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Abstract Cardiac hypertrophy is a response of the myocar-
dium to increased workload and is characterised by an
increase of myocardial mass and an accumulation of extra-
cellular matrix (ECM). As an ECM protein, an integrin
ligand, and an angiogenesis inhibitor, all of which are key
players in cardiac hypertrophy, mindin is an attractive target
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for therapeutic intervention to treat or prevent cardiac hy-
pertrophy and heart failure. In this study, we investigated the
role of mindin in cardiac hypertrophy using littermate
Mindin knockout (Mindin~"") and wild-type (WT) mice.
Cardiac hypertrophy was induced by aortic banding (AB)
or angiotensin II (Ang II) infusion in Mindin "~ and WT
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mice. The extent of cardiac hypertrophy was quantitated by
echocardiography and by pathological and molecular anal-
yses of heart samples. Mindin~’~ mice were more suscepti-
ble to cardiac hypertrophy and fibrosis in response to AB or
Ang II stimulation than wild type. Cardiac function was also
markedly exacerbated during both systole and diastole in
Mindin™"~ mice in response to hypertrophic stimuli. Western
blot assays further showed that the activation of AKT/gly-
cogen synthase kinase 33 (GSK3[3) signalling in response
to hypertrophic stimuli was significantly increased in
Mindin~"~ mice. Moreover, blocking AKT/GSK3{ signal-
ling with a pharmacological AKT inhibitor reversed cardiac
abnormalities in Mindin~/~ mice. Our data show that
mindin, as an intrinsic cardioprotective factor, prevents mal-
adaptive remodelling and the transition to heart failure by
blocking AKT/GSK3 {3 signalling.

Keywords Mindin - Hypertrophy - Remodelling - Signal
transduction - AKT

Introduction

Cardiac hypertrophy is a response of the myocardium to
increased workload and is characterised by an increase in
myocardial mass and an accumulation of extracellular ma-
trix (ECM) [1]. Although initial cardiac hypertrophy prob-
ably constitutes an adaptive mechanism, prolonged and
severe hypertrophy is a risk factor for arrhythmias, sudden
death and heart failure. The molecular mechanism that
mediates the transition from hypertrophy to heart failure
remains largely unknown. Accumulating evidence indicates
that ECM proteins, such as fibronectin, osteopontin, melu-
sin and laminin, play key roles in the progression of cardiac
hypertrophy [1, 2]. Fibronectin induces cardiac myocyte
hypertrophy in vitro [2]. Additionally, osteopontin and
melusin are required to sustain compensatory cardiac hyper-
trophy in response to chronic pressure overload and prevent
the transition toward HF [3]. However, laminin «4-deficient
mice gradually develop cardiac hypertrophy with impaired
function [4]. A balance seems to exist among the matrix
proteins, and this balance regulates cardiac hypertrophy.
Therefore, the discovery and functional clarification of nov-
el cardiac hypertrophy-related ECM proteins is important
for understanding the molecular mechanisms underlying
cardiac hypertrophy.

Mindin is a member of the mindin/F-spondin family of
secreted ECM proteins, which contain N-terminal F-spondin
(FS) domains and C-terminal thrombospondin type 1
repeats (TSR). Mindin was originally discovered in zebra-
fish as a component of the basal lamina [5]. Subsequently,
mindin was shown to promote the outgrowth of hippocam-
pal embryonic neurons and to inhibit angiogenesis [5].
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Recent studies have demonstrated that mindin serves as a
ligand for integrins; specifically, the FS domain of mindin
mediates integrin binding [5—7]. The mindin—integrin inter-
actions are not only critical for recruiting inflammatory
cells, such as neutrophils, macrophages and eosinophils,
but also play a key role in regulating Rho GTPase expres-
sion in dendritic cells (DCs) and in DC priming of T lym-
phocytes [5—7]. Additionally, mindin functions as a pattern-
recognition molecule for microbial pathogens via its TSR
domain, which recognises pathogen-associated molecular
patterns and is essential in the innate immune response [8].
To date, research on mindin has focused on infectious dis-
eases and cancer [5-8]. Northern blot analysis of Mindin
expression in mouse tissues demonstrated that Mindin is
highly expressed in the heart [5]. As an ECM protein, an
integrin ligand, and an angiogenesis inhibitor, all of which
are key players in cardiac hypertrophy, mindin is an attrac-
tive target for therapeutic intervention to treat or prevent
cardiac hypertrophy and heart failure. Most recently, we
published our findings related to the mindin protein and
discovered that cardiac-specific overexpression of human
mindin protein protects against cardiac hypertrophy by
blocking AKT signalling in mice [9]. However, these pro-
tective effects of mindin were mediated by exogenously
expressed protein but not by endogenous mindin. To inves-
tigate accurately the critical role of mindin in the heart, we
used Mindin~"~ mice. Importantly, our new data demonstrat-
ed that disruption of mindin exacerbates cardiac hypertro-
phy and fibrosis by activation of AKT/GSK3f signalling.

