl-2, and Bax (Supplemental
Figures S4C and S4D). Surprisingly, although there
was no evidence of cell death at 2 months, significant
interstitial fibrosis was observed by PicroSirius Red
(Abcam) staining (Figures 2C and 2D). Collagen depo-
sition was further determined through assessment of
hydroxyproline content in S16D hearts. This assess-
ment demonstrated a significant increase at 2
months, which was further increased at 6 months of
age (Supplemental Figure S5A). These increases were
accompanied by significant upregulation of the pro-
fibrotic markers collagen 1A1 (Colial) and trans-
forming growth factor (TGF)-(1 and by a trend toward
increased  expression of  periostin (Postn)
(Supplemental Figures S5B to S5D). Collectively, the
data early
interstitial fibrosis in the absence of cardiomyocyte
death in the heart.

suggest that S16D-Hsp20 promotes

CROSSTALK BETWEEN S16D CARDIOMYOCYTES
AND FIBROBLASTS. Cardiac fibroblasts are respon-
sible for extracellular matrix homeostasis, providing
structural support for cardiomyocytes (18,19). Upon
pathological stimulation, fibroblasts transition to
the myofibroblast phenotype, which can promote
excessive collagen secretion, leading to pathological
remodeling (19). Recent studies have identified-
dynamic crosstalk between cardiomyocytes and
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fibroblasts, which occurs through secreted factors
(20-22). Thus, these authors sought to determine
whether S16D overexpression in the cardiomyocytes
promote myofibroblast transition through a para-
crine mechanism. To this end, isolated ventricular
cardiomyocytes and fibroblasts from adult mouse
hearts were used and with the cardiomyocytes
were Ad.GFP and Ad.S16D or the constitutively
dephosphorylated Hsp20, Ad.S16A, as an additional
control. The Hsp20 overexpression levels in
S16D and S16A cardiomyocytes were similar
(Supplemental Figures S6A and S6B). Then, the
conditioned medium from the infected car-
diomyocytes was used to culture fibroblasts, and
their potential activation was assessed using key
markers (19). Fibroblasts in the S16D medium
exhibited significantly enhanced proliferation
(Figure 3A) and significant upregulation of Coliai,
(TGF)-(1, and IL-6, as well as a trend toward upre-
gulation of collagen 3A1 (Coli3a1) (Figures 3B to 3E).
Further analysis using immunofluorescence revealed
the presence of prominent aSMA-positive stress fi-
bers in S16D fibroblasts (Figures 3F and 3G), a reliable
indicator of myofibroblast activation in culture.
Importantly, the effects observed on fibroblast dif-
ferentiation were specific to S16D as there were no
alterations elicited by the S16A medium (Figures 3A
to 3G). To exclude cardiomyocyte death as a
contributing factor to fibroblast activation (22), the
levels of lactate dehydrogenase were determined in
the conditioned medium. There were no differences
in the levels of lactate dehydrogenase released
among the 3 groups (Supplemental Figure S6C).
These findings demonstrate that overexpression of
S16D in the cardiomyocytes may promote the
secretion of a factor(s) which stimulates differenti-
ation of fibroblasts to myofibroblasts.

