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Aim. Fibrosis had important effects on pressure overload-induced left ventricular (LV) dysfunction. High-mobility group box 1
(HMGB1), which was closely associated with fibrosis, was involved in the pressure overload-induced cardiac injury. ,is study
determines the role of HMGB1 in LV dysfunction under pressure overload. Methods. Transverse aortic constriction (TAC)
operation was performed on male C57BL/6J mice to build the model of pressure overload, while HMGB1 or PBS was injected into
the LV wall. Cardiac function, collagen volume, and relevant genes were detected. Results. Echocardiography demonstrated that
the levels of LV ejection fraction (LVEF) were markedly decreased on day 28 after TAC, which was consistent with raised collagen
in the myocardium. Moreover, we found that the exposure of mice to TAC+HMGB1 is associated with higher mortality, BNP,
and collagen volume in the myocardium and lower LVEF. In addition, real-time PCR showed that the expression of collagen type
I, TGF-β, and MMP2 markedly increased in the myocardium after TAC, while HMGB1 overexpression further raised the TGF-β
expression but not collagen type I and MMP2 expressions. Conclusion. ,is study indicated that exogenous HMGB1 over-
expression in the myocardium aggravated the pressure overload-induced LV dysfunction by promoting cardiac fibrosis, which
may be mediated by increasing the TGF-β expression.

1. Introduction

Heart failure has emerged as a major health problem during
the past decades, but the underlying pathological mecha-
nisms have not been fully disclosed. Myocardial fibrosis is
involved in ventricular dysfunction in various heart diseases,
such as myocardial infarction, cardiomyopathy, and hy-
pertensive heart disease [1–3]. Meanwhile, pressure over-
load-induced myocardial fibrosis and subsequent heart
failure are accompanied by inflammatory and fibrogenic
responses [4–6].

High-mobility group box 1, a multifunctional cytokine,
is involved in infection, injury, inflammation, and immune
responses [7]. Emerging studies have shown that HMGB1
may be an important mediator in fibrosis not only in the
liver and renal diseases [8, 9] but also in cardiovascular
diseases [10–12] including experimental autoimmune

myocarditis, postinfarction chronic heart failure, and dia-
betic cardiomyopathy. Combining these with our previous
findings [13] that HMGB1 contributed to pressure overload-
induced cardiac hypertrophy and heart failure, the hy-
pothesis seems reasonable in that HMGB1 may aggravate
pressure overload-induced left ventricular dysfunction by
mediating myocardial fibrosis. Our study, therefore, was to
make the hypothesis testable.

2. Materials and Methods

2.1. Experimental Animals. Male wild-type C57BL/6J mice
(8–10 weeks old, 22–24 g) were purchased from Shanghai
Branch of National Rodent Laboratory Animal Resources,
Shanghai, China. Mice were housed at 24± 2°C under a 12 :
12 hr light-dark cycle with ad libitum access to water and
standard laboratory mouse chow [13]. All animal protocols
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were approved by the Animal Care Committee of Fudan
University.

2.2. Surgical Interventions. ,e murine model of pressure
overload was induced by transverse aortic constriction
(TAC) [14, 15]. ,e mice in the sham group were subjected
to identical surgical interventions except for the constric-
tions in the aorta. As we described previously [13], 200 ng of
purified HMGB1 in 10 μl PBS solution containing rhoda-
mine spheres was injected before the ligation of the aortic
arch. 2 μl per injection (three injections in the anterior wall
and two in the posterior wall) were administrated in the left
ventricular (LV) wall. Successful injection was indicated by
the presence of rhodamine in the site of injection.