Methods and materials
Materials

Primary antibodies against the following proteins were pur-
chased from Santa Cruz Biotechnology: murine mindin (sc-
49050), atrial natriuretic peptide (ANP; sc-20158), brain
natriuretic peptide (BNP; sc-18817), 3-MHC (sc-53090),
Collagen I (sc-8784), Collagen III (sc-8781) and Lamin
B1 (sc-6217). Antibodies against human mindin (ab70508)
and CTGF (ab51704) were obtained from Abcam. Anti-
bodies against phospho-JNK1/2Th183/Tyr185 "pOX O],
phospho-FOX015%¢"%¢ FOXO3A, phospho-
FOXO3AS 318321 " 'gmad2, phospho-Smad25¢m465/467,
Smad3, phospho-Smad35°***/*** Smad4 and GAPDH were
purchased from Cell Signalling Technology. Antibodies
against phospho-ERK 1/2Th202/Tyr204 " ERK1/2, INK1/2,
phospho-P38™¥"182 P38 phospho-AKT™ 3% AKT,
phospho-GSK3 B35, GSK3p, phospho-mTORS2448,
mTOR and TGF31 were purchased from Bioworld Tech-
nology. The BCA protein assay kit was purchased from
Pierce. IRDye® 800CW conjugated secondary antibodies
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(LI-COR Biosciences) were used for visualisation. AKT
Inhibitor IV (SC-203809) was ordered from Santa Cruz
Biotechnology. All other reagents were obtained from
Sigma.

Animals and animal models

The study protocol was approved by the Animal Care and
Use Committee of Renmin Hospital of Wuhan University,
China. Male Mindin knockout mice (Mindin™'~, C57BL/6
background) and their wild-type littermates (aged 7 to
8 weeks) were used in the studies. Genotyping was per-
formed by PCR as described previously [8].

Aortic banding was performed as described previously
[10, 11]. To confirm the role of mindin in cardiac hypertro-
phy, the experiments were repeated in an angiotensin II
(Ang IT) infusion model, which was established as described
previously [12]. Ang IT (1.4 mg kg ' day ' dissolved in
0.9% NaCl) was subcutaneously infused for 4 weeks using
an osmotic minipump (Alzet model 2004; Alza Corp)
implanted in each mouse. Saline-infused animals served as
infusion controls and were subjected to the same procedures
as the experimental animals, with the exception of the Ang
11 infusion. AKT Inhibitor IV (AKTI; 0.5 mg kg ' days™)
suspension was freshly prepared and administered by intra-
peritoneal injection every 3 days. AKT inhibitor was admin-
istration 1 week before surgery and then continued for
4 weeks after aortic banding (AB) or sham. Mice in the
control group received the same volume of PBS. The inter-
nal diameter and wall thickness of the left ventricle (LV)
were assessed by echocardiography. Hearts, lungs, and tib-
iae of the sacrificed mice were dissected and weighed or
measured to compare the heart weight (HW)/body weight
(BW; in mg/g), HW/tibial length (TL; in mg/mm) and lung
weight (LW)/BW (in mg/g) ratios in the different groups.

Blood pressure and echocardiography

A microtip catheter transducer (SPR-839, Millar Instru-
ments, Houston, Texas) was inserted into the right carotid
artery and advanced into the left ventricle. The pressure
signals and heart rate were recorded continuously using an
ARITA pressure-volume conductance system coupled to a
Powerlab/4SP A/D converter [10—-12]. Echocardiography
was performed via a MyLab 30CV ultrasound (Biosound
Esaote Inc.) with a 10-MHz linear array ultrasound trans-
ducer. End-systole or end-diastole was defined as the phase
in which the smallest or largest area of LV, respectively, was
obtained. LV end-systolic diameter (LVESD) and LV end-
diastolic diameter (LVEDD) were measured from the LV M-
mode tracing with a sweep speed of 50 mm/s at the mid-
papillary muscle level.

Western blotting

Cardiac tissue was lysed in RIPA lysis buffer. Nuclear
protein extracts were isolated as described previously
[10-12]. Fifty micrograms of the protein extracts was
used for SDS-PAGE. The proteins were then transferred
to nitrocellulose membranes and probed with various
antibodies. After incubation with a secondary IRDye®
800CW-conjugated antibody, the signals were visualised
using an Odyssey Imaging System. Specific protein
expression levels on the same nitrocellulose membrane
were normalised to either GAPDH for the total cell
lysate and cytosolic proteins or to lamin-B1 for nuclear
proteins.

Histological analysis

Hearts were excised, placed immediately in 10% potassium
chloride solution to ensure that they were stopped in dias-
tole, washed with saline solution, and placed in 10% forma-
lin. Hearts sections (4-5 pm thick) were prepared and
stained with hematoxylin—eosin (HE) for histopathology or
Picrosirius red (PSR) for collagen deposition and then
visualised by light microscopy. A single myocyte was mea-
sured using an image quantitative digital analysis system
(Image-Pro Plus 6.0). Between 100 and 200 myocytes in the
left ventricles were outlined in each group.