IL-6 IS UPREGULATED IN S16D CARDIOMYOCYTES.
The findings described above coupled with previous
evidence indicating that secretion of cytokines from
the cardiomyocyte (23) can activate myofibroblast
differentiation (24) prompted an examination of the
expression levels of C-C motif chemokine ligand 2
(Ccl2), C-C motif chemokine ligand 3 (Ccl3), IL-6,
tumor necrosis factor (TNF)-a, TGF@1, and IL-18 in
Ad.S16D cardiomyocytes. Interestingly, only IL-6
expression was upregulated (Figure 4A), and this
upregulation was associated with its increased
secretion into the medium from the cardiomyocytes
(Figure 4B). Taken together, these data indicate that
increases in S16D in cardiomyocytes promote IL-6
transcriptional upregulation and its subsequent
secretion to the extracellular space.
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BLOCKING IL-6 REDUCES PRO-FIBROTIC EFFECTS
OF s16D. To determine the role of IL-6 in the pro-
fibrotic effects elicited by the S16D cardiomyocytes,
an IL-6-neutralizing antibody, M16-1, was included in
the conditioned medium that was applied to fibro-
blasts. There was a reduction in the expression levels
of collagens and cytokines in the fibroblasts treated
with the IL-6 antibody, although statistical signifi-
cance was not reached (Supplemental Figures S6D
and S7A). Furthermore, aSMA stress fiber formation
was abrogated in the presence of the IL-6 antibody
(Supplemental Figures S7E and S7F). To further
confirm the role of IL-6 in the transition of fibroblasts
to myofibroblasts, the question of whether STAT3
localized to the nucleus was examined, as its phos-
phorylation and nuclear translocation occurred upon
stimulation of the IL-6 receptor (IL-6R) (25). Indeed,
nuclear accumulation of phosphorylated STAT3 (P-
STAT?3) was significantly greater in fibroblasts treated
with the S16D medium (Supplemental Figure S7G).
Accordingly, inclusion of the IL-6 antibody abrogated
this effect (Supplemental Figure S7G). These results
suggested that S16D overexpression in the car-
diomyocyte promotes myofibroblast differentiation
through a paracrine mechanism by activation of the
IL-6/STATS3 signaling pathway in the fibroblast.

TREATMENT OF S16D MICE WITH MR16-1 ATTENUATED
FIBROSIS AND IMPROVED CARDIAC FUNCTION. Our
ex vivo findings led to an investigation of whether IL-6
was contributing to the excessive collagen deposition
and cardiac remodeling in the S16D mice, which was
observed as early as 2 months of age. Indeed, both
cardiac and serum IL-6 levels were higher in S16D mice
than in WT mice (Figures 5A and 5B). Because IL-6 has
been implicated in fibrotic ventricular remodeling
(26), the authors hypothesized that treatment of S16D
mice with an IL-6 receptor antagonist (MR16-1) would
reduce ventricular fibrosis and preserve function.
Therefore, S16D and WT mice were treated with MR16-
1 or PBS for 4 weeks, starting at 1 month of age, when
no ventricular dysfunction or remodeling was evident
(Figure 5C). Treatment with MR16-1 prevented deteri-
oration of function (EF) in S16D mice (Figure 5D),
although it had no effects on ventricular chamber
dilation, cardiomyocyte hypertrophy, or remodeling
markers (Supplemental Figures S8A to S8F), indi-
cating that a separate mechanism might have been
contributing to remodeling in S16D hearts. Impor-
tantly, MR16-1 completely prevented ventricular
fibrosis in S16D hearts (Figures 5E and 5F). To confirm
the fact that IL-6 signaling was inhibited by MR16-1 in
S16D hearts, cardiac fibroblasts were isolated, and P-
STAT3/total STAT3 levels were assessed through
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FIGURE 5 MR16-1 Treatment Attenuates Fibrosis and Improves Cardiac Function
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Western blotting. Indeed, fibroblasts isolated from
S16D-PBS-treated hearts showed an increase in P-
STAT3 levels, which was abrogated by treatment
with the MR16-1 antibody. These results suggested
that upregulation of IL-6 contributes to the acceler-
ation of cardiac fibrosis and dysfunction in S16D TG
mice.

DISCUSSION

The current study reveals a novel pro-fibrotic role of
phosphorylated Hsp20 (S16D-Hsp20) through regula-
tion of myocyte-synthesized IL-6 and subsequent
paracrine activation of myofibroblast differentiation.
These insights were acquired through characteriza-
tion of a TG mouse model with cardiac-specific
overexpression of constitutively phosphorylated
Hsp20 (S16D-Hsp20), which demonstrated fibrotic
ventricular remodeling at an early age.

