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Aims Toll-interacting protein (Tollip) is a critical regulator of the Toll-like receptor-mediated signalling pathway. However, the
role of Tollip in chronic pressure overload-induced cardiac hypertrophy remains unclear. This study aimed to determine
the functional significance of Tollip in the regulation of aortic banding-induced cardiac remodelling and its underlying
mechanisms.

Methods
and results

First, we observed that Tollip wasdown-regulated in human failinghearts and murine hypertrophic hearts, asdeterminedby
western blotting and RT–PCR. Using cultured neonatal rat cardiomyocytes, we found that adenovirus vector-mediated
overexpression ofTollip limited angiotensin II-induced cell hypertrophy; whereas knockdown ofTollip by shRNA exhibited
the opposite effects. We then generated a transgenic (TG) mouse model with cardiac specific-overexpression of Tollip and
subjected them to aortic banding (AB) for 8 weeks. When compared with AB-treated wild-type mouse hearts, Tollip-TGs
showed a significant attenuation of cardiac hypertrophy, fibrosis, and dysfunction, as measured by echocardiography,
immune-staining, andmolecular/biochemical analysis.Conversely, a globalTollip-knockoutmousemodel revealedanaggra-
vated cardiac hypertrophy and accelerated maladaptation to chronic pressure overloading. Mechanistically, we discovered
that Tollip interactedwith AKTand suppressed its downstreamsignallingpathway. Pre-activation ofAKT incardiomyocytes
largely offset the Tollip-elicited anti-hypertrophic effects.

Conclusion Our results provide the first evidence that Tollip serves as a negative regulator of pathological cardiac hypertrophy by
blocking the AKT signalling pathway.
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1. Introduction
Cardiac hypertrophy is an adaptive response to a variety of mechanical
and hormonal stimuli, such as hypertension, valvular heart disease, and
ischaemic events.1,2 However, sustained hypertrophy of the myocar-
dium can progress to heart failure. Despite great advances in pharmaco-
logical treatment and device therapy over the past decades, heart failure
continues to be a major public health problem with high morbidity
and mortality.3,4 Therefore, a better understanding of the factors that

regulate cardiac hypertrophy is important for the development of new
strategies to treat heart failure.

Toll-like receptor (TLR)-mediated signalling has been shown to
play an essential role in the induction of innate immune responses.5,6

Upon activation, TLRs recruit the cytoplasmic protein MyD88 via its
toll-interleukin-1 receptor (IL-1R) domain. MyD88, in turn, interacts
with IL-1R-associated kinase (IRAK), which leads to the activation of
various downstream signalling pathways.7,8 Recent evidence has sug-
gested that TLR-mediated signalling is involved in several cardiovascular
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diseases, including atherosclerosis, ischaemia/reperfusion injury, and
cardiac remodelling.9 –11 For example, TLR4-mutant mice are resistant
to ischaemia/reperfusion-triggered cardiac injury.12 Knockdown of
TLR2 protects against ventricular remodelling after myocardial infarc-
tion.13 These observations prompted us to investigate whether specific
blockade of the TLR signalling by a naturally existed molecule can inhibit
cardiac hypertrophy and heart failure. To this end, Toll-interacting
protein (Tollip), an endogenous negative modulator of TLR signal-
ling,14,15 would be a good candidate. Tollip is expressed ubiquitously
in various tissues including the heart.16 A previous study showed that
Tollip interacts directly with TLR2/TLR4 and inhibits TLR-mediated cel-
lular responses by suppressing the IRAK activity.14 Recently, Hu et al.17

utilized an IL-1b-induced myocyte hypertrophy model and observed
that overexpression of Tollip attenuated the hypertrophic response of
neonatal cardiomyocytes through down-regulation of the MyD88-
dependent NF-kB pathway. However, whether Tollip plays a negative
role in chronic pressure overload-induced cardiac hypertrophy and
heart failure in vivo has not yet been investigated. Therefore, in the
present study, we employed both Tollip-overexpressing and -absent
mice to determine the role of Tollip in murine hearts in response to
chronic aortic banding (AB).

Our results demonstrate that pressure overload-induced cardiac re-
modelling was limited in Tollip-overexpressing mice, whereas being
exaggerated in Tollip-deficient mice. We further discovered that Tollip-
mediated effects were dependent, at least partly, on the negative regu-
lation of the Akt signalling pathway. Based on these data, we believe
that up-regulation of Tollip in the heart would be a good therapeutic
strategy for the treatment of pressure overload-induced cardiac hyper-
trophy and heart failure.