Immunohistochemistry

Immunohistochemistry was undertaken to localise the phos-
phorylated Akt and Smad2/3 in cardiomyocytes and inter-
stitium. Perfusion-fixed (4% paraformaldehyde), paraffin-
embedded sections of Mindin*’* and Mindin~~ mice
4 weeks after AB surgery were stained using the antibodies
against phospho-AKT™3% phospho-Smad25e™6/467 " or
phospho-Smad35™3/425 " developed with peroxidase-
coupled secondary antibodies and DAB as a substrate.
Images were captured at 400x magnification from 5 fields
/case. The positive areas of the histological sections were
quantified using an image quantitative digital analysis sys-
tem (Image-Pro Plus 6.0).

Statistical analysis

Data are expressed as means+SEM. Differences among
groups were determined by two-way ANOVA followed by
a post hoc Tukey test. Comparisons between two groups
were performed using an unpaired Student’s ¢ test. A value
of P<0.05 was considered significant.
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Results
Mindin expression in experimental hypertrophic models

To explore the potential role of mindin in cardiac hypertrophy,
we first analysed mindin expression in well-established mod-
els of cardiac hypertrophy induced by pressure overload or
chronic infusion of Ang II. As shown in Fig. 1, mindin protein
levels were gradually and significantly increased in the LV of
mice subjected to AB or Ang II infusion during the first
2 weeks. However, mindin expression markedly decreased
at week 4. In addition, protein levels of hypertrophic markers,
such as ANP and BNP, were elevated in a time-dependent
manner from weeks 1 to 4 following AB or Ang II infusion
(Fig. 1). Thus, these findings imply a compensatory increase
of mindin expression in adaptive cardiac hypertrophy (the first
2 weeks following hypertrophic stimuli) and a subsequent
decompensatory decrease in mindin expression during mal-
adaptive remodelling (the final 2 weeks).

Mindin™~ mice are more susceptible to cardiac hypertrophy
in response to pressure overload or Ang II stimulation

To examine the role of mindin in the heart, we used
Mindin~~ mice that lack mindin protein expression in the
heart (Fig. 2a). Under basal conditions, mindin deficiency
had no significant effect on HW/BW, LW/BW or LV dimen-
sions; wall thickness; or LV function (evaluated by echocar-
diographic parameters such as LVEDD, LVESD, PWT,
IVSD and FS) compared with Mindin*"" mice (Table 1).
This finding suggests that mindin plays a negligible role in
cardiac development or function under basal conditions.

Fig. 1 Mindin expression in

To investigate the role of mindin in cardiac hypertrophy,
Mindin~"~ mice and Mindin™"* littermate control mice were
subjected to AB surgery or sham surgery. Four weeks fol-
lowing AB surgery, the Mindin""" mice exhibited cardiac
hypertrophy, as evidenced by increased HW/BW, HW/TL
and cross-sectional area of cardiac myocytes (Fig. 2b).
Importantly, increased hypertrophy was observed in
Mindin~"~ mice compared with Mindin™"* controls
(Fig. 2b). It is necessary to produce equal aortic banding
in different groups, which showed similar pressure overload
to compare the effect of mindin. We detected a similar
systolic blood pressure of 150-160 mmHg in the LV after
4 weeks of AB among groups by microtip catheter trans-
ducer (Table 2). Cardiac hypertrophy and function were
examined by echocardiography 4 weeks after surgery. The
increase in LV dimensions and wall thickness demonstrated
that the left ventricular dilation was significant in Mindin "~
mice compared with their Mindin""" littermates according to
echocardiographic parameters, such as LVEDD, LVESD,
PWT and IVSD (Table 2). The decreased FS and EF and
the increased lung weight demonstrated the exacerbated LV
function in Mindin "~ mice compared with their Mindin™"*
littermates (Table 2; Fig. 2b). We also conducted serial
echocardiography to observe the phenotypic changes in
Mindin™"~ mice 1-2 weeks after AB to track the effects of
mindin on cardiac dysfunction. The knockout animals dem-
onstrated a significant increase in left ventricular chamber
size and decrease in systolic function, which was consistent
with maladaptive cardiac remodelling. This difference
reached statistical significance over the time period studied
(Table 1 in the Electronic supplementary material). These
results suggest that mindin is essential for the preserva-
tion of cardiac function over time. Likewise, histological

experimental hypertrophic
models. 7op, Representative
Western blots for mindin, ANP
and BNP in experimental
hypertrophic models induced
by aortic banding or Ang II
infusion at the indicated time
points. Bottom, quantitative
results of the protein levels of
mindin, ANP and BNP in heart
tissue after AB or Ang II
infusion at the indicated time
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Fig. 2 Mindin~~ mice are A
more susceptible to cardiac