2.3. Invasive Hemodynamic Assessment. Aortic blood pres-
sure (ABP) and LV pressure (LVP) were evaluated before
(baseline) surgery and on days 1, 3, 7, 14, and 28 after
surgery, as we described previously [15, 16]. Briefly, after
anaesthesia, a micromanometer (Millar 1.4F, SPR 835;
Millar Instruments, Houston, TX, USA) was carefully
inserted through the right common carotid artery into LV.
ABP, LVP, and systolic blood pressure (SBP) were obtained
by the transducer connected to a power laboratory system
(AD Instruments, Castle Hill, NSW, Australia).

2.4. Echocardiography Measurement. Echocardiographic an-
alyses were performed with an animal-specific instrument
(Vevo770; VisualSonics, Toronto, ON, Canada) before (base-
line) TAC and on days 1, 3, 7, 14, and 28 after TAC. After
inhalation anaesthesia of isoflurane, two-dimensional images
were recorded in a parasternal long-axis projection with guided
M-mode, as shown in our previous study [13].,e LV structure
and systolic function including LV end-systolic pressure
(LVESP), percent LV fractional shortening (LVFS %), and
ejection fraction (LVEF%)weremeasured and averaged for 3–5
consecutive cardiac cycles as described previously [17]. All
measurements were carried out by an experienced technician,
who was unaware of the treatment of the mice.

2.5. Masson Staining. Mice were killed, and the whole heart
was removed before (baseline) TAC and on days 1, 3, 7, 14,
and 28 after TAC. Each heart was weighed and subsequently
fixed with 4% paraformaldehyde (4°C) for 12 hours. Paraffin-
embedded samples were sectioned at 5 μm thickness and
were stained with Masson Trichrome to evaluate fibrosis in
the myocardium. ,e fibrotic lesions stained with blue were
shown to be relative to the nonfibrotic lesions (n� 12) using
scion image software.

2.6. RNA Extraction and Quantitative Real-Time Polymerase
Chain Reaction (RT-PCR). According to the manufacturer’s
protocol, total RNA was extracted from LV tissues using the
TRIzol reagent (Invitrogen, USA) and RT-PCR was per-
formed with RT-PCR kits (TaKaRa, Kyoto, Japan). Specific
primers for brain natriuretic peptide (BNP), collagen type 1,

TGF-β, MMP2, and β-actin are mentioned in Table 1. ,e
expression level of each gene was normalized to that of
β-actin, which served as an endogenous internal control.

2.7. Statistical Analyses. All data were shown as mean-
± S.E.M and were analysed by one-way ANOVA followed by
the post hoc least significant difference test using SPSS
version 15.0 (SPSS Inc, Chicago, IL, USA). Values of P< 0.05
were considered statistically significant.

3. Results

3.1. TAC-Induced LV Dysfunction and Myocardial Fibrosis.
Echocardiographic assessment demonstrated that the levels
of ABP, LVP, SBP, and LVESP were significantly increased
after TAC (P< 0.01) (Figure 1), while the levels of LVEF and
LVFS were decreased, especially on day 28 after TAC
(P< 0.01) (Figures 2(a) and 2(b)). ,ese results showed that
pressure overload-induced LV dysfunction models in mice
were successfully built by TAC.

Masson staining showed that no significant collagen was
detected on days 0, 1, 3, 7, and 14 after TAC; however, in-
creased collagen size was observed at 4 weeks after TAC
(P< 0.01) (Figure 2(c)), which was consistent with decreased
LV function.,ese findings indicated that myocardial fibrosis
was the key to pressure overload-induced LV dysfunction.

3.2. Exogenous HMGB1 Aggravated the Mortality of TAC
Mice and Deteriorated the LV Dysfuction. To examine the
roles of exogenous HMGB1 in the development of pressure
overload-induced heart failure, exogenous HMGB1 was
used to treat the mice with TAC. ,e mortality of mice was
significantly increased within 28 days after TAC (P< 0.05).
Moreover, the mortality of mice in TAC+HMGB1 was
higher than that in TAC+PBS (P< 0.05).