Cardiac fibroblasts are essential for maintaining
normal cardiac function, as they provide a structural
network for cardiomyocytes, distribute mechanical
forces through the cardiac tissue, and mediate elec-
tric conduction (19). In response to pathological
stimuli, these cells undergo a transition to a myofi-
broblast phenotype, which can secrete elevated levels
of extracellular matrix (ECM) proteins aimed at
maintaining the structural integrity of the heart (19).
However, a sustained fibrotic response can lead to
reduced ventricular compliance, cardiac dysfunction,
and ultimately heart failure (19). There are 2 distinct
types of cardiac fibrosis: 1) reactive interstitial
fibrosis, which is an expansion of the ECM in the
absence of cardiomyocyte loss; and 2) replacement
fibrosis, which results in extensive cardiomyocyte
death (27). In the present study, S16D was associated
with extensive cardiac interstitial fibrosis as early as 2
months of age, without evidence of cardiomyocyte
apoptosis. Thus, it appears that cell death was not the
initial driving force behind the early interstitial
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fibrosis, consistent with previous in vitro findings
indicating that S16D renders cardiomyocyte protec-
tion from apoptosis (9).

The fine communication between cardiac myocytes
and fibroblasts plays a key role in cardiac remodeling
mediated by paracrine factors (21). These factors
include numerous cytokines such as TGF-f1, IL-6,
IL-18, and TNF-o, which have been implicated in
fibroblast proliferation and myofibroblast activation
(21,22,26). Findings of the present study indicate that
the S16D overexpression in cardiomyocytes also
activated myofibroblast differentiation in a paracrine
fashion. This was shown by enhanced proliferation
and upregulation in expression of collagens, cyto-
kines, and aSMA stress fibers. The pro-fibrotic effects
were specific to S16D, as medium from Ad.S16A
(constitutively dephosphorylated) cardiomyocytes
had no effects. Further assessment of the S16D-
infected cardiomyocytes indicated the transcrip-
tional upregulation of IL-6. These effects were
specific to IL-6, as there were no alterations in gene
expression of other cytokines. Accordingly, secretion
of IL-6 from the cardiomyocytes contributed to acti-
vation of fibroblasts to myofibroblasts, as shown by a
reduction of the pro-fibrotic effects when using the
IL-6 neutralizing antibody.

IL-6 is a pleiotropic cytokine whose expression
in the heart has received particular interest, as its
circulatory and intracardiac levels are elevated in
congestive heart failure and are powerful predictors
of LV remodeling (28,29). IL-6 signaling occurs
through the transcription factor STAT3, which, upon
phosphorylation at tyrosine 705, translocates to
the nucleus and activates a broad array of target
genes (25). In the cardiac fibroblast, STAT3 activation
has been demonstrated to promote fibroblast prolif-
eration in addition to synthesis of ECM proteins (25).
Results of the present study show that S16D
overexpression in cardiomyocytes promotes IL-6
secretion, which subsequently activates nuclear

FIGURE 5 Continued

(A) Quantification of IL-6 gene expression levels in S16D hearts and WT control hearts. Values were normalized to those of the internal control
GAPDH and expressed as fold-changes relative to those of WT mice. (B) Quantification of IL-6 serum levels in S16D and WT control mice was
determined by using an ELISA assay. (C) Schematic presentation of S16D and WT control mice treated with MR16-1 or PBS (control) starting at
1 month of age. Following the baseline echocardiographic assessment, mice were injected with 2 mg/body weight MR16-1 or PBS. Subse-
quently, mice received 0.5 mg/body per week (2 injections of 0.25 mg/body) during weeks 1, 2, and 3. (D) Left ventricular ejection fraction
at baseline and at 2 and 4 weeks; *p < 0.05 versus WT-PBS; #p < 0.05 versus S16D-MR16-1. (E) Representative images (original
magnification: x20) of Picrosirius red staining following 4 weeks of treatment; scale bar: 50 um. (F) Quantification of percent of ventricular
fibrosis (fibrotic area/total ventricular area). (G) Representative Western blots and (H) quantification of P-STAT3 (Y705)/total STAT3 protein
levels of the indicated groups. Values are fold-changes relative to those of WT-PBS. The number of samples (n) per group is indicated on
the bar graphs. GAPDH = glyceraldehyde 3-phosphate dehydrogenase; I.P. PBS = intraperitoneal phosphate buffered saline;

P-STAT3 = phosphorylated STAT3; other abbreviations as in Figures 3 and 4.
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translocation of phosphorylated STAT3 (P-STAT3) in
fibroblasts and increased expression of collagen and
cytokines. Importantly, addition of the IL-6 neutral-
izing antibody reduced the P-STAT3 and attenuated
the pro-fibrotic effects of S16D. Thus, IL-6/STAT3
signaling appears to mediate the paracrine effects of
the S16D cardiomyocyte.