hypertrophy in response to Mindin+/+ Mindin-/-
pressure overload or Ang II

stimulation. a Representative 36KDa
Western blots for murine

mindin in heart tissue from 37KDa
Mindin™" and Mindin~"~ mice
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Fig. 2 (continued)
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analyses based on gross and whole-heart examinations
and HE staining revealed the exaggerated effect of
mindin deficiency on cardiac hypertrophy in response
to pressure overload (Fig. 2c¢). To examine these find-
ings further, we established an Ang Il-induced cardiac
hypertrophy model in Mindin~"~ and Mindin™" mice.
Using this model, we observed results similar to those
obtained with AB treatment (Fig. 2d, e; Table 3). Ad-
ditionally, we analysed the expression of several cardiac
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hypertrophy markers in response to pressure overload or
Ang II stimulation. The protein levels of ANP, BNP and
[3-myosin heavy chain (3-MHC) were markedly elevat-

ed in both Mindin "~ and Mindin™"* mice after AB or
Ang II infusion. Furthermore, these increases were more
pronounced in Mindin~~ than in Mindin*"* mice 4 weeks
after AB or Ang Il infusion (Fig. 2f, g). These findings suggest
that mindin protects against cardiac hypertrophy in response
to pressure overload or Ang II stimulation.
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Mindin suppresses AKT/GSK3f signalling in response
to pressure overload or Ang II stimulation

To explore the molecular mechanisms by which mindin
inhibits the hypertrophic response, we examined the effects
of mindin on MAPK signalling. We found that the phos-
phorylated levels of ERK1/2, JNK1/2 and p38 were signif-
icantly increased in both AB and Ang Il-infused Mindin™"*
hearts. However, these phosphorylation levels were not
significantly different between Mindin "~ and Mindin""*
hearts (Fig. 3a). These data imply that the antihypertrophic
effects of mindin are not due to modulation of the MAPK
pathway. To further determine whether mindin blocks AKT/

Table 1 Anatomic and echocardiographic analysis in 10- to 12-week-
old mice

Parameter Mindin™"~ mice Mindin""" mice
Number 8 8

BW (g) 25.72+0.39 25.74+0.41
HW/BW 3.66+0.07 3.63+0.12
LW/BW 3.90+0.10 3.94+0.13
HW/TL 6.14+0.13 6.12+0.14
HR (beats/min) 509.83+8.72 488.22+17.56
LVEDD (mm) 3.8040.02 3.7440.04
LVESD (mm) 1.80+0.01 1.78+0.02
IVSD (mm) 0.75+0.03 0.7140.04

FS (%) 52.47+0.48 52.37+0.75

HR heart rate, BIW body weight, HW heart weight, 7L tibial length,
LVEDD left ventricular end-diastolic diameter, LVESD left ventricular
end-systolic diameter, PWT posterior wall thickness, /VSD left ventric-
ular septum, diastolic, S fractional shortening. All values are mean+
SEM

Mindin+/+ Mindin-/- " Mindin+/+ Mindin/- Mindin+/+ Mindin/-
Ang II

Saline

GSK3f3 signalling in response to hypertrophic stimuli, we
examined AKT/GSK3p activation between Mindin™"" and
Mindin~"~ mice. Our results demonstrated that mindin defi-
ciency markedly enhanced AKT and GSK3[3 phosphoryla-
tion induced by AB or Ang II infusion (Fig. 3b). The
immunostaining of the cardiac sections also indicated that
the phosphorylation of AKT in cardiomyocytes was signif-
icantly increased in Mindin~’~ mice compared with
Mindin™"* controls (Fig. 3c). The phosphorylated levels of
mammalian target of rapamycin (mTOR), forkhead box
03A (FOXO3A) and forkhead box O1 (FOXO1) were also
increased in Mindin~"~ mice, although the total levels of
these kinases were unchanged, which is consistent with
upregulation of the AKT pathway (Fig. 3b).

Mindin protects against fibrosis in response to pressure
overload or Ang II stimulation

Pathological cardiac hypertrophy is associated with in-
creased fibrosis of the myocardium [11]. To investigate
further the mechanisms by which mindin suppresses mal-
adaptive remodelling in response to hypertrophic stress, we
examined the ability of mindin to suppress fibrosis. As
shown in Fig. 4a, increased collagen deposition was ob-
served in the Mindin™* mice subjected to AB or Ang II
infusion, but this was markedly increased in Mindin =
mice. Quantitative analysis also showed enhanced collagen
volume in the myocardium of Mindin /~ mice compared
with Mindin*"* mice (Fig. 4b). Subsequent analyses of
protein expression levels of known mediators of fibrosis,
including connective tissue growth factor (CTGF), collagen
I, collagen III, and transforming growth factor (TGF)-31,
revealed a pronounced fibrotic response in Mindin /" mice
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Table 2 Echocardiographic and
haemodynamics parameters in
Mindin™"~ and Mindin*"" mice
at 4 weeks after sham operation
or AB

All values are mean+SEM

#*P<0.05 versus Mindin™"* sham
operation; **P<0.05 versus
Mindin™"* AB after 4 weeks AB

Parameter Sham Mindin™"* Sham Mindin "~ AB Mindin*"* AB Mindin™"~
mice mice mice mice