We further assessed the effects of HMGB1 on LV
structure and function of the mice at 4 weeks after TAC.
Echocardiographic assessment demonstrated that HMGB1
failed to increase the levels of ABP, LVP, SBP, and LVESP of
the TAC mice (Figure 3). However, the decreased LVEF and
LVFS were markedly aggravated by cardiac injection of
HMGB1 in mice with TAC (P< 0.05) (Figures 4(a) and 4(b)).
Additionally, real-time PCR showed that the BNP levels were
significantly raised in the mice with TAC (P< 0.05). And, the
TAC mice injected with exogenous HMGB1 had higher BNP
levels in the myocardium than that of those injected with PBS
(Figure 5(a)).

,ese findings indicated that exogenous HMGB1 sig-
nificantly elevated the mortality of TAC mice and worsened
the LV dysfunction.

3.3. HMGB1 Aggravated TAC-InducedMyocardium Fibrosis.
Masson staining depicted that TAC significantly increased
the collagen volume in interstitium and perivasculum area in
the myocardium of the mice at 4 weeks after TAC; however,
collagen volume in TAC+HMGB1 group was higher than
that in the TAC+PBS group (P< 0.05). ,ese results
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indicated that HMGB1 aggravated the TAC-induced ven-
tricular fibrosis (Figure 4(c)), resulting in a worsened ven-
tricular function.

3.4. Underlying Mechanisms in HMGB1-Induced Myocardial
Fibrosis. We further explored the potential mechanism of
the HMGB1-mediated pressure overload-induced

ventricular fibrosis. As we all know, collagen type I, TGF-β,
and MMP2 were the important mediators in the develop-
ment of fibrosis [18]. ,erefore, we evaluated the effects of
HMGB1 on these factors in TAC-induced myocardium fi-
brosis. We found that the levels of collagen type I, TGF-β,
and MMP2 detected by real-time PCR were markedly in-
creased in the mice with TAC (P< 0.05), while the ex-
pression of TGF-β was further raised by the overexpression
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Figure 1: Haemodynamic assessment in mice within 4 weeks after transverse aortic constriction (TAC). ABP: aortic blood pressure; LVP:
LV pressure; SBP: systolic blood pressure; LVESP: left ventricular end-systolic pressure. Values are expressed as mean± S.E.M. n> 8 per
group in each group. ∗P< 0.01 versus control.

Table 1: Primer sequences for quantitative real-time PCR.

Gene Forward (F) and reverse (R) primers
BNP F 5′ CCTGGCCCATCGCTTCT3′

Collagen type I R 5′ CATCTGGGACAGCACCTTCA3′
F 5′ CTTCACCTACAGCACCCTTGTG3′

TGF-β1 R 5′ TGACTGTCTTGCCCCAAGTTC3′
F 5′ GCAGTGGCTGAACCAAGGA3′

MMP2 R 5′ AGCAGTGAGCGCTGAATCG3′
F 5′ GGACCCCGGTTTCCCTAA3′

β-Actin R 5′ CAGGTTATCAGGGATGGCATTC3′
F 5′ CGATGCCCTGAGGCTCTTT3′
R 5′ TGGATGCCACAGGATTCCA3′

BNP: brain natriuretic peptide; TGF-β1: transforming growth factor-β1; MMP2: matrix metalloproteinase 2.
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of HMGB1 (P< 0.05). However, HMGB1 failed to upre-
gulate the expression of collagen type I and MMP2
(Figures 5(b) and 5(d)). ,ese data demonstrated that
HMGB1 may aggravate the myocardial fibrosis under
pressure overload via promoting the TGF-β expression.

4. Discussion

In the present study, we demonstrated the effects of HMGB1-
mediated myocardial fibrosis on pressure overload-induced
LV dysfunction.

HMGB1 was initially identified as a nonhistone DNA-
binding nuclear protein that regulates multiple transcrip-
tional factors to stabilize nucleosome [19], while extracel-
lular HMGB1, as a novelty cytokine, is reported to mediate
inflammation in the models of sepsis, autoimmune disease,
acute hepatic necrosis, and acute lung injury [20–23].