The ex vivo findings described previously led to
the hypothesis that IL-6 may contribute to cardiac
remodeling and dysfunction observed in the S16D
mouse model. Indeed, cardiac gene expression as
well as serum levels of IL-6 were elevated in S16D
hearts as early as 2 months of age. To confirm the
contribution of IL-6 in cardiac remodeling and
dysfunction, S16D mice were treated with the selec-
tive IL-6 receptor antagonist monoclonal antibody
MR16-1. Isolated cardiac fibroblasts revealed that
STATS3 signaling was elevated in the nontreated S16D
hearts, although this effect was abolished by treat-
ment with the MR16-1 antibody. Accordingly, MR16-1
prevented the development of interstitial fibrosis and
preserved EF. However, MR16-1 treatment had no
effects on the observed alterations of LV chamber
dilation, cardiomyocyte hypertrophy, or remodeling
markers, as these parameters were similar to those in
nontreated S16D mice. Taken together, IL-6/STAT3
signaling appears to contribute to fibroblast activa-
tion and the resultant development of interstitial
fibrosis in S16D hearts. Nonetheless, the lack of pro-
tection against remodeling in the MR16-1-treated
S16D hearts indicates that these pathological alter-
ations are driven by additional factors other than the
IL-6/STAT3 pathway.

These results suggest that chronic phosphorylation
of Hsp20 is associated with ventricular remodeling
and dysfunction, partially mediated through the pro-
fibrotic action of cardiomyocyte-synthesized IL-6.
Thus, targeting the levels of S16D-Hsp20 in human
heart failure may represent an effective strategy for
limiting fibrotic remodeling.

STUDY LIMITATIONS. Although the current findings
highlight the significance of chronic Hsp20 phos-
phorylation in cardiac fibrosis, use of the TG mouse
model in this study may be criticized as limiting.
Generation of a gene-targeted knock-in mouse model
would have been a more elegant model for examining
the significance of Hsp20 phosphorylation in vivo.
However, transgenesis was chosen because the aim
was to overexpress S16D-Hsp20 at levels similar to
those observed in human heart failure. The authors
recognize that additional mechanisms might have
contributed to cardiac remodeling in the S16D hearts.
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For the purpose of this study, the authors focused
specifically on the regulation of IL-6 in the car-
diomyocyte and its subsequent paracrine effects on
the cardiac fibroblast.

CONCLUSIONS

Ex vivo and in vivo studies have revealed a novel role
for phosphorylated Hsp20 in the heart involving
upregulation of IL-6 in the cardiomyocyte and the
associated paracrine activation of cardiac fibroblasts.
Thus, hyperphosphorylation of Hsp20 in human
failing hearts coupled with findings from the current
study suggest that it may play a role in pathological
remodeling and, thus, may provide a new therapeutic
opportunity.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Car-
diac fibrosis, characterized by excessive deposition of
extracellular matrix proteins, is a key component in
ventricular remodeling and the pathophysiology of
heart failure. Crosstalk between cardiomyocytes and
cardiac fibroblasts through paracrine factors has
emerged as a factor in this remodeling process.
However, there is a need to gain further insights into
this apparent cardiac myocyte/fibroblast communica-
tion to prevent heart failure progression. Findings
from the present study demonstrate that phosphor-
ylated Hsp20 may act as a regulator in paracrine-
induced fibrotic remodeling.

TRANSLATIONAL OUTLOOK: Hsp20 phosphory-
lation is chronically elevated in human and experi-
mental heart failure. Explorations in the relevance of
these increases in a murine model indicates that they
associate with fibrotic ventricular remodeling and
contractile dysfunction. Therefore, Hsp20 may serve
as a novel therapeutic target in heart failure.
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