Number 8 9 8 9

BW (g) 27.554+0.56 28.46+0.61 28.28+0.41 27.84+0.64

HR (beats/min) 478.41+£6.43 478.10+£16.25 480.60+13.44 546.90+12.19

LVEDD (mm) 3.53+0.04 3.70+0.02 4.38+0.09* 5.21+0.07* **

LVESD (mm) 1.62+0.03 1.73+0.02 2.46+0.08* 3.50+0.06* **

IVSD (mm) 0.62+0.02 0.59+0.02 0.80+0.02 1.08+0.05*

FS (%) 54.08+1.14 53.29+0.63 43.57+2.05* 32.65+1.77% **

SBP (mmHg) 112.744.9 110.2+2.8 157.345.4% 150.7+6.2%

EF (%) 61.7+5.5 56.3+5.6 35.7+3.1* 24.1+£2.6% **

LVEDP (mmHg) 9.3+1.1 9.7+1.6 16.9+2.5* 23.4+1.5%*

LV dP/dT .x (mmHg/s)
LV dP/dTmin (mmHg/s)

8,738.7+567.7
—8,115.7+534.9

8,894.7+588.5
—8,251.9+566.1

7,423.6+403.2*
—6,855.8+511.4*

6,225.2+419.8%*
—5,339.3+442.3**

(Fig. 4c). To elucidate further the molecular mechanisms
underlying the antifibrotic effects of mindin, we assessed the
regulatory role of mindin in Smad activation, which plays a
crucial role in fibrosis [12]. We found that Mindin~"~ mice
exhibited higher levels of Smad2 phosphorylation and greater
nuclear translocation of Smad2/3 compared with Mindin""*
mice (Fig. 4d). The immunohistological staining of the cardiac
sections also showed that the phosphorylation, the nu-
clear translocation of Smad2/3 in cardiomyocytes, and
the interstitial were significantly increased in Mindin '~
mice compared with Mindin™"* controls (Fig. 4¢). These
results suggest that mindin protects against fibrosis by
blocking Smad signalling.

Blocking AKT/GSK3f signalling reverses cardiac
abnormalities in Mindin~~ mice

The above results suggest that mindin suppresses cardiac
hypertrophy and fibrosis through the blockade of AKT/

GSK3f and TGF-31 signalling pathways. To further examine
these findings, we evaluated whether the abnormalities in
Mindin~’~ mice could be reversed by blocking AKT/GSK3
signalling with a pharmacological agent, AKTI, in vivo.
Therefore, we treated Mindin™”~ mice with AKTI or PBS
following AB. Western blot analysis revealed that the phos-
phorylation levels of AKT and GSK3 3 were almost completely
abrogated in samples from AKTI-treated mice compared with
PBS-treated control mice (Fig. Sa, b). Next, we studied the
effects of AKT/GSK3{3 signalling inhibition on cardiac remod-
elling. We examined the effects of the AKT inhibitor in WT
mice subjected to aortic banding for 4 weeks. The results
showed that the AKT inhibitor blocked cardiac hypertrophy
mediated by 4 weeks of long-term pressure overload (Table 2 in
the Electronic supplementary material).We further found that
compared with PBS treatment, AKTI treatment significantly
reversed the detrimental effects of 4-week AB on cardiac mass,
function, morphology and hypertrophic marker expression in
Mindin~’~ mice (Fig. 5c-e; Table 4). These results suggest

Table 3 Echocardiographic and

haemodynamics parameters in Parameter Saline Mindin™"* Saline Mindin™"~ Ang Il Mindin""* Ang I Mindin™"~
Mindin™"~ and Mindin™"" mice mice mice mice mice
at 4 weeks after Ang II or saline
infusion Number 8 9 8 9
BW (g) 29.544+0.68 29.46+0.70 28.49+0.59 28.02+0.58
HR (beats/min) 500.93+8.92 511.17£11.19 500.17+9.72 499.75+13.81
LVEDD (mm) 3.57+0.05 3.69+0.05 4.28+0.11* 5.03+£0.07* **
LVESD (mm) 1.59+0.02 1.69+0.02 2.34+0.06* 3.26+0.10% **
IVSD (mm) 0.65+0.01 0.54+0.01 0.82+0.05 0.95+0.04*
FS (%) 53.70+1.14 54.18+0.73 45.19+1.58* 35.33+1.41% **
SBP (mmHg) 107.5+4.5 110.7+3.9 143.7+4.4* 141.8+4.2*
All values are mean+SEM EF (%) 58.2+3.8 56.7+5.1 44.6+5.6* 32.742.6% **
£P<0.05 versus Mindin"" sa-  LVEDP (mmHg) 9.6+1.2 9.841.0 15.6+1.4% 19.741.4%%
line infusion; **P<0.05 versus LV dP/dT . (mmHg/s) 8,567.4+435.1 8,665.5+408.5 7,003.7+433.6* 6,145.1+454.7**
Mindin"’" Ang 11 infusion after [y gp/ar,,, (mmHgs)  —8,033.7+464.1 —8,110.4+500.6  —6,352.7+409.5%  —5549.3£486.8%*