2. Methods

2.1 Animals and AB surgery
All protocols in this study were approved by the Animal Care and Use Com-
mitteeof theRenmin Hospital of WuhanUniversity,China.Micewere anaes-
thetized intraperitoneally using sodium pentobarbital (50 mg/kg), and the
adequacy of anaesthesia was confirmed by the absence of reflex response
to foot squeeze. All surgeries and subsequent analyses were performed in
a blinded fashion. Full-length human Tollip cDNA was cloned downstream
of the cardiac myosin heavy chain (MHC) promoter. The a-MHC-Tollip
construct was microinjected into fertilized mouse embryos (C57BL/6J back-
ground) to produce transgenicmice. Four independent transgenic lines were
established and studied. Tail genomic DNA was used to identify transgenic
mice by PCR analysis. Primers are as follows: 5′-ATCTCCCCCATAAG
AGTTTGAGTC-3′ and 5′-CACAGTTGGCATCAGGACCAC AGGC-3′ .
Expected band size of PCR product will be 610 bp. We analysed a-MHC-
Tollip (TG) and non-transgenic (NTG) male littermates ranging in age from
7 to 8 weeks to obtain functional data and gene expression levels. Male Tollip-
knockout mice [C57BL/6 background, purchased from the European Mouse
Mutant Archive (EMMA) (B6.Cg-Tolliptm1Kbns/Cnrm)] and their wild-type lit-
termates (aged from 7 to 8 weeks) were used in this study.

AB surgery was performed as described previously.2 In addition, Doppler
analysiswasperformed to ensure that adequate constriction of the aorta had
been induced. The wall thickness and internal diameter of the left ventricle
(LV) were assessed by echocardiography at the indicated time after
surgery. At the end of these procedures, mice were sacrificed with an over-
dose of sodium pentobarbital (200 mg/kg) intraperitoneally injection. The
heart weight (HW)/body weight (BW) (mg/g), HW/tibiae length (TL) (mg/
mm), and lung weight (LW)/BW (mg/g) ratios of the sacrificed mice were
measured in different groups.

2.2 Blood pressure and echocardiography
The blood pressurewas assessed by inserting a microtip catheter transducer
(SPR-839, Millar Instruments) into the right carotid artery and advanced into
the left ventricle. After stabilization for 15 min, an ARIA pressure–volume
conductance system coupled to a Powerlab/4SP A/D converter, stored,
and displayed on a personal computer was used to record pressure signals
and heart rate continuously as described previously.2 Echocardiography
was performed via a MyLab 30CV ultrasound (BiosoundEsaote Inc.) with a
10 MHz linear array ultrasound transducer. The LV was assessed in both
parasternal long-axis and short-axis views at a frame rate of 120 Hz. 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), LV end-diastolic diameter (LVEDD), and LV wall thickness were
measured from the LV M-mode tracing with a sweep speed of 50 mm/s at
the mid-papillary muscle level. Per cent fractional shortening (%LVFS) and
ejection fraction (%LVEF) were calculated as described previously.2

2.3 Histological analysis
Hearts were excised and placed immediately in 10% potassium chloride so-
lution to ensure that they were stopped in diastole, washed with saline solu-
tion, and fixed with 10% neutral buffered formalin. Hearts were sectioned
transversely close to the apex to visualize the left and right ventricles.
Several sections (4–5 mm thick) were prepared. Haematoxylin–eosin
(HE)-stained sections were used to determine the cross-sectional area of
myocytes. A single myocyte was measured 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. Evidence of interstitial
and perivascular collagen deposition was visualized using Picrosirius red
(PSR), and then high magnification light micrographs were taken by light mi-
croscopy.

2.4 Adenoviral vectors and cultured neonatal
rat cardiomyocytes
To overexpress Tollip, we used replication-defective adenoviral vectors
encompassing the entire coding region of rat Tollip gene under the
control of the cytomegalovirus promoter. A similar adenoviral vector en-
coding the GFP gene was used as a control. To knock-down Tollip expres-
sion, three rat shTollip constructs were obtained from SABiosciences
(KR51237G). Next, we generated three Ad-shTollip adenoviruses and
selected the one that produced a significant decrease in Tollip levels for
further experiments. Ad-shRNA was the non-targeting control.