Moreover, growing evidences support that HMGB1 is rec-
ognized as a critical factor in various heart diseases, in-
cluding myocardial infarction and ischaemia-reperfusion
injury. In addition, our study demonstrates that cardiac
HMGB1 expression increases after TAC; meanwhile, ex-
ogenous HMGB1 aggravates TAC-induced cardiac hyper-
trophy, which is ameliorated by HMGB1 inhibition. In this
study, we constructed murine pressure-overload model and
furtherly overexpressed HMGB1 in the heart of mice. It was
observed that the mortality of TAC mice was significantly
increased by HMGB1 injection. Although HMGB1 failed to
further increase the levels of ABP, LVP, SBP, and LVESP of
the TAC mice, HMGB1 had significant negative effects on
LVEF and LVFS. Similarly, it is reported that HMGB1 in-
duced a negative inotropic effect on the left ventricle [24, 25].
However, some reports address that exogenous HMGB1
inhibits cardiac remodelling and improves the cardiac
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Figure 2: Echocardiography measurement and Masson staining in mice within 4 weeks after TAC measurement of LV ejection fraction
(LVEF) and LV fractional shortening (LVFS). (c) Representative images of the whole hearts after TAC (scale bars 100 μm). Values are
expressed as mean± S.E.M. n> 8 per group in each group. ∗P< 0.01 versus control.
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Figure 3: Haemodynamic assessment at 4 weeks after intervention. TAC: transverse aortic constriction; HMGB1: high-mobility group box
1; ABP: aortic blood pressure; LVP: LV pressure; SBP: systolic blood pressure; LVESP: left ventricular end-systolic pressure. Values are
expressed as mean± S.E.M. n> 8 per group in each group. ∗P< 0.01 versus control.
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Figure 4: Echocardiography measurement and Masson staining at 4 weeks after intervention. (a, b) Echocardiography measurement of LV
ejection fraction (LVEF) and LV fractional shortening (LVFS). TAC: transverse aortic constriction; HMGB1: high-mobility group box 1.
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Figure 5: Quantitative real-Time PCR analysis of relevant mRNA expression in the myocardium at 4 weeks after intervention. TAC:
transverse aortic constriction; HMGB1: high-mobility group box 1; BNP: brain natriuretic peptide. Data are represented as mean± S.E.M.
n> 8 per group in each group. ∗P< 0.05 versus the sham group; #P< 0.05 versus the respective TAC+PBS group.
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function after myocardial infarction, which are not con-
sistent with our results. We speculated that the reason that
led to different conclusions was the different pathogenesis of
the experimental models used in these investigations.

Previous studies suggested that inflammatory cytokines
(e.g., TNF-α and IL-1β), which were closely associated with
collagen deposition in the myocardium, lead to myocardial
fibrosis [26, 27]. Recent studies reported that HMGB1
played an important role in many tissue fibrosis including
cardiac fibrosis [28–30]. A previous investigation showed
that HMGB1 could directly lead to cardiac collagen depo-
sition, which was associated with PKC β/Erk1/2 signalling
pathway. Moreover, the activation of the TLRs/MyD88-
dependent signalling pathway was also involved in HMGB1-
mediated cardiac fibrosis [31]. In this study, we found that
HMGB1 significantly increased the collagen volume and
TGF-βmRNA expression in the myocardium of TAC mice.
Nevertheless, HMGB1 had no marked influences on the
levels of collagen type I and MMP2 in the TAC mice.

5. Conclusion

,is study showed that TAC contributed to a marked LV
dysfunction, which was closely associated with myocardium
fibrosis. Moreover, exogenous HMGB1 overexpression in
myocardium aggravated the pressure overload-induced LV
dysfunction by promoting cardiac fibrosis, which may be
mediated by increasing the TGF-β expression.
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