4 weeks Ang II infusion
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Fig. 3 Mindin suppresses
AKT/GSK3p3/mTOR/FOXO
signalling in response to
pressure overload or Ang 11
stimulation. a Representative
blots for ERK1/2, INK1/2 and
p38 phosphorylation levels and
their total protein expression
levels 4 weeks after AB surgery
or Ang Il infusion in Mindin™"
and Mindin~~ mice (n=4). b
Representative blots for AKT,
GSK3 mTOR, FOXO3A and
FOXOL1 phosphorylation levels
and their total protein
expression levels 4 weeks
following AB surgery or Ang Il
infusion in Mindin™" and
Mindin~"~ mice (n=4). ¢
Immunostaining for
phosphorylated AKT 4 weeks
after AB surgery in Mindin™"*
and Mindin~’~ mice. All images
are representative of five similar
experiments. Leff,
representative images; right,
quantitative results. The ratios
of p-AKT-positive areas of the
histological sections were
quantified using an image
analysis system. *P<0.01 for
Mindin™" after AB
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Fig. 3 (continued)
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that the inhibition of AKT/GSK3f3 signalling reverses cardiac
hypertrophy in Mindin~~ mice. We next assessed whether the
blockade of AKT/GSK3f3 signalling would affect the accel-
erated fibrosis observed in Mindin~~ mice. We found that
AKTI treatment significantly reversed fibrosis, as evidenced
by a decrease in the LV collagen volume and in the protein
expression of fibrotic markers and diminished Smad2 phos-
phorylation and Smad2/3 nuclear translocation (Fig. 5f-h).
Collectively, these findings indicate that pharmacological in-
hibition of AKT/GSK3( signalling rescues both cardiac hy-
pertrophy and fibrosis in Mindin ™"~ mice in response to
pressure overload.

Discussion

Mindin is a secreted extracellular matrix protein, an integrin
ligand and an angiogenesis inhibitor, all of which are po-
tential key players in the progression of cardiac hypertrophy.
However, mindin’s function during cardiac hypertrophy
remains unclear. Recently, using cardiac-specific transgenic
mice, we demonstrated that forced expression of the human
mindin protein protects against cardiac hypertrophy by
blocking AKT signalling in mice [9]. These protective roles
of mindin were mediated by exogenously expressed
protein. To reveal accurately the key role of mindin in
cardiac remodelling, we used Mindin~~ mice. In this
study, we demonstrated that disruption of mindin exac-
erbates cardiac remodelling by activating AKT/GSK3[3
signalling (Fig. 6).

Cardiac hypertrophy is part of a compensatory response
to mechanical loading and neuro-hormonal signals. With
persistent stress, however, the compensatory hypertrophy
can evolve into a decompensated state with profound
changes in gene expression, contractile dysfunction and
extracellular remodelling [1]. The molecular mechanism
that mediates the critical transition from compensated
hypertrophy to decompensated HF remains elusive.
Accumulating evidence indicates that ECM proteins, such
as fibronectin, osteopontin, melusin and laminin, play key
roles in the progression of cardiac hypertrophy [1-3]. In the
present study, we identified mindin, a secreted ECM protein,
as another intrinsic negative regulator of hypertrophy.

@ Springer

Mindin+/+

Mindin.-/-

Mindin expression was increased during adaptive hyper-
trophy and markedly decreased during maladaptive car-
diac remodelling. Moreover, Mindin~’~ mice were more
susceptible to cardiac hypertrophy in response to chron-
ic pressure overload or Ang II stimulation. Notably, unlike
osteopontin and melusin, which regulate hypertrophy induced
only by mechanical stimuli [1-3], mindin can modulate hy-
pertrophy induced by both mechanical and humoral stimuli,
indicating a more potent function of mindin in hypertrophy.
Together, these findings suggest that mindin may play a
critical role in preventing cardiac hypertrophy and progression
to HF.