Primary cultures of neonatal rat cardiomyocytes (NRCMs) were pre-
pared as described previously.2,18 Briefly, cells from the hearts of 1- to
2-day-old Sprague-Dawley rats which were sacrificed by swift decapitation
according to the Guide for the Care and Use of Laboratory Animals pub-
lished by the United States National Institutes of Health were seeded at a
densityof 1 × 106 cells/well in six-well cultureplates coatedwith fibronectin
in plating medium, which consisted of F10 medium supplemented with 10%
FCS and penicillin/streptomycin. After 48 h, the culture medium was
replaced with F10 medium containing 0.1% FCS and BrdU (0.1 mM). Cell via-
bility was determined by measuring the cell number, frequency of contrac-
tions, cellular morphology, and trypan blue exclusion. We infected
NRCMs with AdTollip, AdGFP, AdshTollip, or AdshRNA at a multiplicity
of infection (MOI) of 10, which yielded transgene expression without tox-
icity in 95–100% of the cells. Additional treatments are described in the
figure legends.

2.5 Immunofluorescent staining
Immunofluorescent staining for Tollip anda-actinin was performed in tissue
sections or NRCMs for measuring the surface area of cardiomycytes. Briefly,
NRCMswere infected withdifferentadenoviruses for24 handsubsequently
stimulated with Ang II (1 mM) for another 48 h, the cells were then fixed with
3.7% formaldehyde in PBS, permeabilized in 0.1% Triton X-100 in PBS, and
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stained with a-actinin at a dilution of 1:100 using standard immunofluores-
cence staining techniques. For tissue sections, all the steps are same after
de-parafinization steps.

2.6 Real-time quantitative RT–PCR
Total RNA was extracted from the frozen human tissues using TRIzol
(Invitrogen, 15596–026). cDNA was synthesized from 2 mg RNA of each
sample using the Transcriptor First Strand cDNA Synthesis Kit (Roche,
04896866001). To examine the relative mRNA expression of Tollip, atrial
natriuretic peptide (ANP) and brain natriuretic peptide (BNP), b-MHC,
CTGF, Collagen Ia, Collagen III, quantitative RT–PCR analysis was per-
formed using the LightCycler 480 SYBR Green 1 Master Mix (Roche,
04707516001) and the LightCycler 480 QPCR System (Roche).

2.7 Western blotting and immunoprecipitation
Western blotting was conducted to determine: (i) protein levels of Tollip;
(ii) the activation state of MAPK signalling (p-MEK/MEK, p-ERK/ERK, and
p-P38/P38); and (iii) the activation state of AKT signalling (p-AKT/AKT
and p-GSK3b/GSK3b). Quantification of western blots was performed by
Odyssey infrared imaging system (Li-Cor Biosciences), which is detailed
below. First, we opened the image of western blots within the Li-Cor
system using the Odyssey V3.0 software. We then selected the ‘Add a rect-
angle to the image’. For each band, we drew a box compatible with the cor-
responding band, and then clicked the ‘export a report -based on the current
report template’ to export the quantification data. The brightness values of
all bands of interest were normalized to the GAPDH values of the
corresponding samples (these raw values are included in the Supplementary
material online, Excel file). Finally, the normalized values were shown as bar
graphs.

For transient transfection and co-immunoprecipitation experiments,
cultured HEK293 T cells were cotransfected with psicoR-flag-Akt and
psicoR-EGFP-myc-Tollip for 48 h and lysed in immunoprecipitation buffer
(20 mM Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 0.5% NP-40
supplemented with protease inhibitor cocktail) for 20 min and then
centrifuged to remove cell debris. For each immunoprecipitation, 500 mL
of the sample was incubated with 10 mL Protein A/G-agarose beads
(11719394001, 11719386001,Roche) and 1 mg antibody on a rocking plat-
form (overnight at 48C), per the manufacturer’s recommendations. Finally,
immunoprecipitates were washed 5–6 times with cold immunoprecipita-
tion buffer before adding 1× loading buffer. Cell lysates and immunopreci-
pitates were immunoblotted using the indicated primary antibodies, the
corresponding secondary antibodies, and the Super Signal chemilumines-
cence kit (Millipore).

2.8 Human heart samples
Samples of human failing hearts were collected from the left ventricles of
dilated cardiomyopathy (DCM) patients undergoing heart transplants.
Control samples were obtained from the left ventricles of normal
heart donors. Written informed consent was obtained from the family
of prospective heart donors. All procedures involving human samples
were approved by the Renming Hospital of Wuhan University Review
Board. The study conforms to the principles outlined in the Declaration of
Helsinki.

2.9 Statistical analysis
Dataare presented asmeans+ SEM.Differencesamong groups weredeter-
mined by two-way ANOVA followed by a post-hoc Tukey test. Comparisons
between two groups were performed using an unpaired Student’s t-test.
A value of P , 0.05 was considered significant.

3. Results

3.1 Tollip expression is down-regulated in
human failing hearts and murine
hypertrophic hearts
To investigate the potential role of Tollip in cardiac hypertrophy,we first
examined Tollip expression in the left ventricles of DCM patients under-
going heart transplantation because of end-stage heart failure. Real-time
RT–PCR analysis showed that Tollip mRNA levels were reduced by
31+ 2%, accompanied with increased mRNA levels of foetal genes in-
cluding ANP, BNP, and b-MHC in failing hearts (n ¼ 7), compared
with donor hearts(n ¼ 6) (see Supplementary material online, Figure
S1). Accordingly, results of western blotting revealed that protein
levels of Tollip were decreased by 43+ 4% in human failing samples ac-
companied by decreased ejection fraction (EF) values and cardiac func-
tion relative to normal donor hearts (Figure 1A and B). Similarly, levels of
the Tollip protein and EF and FS values were progressively reduced in
murine hearts over 4–8 weeks of AB (Figure 1C and D). These data im-
plicate thepossible involvementofTollip in cardiachypertrophyandcar-
diomyopathy.

3.2 Tollip negatively regulates Ang
II-induced myocyte hypertrophy
Next, we determined the effect of Tollip on cardiomyocyte hypertrophy
in vitro, using cultured NRCMs. The levels of Tollip was either reduced by
infection of cardiomyocytes with AdshTollip orelevated by infection with
AdTollip, which was determined by western blotting (Figure 2A). Notably,
under basal conditions (PBS), either reduction or elevation of Tollip did
not alter the size of cardiomyocytes. However, upon exposure to Ang
II (1 mM) for 48 h, we observed that Ang II-caused hypertrophy was
aggravated in Tollip-knockdown myocytes (Figure 2B and C), whereas it
wasalleviated inTollip-overexpressingcells (Figure2BandD), asmeasured
by the cell surface area (CSA, Figure 2B–D) and mRNA levels of
hypertrophy markers (ANP and b-MHC) (see Supplementary material
online, Figure S2A and B). These results indicate that Tollip negatively
regulates Ang II-induced myocyte hypertrophy.

3.3 Loss of Tollip exaggerates pressure
overload-induced cardiac hypertrophy in vivo
To define the outcome of reduced Tollip expression, observed in human
DCM patients (Figure 1), in the regulation of cardiac hypertrophy in vivo,
we utilized a knockout mouse model with a global deletion of Tollip. The
absence of Tollip in murine hearts was confirmed by immune-blotting
(Figure 3A). It is important to note here that, under basal conditions,
Tollip-KO mice did not show any pathological/physiological alterations
in their heart morphology and contractile function (data not shown).
Four weeks after AB, wild-type (WT) mouse hearts exhibited a signifi-
cant enlargement, wherein the size of cardiomyocytes was increased
(Figure 3B and C ), as well as increased ratios of heart weight/body
weight (HW/BW), lung weight/body weight (LW/BW), and heart
weight/tibia length (HW/TL), compared with those of sham-operated
mice (Figure 3D–F ). Remarkably, however, these parameters were
more pronounced in Tollip-KO hearts upon 4-week AB, relative to
AB-treated WT samples (Figure 3B–F ). Consistently, the mRNA levels
of several hypertrophy markers including ANP, BNP, and b-MHC,
were significantly increased in KO hearts, compared with WTs
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Figure 1 Tollip expression in human failing hearts and experimental hypertrophic models. (A) Representative western blots of Tollip in hearts of normal
donors (n ¼ 6) and patients with heart failure (n ¼ 7). (B) The EF values of human donor and DCM hearts (n ¼ 6). (C ) Representative western blots of
Tollip. (D) EF/FS values in WT mouse hearts after AB at the indicated timepoints (n ¼ 6). *P , 0.05 vs. normal donors or shams.