To investigate the molecular mechanism by which
mindin mediates its antihypertrophic effect, we examined
the AKT signalling pathway, a pivotal contributor to the
development of cardiac hypertrophy, as evidenced by our
previous studies and others [13—20]. The downstream tar-
gets of AKT include GSK3{3, mTOR and FOXO transcrip-
tion factors, all of which are involved in cardiac
hypertrophy. In the present study, AKT phosphorylation in
response to hypertrophic stimuli was significantly increased
in Mindin~"~ mice. Consistent with the observed increase in
AKT activity, hypertrophic stimuli resulted in increased
levels of phosphorylation of GSK3p5™ and FOXO tran-
scription factors at AKT phosphorylation sites (reducing
their anti-hypertrophic effects) and increased activation of
mTOR in Mindin /" mice compared with Mindin""" mice.
Moreover, blocking AKT/GSK3 3 signalling with a pharma-
cological AKT inhibitor reversed cardiac hypertrophy in
Mindin~"~ mice. Additionally, phosphorylation of ERK1/2,
JNK1/2 and p38 MAPK was not significantly affected by
mindin expression. Therefore, AKT/GSK3[3 signalling is a
critical pathway through which mindin influences cardio-
myocyte growth. In accordance with our findings, F-
spondin, another member of the mindin/F-spondin family,
inhibits the activation of AKT but not ERK1/2 or p38 when
HUVECs grown on vitronectin are stimulated with VEGF
[21]. Likewise, other researchers reported the requirement
of AKT/GSK3f signalling for osteopontin and melusin to
sustain compensatory cardiac hypertrophy in response to
chronic pressure overload [1-3]. Some groups have reported
that cardiac-specific overexpression of activated AKT indu-
ces cardiac hypertrophy and promotes fibrosis [22, 23]. In
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Fig. 4 Mindin protects against fibrosis in response to pressure overload
or Ang II stimulation. a, b Histological sections of the left ventricles of
Mindin™"" and Mindin™" mice (n=6) were stained with picrosirius red at
4 weeks after AB surgery (a) or Ang Il infusion (b). Lefi, representative
images; right, quantitative results; scale bar, 32 pm. Fibrotic areas of the
histological sections were quantified using an image analysis system. *P
<0.01 for Mindin™"*/sham or Mindin™" /saline values; TP<0.01 for
Mindin*""IAB or Mindin™"*/Ang 1l after AB or Ang II infusion. ¢
Representative Western blots for CTGF, collagen I, collagen III and
TGF-B1 4 weeks after AB surgery or Ang II infusion in Mindin""* and

these studies, AKT-induced cardiac hypertrophy is associat-
ed with an increase in cardiomyocyte cell size and the

Mindin+/+ Mindin-/- Mindin+/+ Mindin-/-

Saline Ang II

Mindin™~ mice (n=4). d Representative blots for Smad2 phosphoryla-
tion and Smad2/3/4 translocation 4 weeks after AB surgery or Ang II
infusion in Mindin™" and Mindin~’~ mice (n=4). e Immunostain-
ing of p-Smad2 (top) and p-Smad3 (bottom) 4 weeks after AB
surgery in Mindin™" and Mindin~’~ mice. All images are repre-
sentative of five similar experiments. Left, representative images;
right, quantitative results. The ratios of p-Smad2- and p-Smad3-
positive areas of the histological sections were quantified using an
image analysis system. *P<0.01 for Mindin™"" after AB

activation of downstream AKT targets. However, there are
also some differences in the results of the animal studies.
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Fig. 4 (continued)

Overexpression of the E40K mutant of AKT1 results in mild
hypertrophy and enhanced contractility without signs of
cardiac pathology [24]. In contrast, overexpression of myr-
istoylated or phosphomimetic forms of AKT1 leads to a
massive increase in heart size associated with impaired
contractile function and interstitial fibrosis [22, 23].
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Cardiac-specific expression of myristoylated AKT3 leads
to cardiac growth that resembles compensated hypertrophy
at 4 weeks of age but pathological hypertrophy at later ages
[25]. Shiojima et al. [19] reported that short-term AKT
activation induces “physiological” hypertrophy with a mod-
erate increase in heart size, whereas prolonged AKT
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Fig. 5 Blocking AKT/GSK3(
signalling reverses cardiac
abnormalities in Mindin™"~
mice. a, b AKTI blocks AKT
and GSK3f phosphorylation
mediated by AB in Mindin "~
mice. a Representative blots; b
quantitative results. ¢ Effects of
AKTI on HW/BW, HW/TL,
LW/BW and cardiomyocyte
cross-sectional area 4 weeks
after AB. d Effects of AKTI on
histological changes 4 weeks
after surgery. e Effects of AKTI
on hypertrophic markers of
protein expression induced by
AB. Left, representative blots;
right, quantitative results. f
Effects of AKTI on fibrosis.
Left, PSR staining; right, statis-
tical results for the fibrotic
areas. g Effects of AKTI on fi-
brotic marker protein expres-
sion. h Effects of AKTI on
Smad2 phosphorylation and
Smad2/3/4 translocation. *P<
0.01 for PBS/sham values; TP<
0.01 for PBS/AB after AB
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Fig. 5 (continued)

activation results in “pathological” hypertrophy with a mas-
sive increase in heart size using cardiac-specific inducible
AKTI1 TG mice. Therefore, short-term AKT1 activation
promotes physiological hypertrophy, whereas long-term
AKT1 activation induces pathological hypertrophy in the
heart [18-22]. In our current study, mice with mindin-
deficient hearts showed markedly enhanced AKT signalling

@ Springer

mediated by a long-term 4-week aortic banding or Ang II
infusion, which leads to aggravated pathological hypertrophy,
interstitial fibrosis and cardiac dysfunction. Our findings are
consistent with the above studies. Thus, mindin seems to be a
more specific inhibitor of AKT signalling.