Figure 2 Effects of Tollip on myocyte hypertrophy in vitro. (A) The protein expression level of Tollip after infection with AdshTollip or AdTollip (n ¼ 4).
(B) Representative images of NRCMs infected with AdshTollip or AdTollip in response to Ang II. (C and D) Quantitative results of the cell surface area in the
indicated groups. n ¼ 4, *P , 0.05 vs. Ad-shRNA or Ad-GFP. More than 100 cells for each group were analysed.
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after 4-week AB (Figure 3G). Moreover, Tollip-KO mice showed an
aggravated cardiac dilation and dysfunction compared with WT mice
in response to chronic pressure overloading, as evidenced by echocar-
diographic parameters (i.e. LVEDD, LVESD, and LVEF) (Figure 3H and
see Supplementary material online, Table S1). To further determine
the effect of Tollip deletion on maladaptive cardiac remodelling, we
examined cardiac fibrosis, a classical feature of developing pathological
cardiac hypertrophy, in these pressure-overloading hearts. Fibrosis was
quantified by visualizing the total amount of collagen present in the
interstitial and perivascular spaces of the heart and by measuring the col-
lagen volume. Our results showed that 4-week AB dramatically pro-
duced perivascular and interstitial fibrosis in WT hearts, which was
further aggravated in KO hearts (Figure 3I). Accordingly, KO hearts
exhibited significant increases in total collagen volume (Figure 3J), and
mRNA levels of CTGF, collagen Ia, and collagen III, known mediators
of fibrosis (Figure 3K), compared with WTs in response to 4-week
AB. Collectively, these results provide first in vivo evidence that loss of
Tollip in the heart would contribute to maladaptation to chronic pres-
sure overloading.

3.4 Overexpression of Tollip attenuates
AB-induced cardiac remodelling
To further determine whether elevation of Tollip could mitigate pres-
sure overload-induced cardiac remodelling, we generated a transgenic
mouse model with cardiac-specific overexpression of human Tollip
(TG mice) using the a-myosin heavy chain promoter (Figure 4A).
Western blotting results showed that Tollip was successfully overex-
pressed in the TG hearts of four lines (Figure 4B).The mouse line that
had the highest level of Tollip expression in the heart (TG7) was selected
for the following experiments. The human Tollip protein was robustly
expressed in the heart but not in other organs, indicating cardiac speci-
ficity of the transgene expression (Figure 4C). Notably, Tollip-TG mice
exhibited normal cardiac morphology and contractile function under
basal conditions. However, TG mice demonstrated a significant attenu-
ation of cardiac hypertrophy at 8 weeks after AB compared with NTG
mice, as evidenced by a reduction of cardiomyocyte size (HE and
WGA-FITC staining, Figure 4D and E) and lower ratios of HW/BW,
HW/TL, and LW/BW(Figure 4F–H ). In addition, AB-induced activation
of hypertrophy markers (ANP, BNP, and b-MHC) was also markedly

Figure 3 Effects of Tollip disruption on cardiac hypertrophy. (A) Representative western blots of Tollip expression in heart tissues from WT and Tollip
knockout mice (n ¼ 6). (B) Gross hearts, HE, and WGA-FITC staining are performed at 4 weeks after Sham or AB surgery (n ¼ 5–7). (C) Statistical results
of the myocyte cross-sectional areas (n ¼ 100+ cells). (D–F ) Ratios of HW/BW, LW/BW, and HW/TL of the indicated groups (n ¼ 13–14). (G) mRNA
levels of hypertrophy markers in AB-treated hearts were determined by real-time RT–PCR in WT and KO mice (n ¼ 4). (H ) Echocardiographic results of
WT and KO mice (n ¼ 13–14). (I ) PSR staining on histological sections of the LV was performed on the indicated groups 4 weeks after AB (n ¼ 5–7).
(J ) The fibrosis areas of histological sections were quantified using an image analysis system (n ¼ 25–27 fields). (K ) Real-time RT–PCR analysis for
CTGF, collagen Ia, and collagen III to determine their mRNA expression levels in the indicated mice (n ¼ 4). *P , 0.05 vs. WT/sham; #P , 0.05 vs.
WT/AB.
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blunted in TG hearts, compared with NTGs (Figure 4I). Furthermore,
AB-caused myocardial dysfunction (measured by echocardiography)
was greatly improved in Tollip-TG mice, compared with NTGs (see Sup-
plementary material online, Figure S3A–D and Table S2). Accordingly, the
extent of cardiac fibrosis triggered by chronic pressure overloading was
remarkably reduced in TG mice (Figure 4J and K). Subsequent analysis of
the expression of fibrosis markers including CTGF, collagen Ia, and col-
lagen III, also demonstrated a blunted response in TG mice, compared
with control NTGs (Figure 4L). Together, these gain-of-function data

indicate that up-regulation of Tollip protects hearts against pressure
overload-induced remodelling.

3.5 Tollip negatively regulates Akt signalling
pathway in hypertrophic hearts and
cardiomyocytes
To dissect the possible mechanisms by which Tollip attenuates cardiac
remodelling after AB, we next investigated the mitogen-activated

Figure 4 Effects of Tollip overexpression on cardiac hypertrophy. (A) Schematic diagram of the aMHC-Tollip transgene construct. (B) Representative
western blots of the human Tollip protein in heart tissues from four TG lines and WT mice (n ¼ 6). (C) Representative western blots of the human Tollip
protein in various tissues fromtheTG mice (n ¼ 4), as indicated. (D)Grosshearts and HEandWGA-FITCstainingwereperformed at 8weeks afterShamor
AB surgery (n ¼ 6). Statistical results for (E) the myocyte cross-sectional areas (n ¼ 100+ cells), (F) HW/BW, (G) LW/BW, and (H ) HW/TL of the indi-
cated groups (n ¼ 11–13). (I ) Expression of hypertrophic markers was determined by real-time RT–PCR in NTG and TG mice (n ¼ 4). (J ) PSR staining on
histological sections of the LV was performed on the indicated groups 8 weeks after AB (n ¼ 6). (K ) Fibrosis areas from the histological sections were
quantified using an image analysis system (n ¼ 26–28 fields). (L) Real-time RT–PCR was performed to determine mRNA levels of CTGF, collagen Ia,
and collagen III in the hearts of the indicated mice (n ¼ 4). *P , 0.05 vs. NTG /sham; #P , 0.05 vs. NTG/AB.
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protein kinases (MAPK) signalling and Akt signalling, two pathways
known to be involved in pathological cardiac hypertrophy. Our
western blotting results showed that AB caused a similar degree of acti-
vation of the MAPK signalling molecules (i.e. MEK1/2, ERK1/2, and p38)
in both TG and NTG hearts, as evidenced by similar increases in the
phosphorylation levels of MEK1/2, ERK1/2, and p38 (see Supplementary
material online, Figure S4A). In addition, elevation of the phosphorylated
MEK1/2, ERK1/2, and p38 was also similar between Tollip-KOs and WTs
(see Supplementary material online, Figure S4B). These data indicate that
anti-hypertrophic effects of Tollip may not be associated with the MAPK
pathway. Therefore, we further examined the Akt-GSK3b axis and ex-
citingly observed that AB-induced activation of the Akt pathway was
more pronounced in KO mice than in WT mice, as evidenced by a
significant increase of Akt, GSK3b, mTOR, 4E-BP1, P70S6 K, and S6
phosphorylation levels in KO hearts, compared with WTs (Figure 5A
and C). Conversely, overexpression of Tollip dramatically reduced the
levels of Akt, GSK3b, mTOR, 4E-BP1, P70S6K, and S6 phosphorylation,
compared with those of NTGs after AB (Figure 5B and D). These results
suggest that Tollip may exert its anti-hypertrophic effects by blocking
Akt signalling activation. Indeed, our in vitro experiments confirmed
such inhibitory effects of Tollip on the Akt signalling. As shown in
Figure 5E and F, knockdown of Tollip in NRCMs by AdshTollip enhanced
Akt and GSK3b phosphorylation in response to Ang II, whereas the
overexpression of Tollip in NRCMs by AdTollip markedly suppressed
the phosphorylation of AKT and GSK3b, compared with control cells,
respectively. Taken together, both in vivo and in vitro data consistently in-
dicate that Tollip-mediated inhibition of pathological cardiac hyper-
trophy is associated with in-activation of the Akt signalling pathway.