Fibrosis is another classical feature of pathological cardiac
hypertrophy, which is characterised by the accumulation of
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Table 4 Echocardiographic and
haemodynamics parameters in Parameter Sgline—sham AKTI—Sham Sa}ine—AB AKTI—AB
Mindin™~ mice after treatment mice mice mice mice
with AKT inhibitor or saline
Number 9 8 9 8
BW (g) 28.36+0.70 27.58+0.66 28.05+0.52 27.59+0.67
HR (beats/min) 505.82+9.69 494.86+9.13 503.49+12.03 500.38+6.99
LVEDD (mm) 3.71+0.01 3.63+0.07 5.28+0.09* 3.90£0.01**
LVESD (mm) 1.70+0.01 1.72+0.02 3.51+0.06* 2.05+0.04%**
IVSD (mm) 0.66+0.02 0.63+0.01 1.05+£0.01* 0.69+0.01%**
FS (%) 54.31+0.26 56.62+2.00 33.41+1.12* 47.46+1.19%*
SBP (mmHg) 112.5+4.6 115.1+£3.3 154.5+6.1* 155.1+5.8*
EF (%) 56.7+3.5 56.9+4.4 29.6+6.5* 44.6£5.1% **
All values are mean+SEM LVEDP (mmHg) 9.3+1.3 9.7+1.7 18.2+2.8* 11.842.2%*

*P<0.05 versus saline sham,;
**P<0.05 versus saline-AB
mice after 4 weeks AB

LV dP/dT .x (mmHg/s)
LV dP/dT i, (mmHg/s)

8,768.4+567.1
—8,002.5+581.2

8,992.6+511.4
—7,728.9+423.1

7,153.8+448.7*
—5,169.5+542.9*

8,459.1+489.4%*
—6,466.1+552.2%*

collagen. To date, approaches to restrain cardiac fibrosis have
been limited. A better understanding of the mechanisms that
stimulate collagen deposition in the heart may lead to
novel strategies for suppressing cardiac fibrosis. This
study, for the first time, reveals that mindin blocks

Aortic Banding or Angiotensin II

Mindin™ mice
l F———AKTI
AKT-GSK3p signalling

Smad2/3/4
v
ANP, BNP, CTGEF, collagen I,
B-MHC collagen III, TGF-f1
v Collagen Synthesis
Cardiac

Hypertrophy Fibrosis

Cardiac remodelling

Heart Failure

Fig. 6 Proposed model of the effects of mindin deficiency on cardiac
hypertrophy and fibrosis. Mindin deficiency enhances the activation of
AKT/GSK3f signalling induced by aortic banding or Ang II infusion,
which exacerbates cardiac remodelling. First, the activated AKT/
GSK3{3 signalling pathway promotes hypertrophic marker expression
and subsequently results in cardiac hypertrophy. Second, the AKT/
GSK3{ signalling pathway enhances Smad signalling, increases ex-
pression of fibrotic markers and leads to collagen synthesis and fibro-
sis. Mindin deficiency enhances these AKT-dependent signalling
pathways and exacerbates cardiac hypertrophy and fibrosis, which
promotes the progression of cardiac remodelling and heart failure.
Pharmacological inhibition of AKT/GSK3f3 signalling rescues both
cardiac hypertrophy and fibrosis in Mindin '~ mice in response to
hypertrophic stimuli

cardiac fibrosis and attenuates the expression of several
fibrotic mediators induced by chronic pressure overload
or Ang II stimulation. The finding is consistent with the
antifibrotic effects of integrin 31 and FAK [26-28]. In
an attempt to elucidate the mechanisms underlying the
inhibitory effect of mindin on fibrosis, we analysed key
components of the TGF-f1-Smad signalling pathway,
which plays an important role in the progression of
fibrosis [28]. Our data demonstrate that mindin abro-
gates Smad2 phosphorylation and Smad2/3 translocation
in hypertrophied hearts, thereby inhibiting fibrosis. We
further examined the effects of AKT activation on fi-
brotic signalling. Using pharmacological inhibition of
AKT/GSK3[3 signalling, we found that AKTI markedly
reversed the exaggerated fibrosis found in Mindin™/~
mice. Hye-Ryun et al. found that TGF-f31 activated
phosphatidylinositol 3-kinase (PI3K) and AKT, and that
AKT inhibition diminished TGF-31-induced fibrosis [28].
As shown in Fig. 5g, AKTI markedly reduced the expression
of TGF-B1 in Mindin "~ mice, which was followed by the
elimination of Smad2 phosphorylation and Smad2/3 translo-
cation in hypertrophied hearts. Therefore, mindin plays a cen-
tral role in a PI3K/AKT-dependent pathway that contributes to
TGF-31/Smad-induced fibrosis and remodelling.

In conclusion, this study defines the role of mindin in
cardiac hypertrophy and fibrosis. The molecular mecha-
nisms responsible for the antihypertrophic and antifibrotic
effects of mindin appear to be related to inhibition of the
AKT/GSK3{ signalling pathway. Our study provides in-
sight into the pathogenesis of cardiac hypertrophy and
may have significant implications for the development of
novel strategies against cardiac remodelling and progression
to HF by targeting mindin signalling.
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