3.6 Tollip-mediated anti-hypertrophic
effects are largely dependent on the
activation of Akt signalling
To determine whether Tollip-elicited negative effects on cardiac hyper-
trophy is dependent on the Akt activation, we co-infected NRMCs with
AdshTollip plus AddnAkt (dominant negative mutation to inhibit Akt ac-
tivation), or co-infected with AdTollip plus Adca-Akt (constitutively
activation of Akt), respectively, followed by the addition of Ang II for
48 h. Our results of cell size analysis revealed that, Ang II-induced cell
hypertrophy was significantly aggravated in Tollip-knockdown myo-
cytes, as related to control AdshRNA-cells. However, this accelerative
effect on cell hypertrophy was completely blocked by in-activation of
Akt, as evidenced by no differences in the cell cross-section area (CSA)
between AdshTollip- and AdshRNA-myocytes (Figure 6A). In contrast,
we observed that the myocyte size was greatly increased in (Adca-Akt +
AdTollip)-myocytes, compared with AdTollip-cells (Figure 6B).This
suggests that Tollip-mediated suppression of myocyte hypertrophy is
released by constitutively activation of Akt. Collectively, these data
indicate that regulatory role of Tollip in pathological cardiac hypertrophy
may be dependent, at least partly, on the activation of Akt.

4. Discussion
In this study, we demonstrate that cardiac-specific overexpression of
Tollip protects hearts against maladaptive hypertrophy, dilatation, and
fibrosis in response to chronic pressure overloading. Conversely, loss
of Tollip results in an exaggerated response of pathological cardiac re-
modelling and fibrosis. These novel findings suggest that the cardiac-
specific expression of Tollip is critically important in protecting the

heart from hypertrophic stimuli. To our knowledge, these data
provide the first direct evidence that Tollip negatively regulates the de-
velopment of cardiac hypertrophy and failure.

Accumulating experimental literature suggests that sustained activa-
tion of TLR signalling following cardiac injury and stress is maladaptive
and can lead to a heart failure phenotype.11 Once activated, TLRs
serve as a docking site for downstream molecules and signalling cas-
cades, leading to inflammation, cellular growth, hypertrophy, and sur-
vival.19,20 For example, Ha et al.21 demonstrated that the disruption of
TLR4 attenuates cardiac hypertrophy following pressure overload in
mice. These studies suggest that the molecular targets that block TLR
signalling inhibits cardiac hypertrophy and improve cardiac function.
Tollip is an ubiquitin-binding protein that interacts with several compo-
nents of the TLR signalling cascade.22 Recent studies have shown that
Tollip has a negative effect on TLR signalling, suggesting that Tollip
may attenuate cardiac hypertrophy. Consistent with this notion, we
found that transgenic mice with cardiac-specific overexpression of
human Tollip were resistant to cardiac hypertrophy and dysfunction,
whereas Tollip-knockout mice displayed the opposite phenotype in re-
sponse topressureoverload. It is important tomentionhere thatABwas
performed on all four Tollip-TG lines. Our results indicated that ratios of
HW/BW, LW/BW, HW/TL, and CSA of Tollip-TGs were decreased sig-
nificantly compared with those of NTG mice 8 weeks after AB, but there
was no significant difference among four Tollip-TG lines (see Supple-
mentary material online, Figure S5A–E).

The mechanism by which Tollip mediates its anti-hypertrophic effects
remains unclear. Previous studies have implicated PI3K-Akt axis in the
TLR signalling.23,24 Furthermore, we and others have demonstrated
that the PI3K-Akt signalling pathway plays a key role in the progress of
cardiac hypertrophy.25,26 Notably, DeBosch et al.27 have shown that
Akt is a necessary factor for cardiac growth in response to IGF-1 stimu-
lation or to exercise training, whereas Akt negatively modulates ET1-
and pressure overload-inducedcardiachypertrophy.This studysuggests
that Akt promotes physiological hypertrophy but suppresses patho-
logical hypertrophy. To investigate the molecular mechanism by which
Tollip negatively regulates pathological cardiac hypertrophy, we there-
fore examined the status of the PI3K-Akt signalling pathway. An import-
ant finding of this study is that Akt activation was almost completely
blocked by the cardiac expression of human Tollip, whereas the phos-
phorylation of Akt was enhanced by the loss of Tollip expression in re-
sponse to chronic pressure overload. Using other pathological stress
stimuli (i.e. isoproterenol and PE), we also observed that Akt activation
was significantly attenuated in Tollip-overexpressing cardiomyocytes
upon exposure to either isoproterenol or PE, compared with controls
(data not shown). Together, these results indicate that in-activation of
Akt is a major mechanism underlying the Tollip-elicited protective
effects against pathological cardiac hypertrophy, consistent with previ-
ous reports.27

Given that the MAPK signalling cascade including p38, JNKs, and ERKs
also play a key role in the development of cardiac hypertrophy,2,28 we
therefore examined the status of MAPK signalling in our hypertrophic
models. However, Tollip did not affect the increased phosphorylation
levels of MEK1/2, ERK1/2, p38, and JNK1/2 induced by AB. Hence, Akt
signalling should be a critical pathway by which Tollip exerts its anti-
hypertrophic effects. Nevertheless, it remains unclear how Tollip nega-
tively regulates the Akt activation. Our in vitro co-immunoprecipitation
results showed that Flag-Akt co-precipitated with myc-Tollip in
HEK293T cells (see Supplementary material online, Figure S6A and B),
demonstrating that Tollip may exert negative regulation of Akt by a
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Figure 5 Effects of Tollip on the AKT signalling pathway. (A and C) Representative western blots and quantitative results showing the phosphorylation
and total protein levels of AKT, GSK3b, mTOR, 4E-BP1, S6K, and S6 at 4 weeks after Sham or AB surgery in KO and WT mice (n ¼ 4). *P , 0.05 vs. WT/
sham; #P , 0.05 vs. WT/AB. (B and D) Representative western blots and quantitative results showing the phosphorylation and total protein levels of AKT,
GSK3b, mTOR, 4E-BP1, S6K, and S6 at 8 weeks after Sham or AB surgery in TG and NTG mice (n ¼ 4). * P , 0.05 vs. NTG/sham; #P , 0.05 vs. NTG/AB.
(E) Representativeblots and quantitative results showing the phosphorylation and total protein levels of AKT and GSK3b after infection with Ad-shTollip in
response to PBS or Ang II (n ¼ 4). *P , 0.05 vs. Ad-shRNA/PBS; #P , 0.05 vs. Ad-shRNA/Ang II. (F ) Representative blots and quantitative results showing
the phosphorylation and total protein levels of AKT and GSK3b after infection with Ad-Tollip in response to PBS or Ang II (n ¼ 4). *P , 0.05 vs. Ad-GFP/
PBS; #P , 0.05 vs. Ad-GFP/Ang II. GAPDH was used as a loading control.
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direct interaction. Further experiments are needed to precisely deter-
mine this interaction in cardiomyocytes.

Cardiac fibrosis is a classic feature of pathological cardiac hyper-
trophy.2 Pandya et al.29 found that cardiac fibrosis following pressure
overload is associated with increased collagen accumulation within the
adventitia of the coronary arteries (perivascular fibrosis), which pro-
gressively extends into the neighbouring interstitial spaces (interstitial fi-
brosis). In the present study, we demonstrate that Tollip inhibits cardiac
fibrosis and attenuates the expression of several fibrotic mediators
induced by chronic pressure overload. The mechanism by which
Tollip inhibits cardiac fibrosis remains elusive. Previous studies indicate
that PI3K-AKT signalling is a key pathway involved in fibrosis.30,31 For
example, Kang et al.30 found that TGF-b1 activates PI3K-AKT signalling
and that AKT inhibition diminishes TGF-b1-induced fibrosis. Our previ-
ous study showed that the pharmacological inhibition of AKT/GSK3b
signalling eliminates Smad2 phosphorylation and Smad2/3 translocation
and reduces cardiac fibrosis in hypertrophied hearts.25 Thus, in the
present study, the blockade of AKT signalling as a consequence of
Tollip overexpression probably contributes, at least in part, to the
lesser degree of cardiac fibrosis that was observed in response to pres-
sure overload. In addition, recent studies have revealed that Tollip is a
negative regulator of the IL-1 and TLR signallings.17 Zhu et al.32 also
reported that Tollip plays a negative role in modulating TGF-beta
signal pathway. Given that both TGF-beta and IRAK signalling pathways
have been well recognized to be involved in myocardial inflammation
and cardiomyocyte survival/growth, elevation of Tollip levels therefore
may be implicated as a potential therapeutic approach to improving
pathological cardiac remodelling.

In conclusion, our data demonstrate that Tollip attenuates pressure
overload-induced cardiac hypertrophy, fibrosis, and cardiac dysfunction
by blocking the AKTsignallingpathway. Our studyonTollipmayadvance
our understanding of the molecular mechanisms underlying chronic
pressure-triggered cardiac remodelling and thereby, provide new strat-
egy to prevent/treat pathological cardiac hypertrophy.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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