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Hexokinase-II (HKII) is highly expressed in the heart and can bind to the

mitochondrial outer membrane. Since cardiac hypertrophy is associated with

a substrate switch from fatty acid to glucose, we hypothesized that a reduction in

HKII would decrease cardiac hypertrophy after pressure overload. Contrary to our

hypothesis, heterozygous HKII-deficient (HKIIþ/�) mice displayed increased

hypertrophy and fibrosis in response to pressure overload. Themechanism behind

this phenomenon involves increased levels of reactive oxygen species (ROS), as

HKII knockdown increased ROS accumulation, and treatment with the anti-

oxidant N-acetylcysteine (NAC) abrogated the exaggerated response. HKII mito-

chondrial binding is also important for the hypertrophic effects, as HKII

dissociation from the mitochondria resulted in de novo hypertrophy, which

was also attenuated by NAC. Further studies showed that the increase in ROS

levels in response to HKII knockdown or mitochondrial dissociation is mediated

through increased mitochondrial permeability and not by a significant change in

antioxidant defenses. Overall, these data suggest that HKII and its mitochondrial

binding negatively regulate cardiac hypertrophy by decreasing ROS production

via mitochondrial permeability.
INTRODUCTION

Under basal conditions, the majority of cardiac energy derives

from the oxidation of lipids; however, cardiac hypertrophy is

associated with a shift in primary substrate utilization from fatty

acids to glucose (Barger & Kelly, 1999; Sambandam et al, 2002;

Taegtmeyer & Overturf, 1988). Glucose metabolism under

conditions of pressure overload is mostly mediated through

glycolysis, which starts with glucose uptake by glucose

transporters (GLUTs) and phosphorylation by hexokinases
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(HK; Bell et al, 1993; Gould & Holman, 1993; Mueckler, 1994;

Printz et al, 1997). Among the four mammalian HK isozymes,

HKI and II are the primary isoforms expressed in the heart

(Wilson, 2003), and both are shown to exert protective effects

against cell death (Ahmad et al, 2002; Bryson et al, 2002;

Sun et al, 2008). Hexokinase-II (HKII) contains two 50 kDa

subunits, which are both active in the intact enzyme (Ardehali

et al, 1999, 1996), and its transcription is regulated by insulin,

glucocorticoids and hypoxia (Osawa et al, 1995). In addition to

its catalytic subunits, HKII also contains a 21-amino-acid region

in its N-terminal half that forms a hydrophobic a-helix and

allows binding of the protein to the outer mitochondrial

membrane (Aflalo & Azoulay, 1998; Azoulay-Zohar et al,

2004; Fiek et al, 1982; Linden et al, 1982). This binding of HKII to

the mitochondria inhibits cell death, while dissociation of

endogenous HKII from the mitochondria makes cells more

susceptible to an injurious insult (Majewski et al, 2004;

Pastorino et al, 2002). Furthermore, overexpression of full

length HKII leads to greater protection than the form that lacks
� 2012 EMBO Molecular Medicine 633
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themitochondrial binding domain (Sun et al, 2008). The binding

to mitochondria may also allow preferential access of HKII to

mitochondrially generated ATP (Pastorino & Hoek, 2003) and

reduce cellular production of reactive oxygen species (ROS;

da-Silva et al, 2004; Sun et al, 2008). This latter function may

also contribute to the protective effects of HKII.

The role of HKII in cardiac glucose metabolism has been

studied both in vitro and in vivo. Cardiomyocyte glucose

metabolism in vitro is limited by glucose transport at normal

insulin levels, but glucose phosphorylation becomes the rate-

limiting step under hyperinsulinemic conditions (Henderson

et al, 1961; Manchester et al, 1994). Animals with homozygous

deficiency of HKII died at about 7.5 days after fertilization,

suggesting that HKII is needed for proper embryogenesis. Mice

with heterozygous HKII deficiency (HKIIþ/�) are viable, and

there was no major effect on glucose uptake or global

metabolism at baseline (Heikkinen et al, 1999). However, the

impact of HKII deletion on glucose uptake becomes apparent

under conditions of increased glucose demand such as exercise

or insulin stimulation (Fueger et al, 2003, 2005). HKIIþ/� mice

display no overt cardiac phenotype at baseline; however, we

recently showed that the hearts of HKIIþ/� mice are more

susceptible to ischemia/reperfusion injury after coronary

ligation and HKII mitochondrial binding plays an important

role in this process (Wu et al, 2011).

Since cardiac hypertrophy is associated with substrate switch

from fatty acid to glucose, we hypothesized that a reduction of

HKII in the heart leads to a less pronounced hypertrophic

response after pressure overload. Contrary to our hypothesis,

HKIIþ/� mice displayed an exaggerated response to transverse

aortic constriction (TAC). To determine the mechanism for this

unexpected observation, we studied the effects of HKII knock-

down on ROS production in response to hypertrophic stimula-

tion. Our results demonstrated that HKII knockdown increased

ROS levels both in vitro and in vivo. Treatment with the

antioxidant N-acetylcysteine (NAC) attenuated the hypertrophic

response. We then studied the role of HKII mitochondrial

binding in the hypertrophic response and showed that HKII

dissociation from the mitochondria increased cellular hyper-

trophy, which is prevented by antioxidant treatment. Analysis of

antioxidant expression and total antioxidant activity showed no

significant changes with HKII knockdown or dissociation

compared to control; however, HKII knockdown or mitochon-

drial dissociation increased mitochondrial permeability transi-

tion (MPT). Collectively, these results suggest that the role of

HKII in cardiac hypertrophy goes beyond its effects on glucose

metabolism, and the hypertrophy associated with a reduction in

HKII levels and its mitochondrial binding is mediated through

an increase in ROS production.
RESULTS

HKIIR/� mice display exaggerated cardiac hypertrophy in

response to pressure overload

To test the effects of reduced HKII expression on hypertrophy,

we subjected HKIIþ/� mice to pressure overload by TAC.
� 2012 EMBO Molecular Medicine
Contrary to our initial hypothesis, HKIIþ/� mice demonstrated

increased myocardial hypertrophy compared with wild-type

(WT) mice. Heart weight to tibia length (HW/TL) and HW to

body weight (HW/BW) were increased in HKIIþ/� mice 2 and

4 weeks after TAC (Fig 1A, Supporting Information Fig S1),

however the systolic pressure gradients produced by TAC did

not differ significantly (Supporting Information Fig S2). There

was a gross increase in HKIIþ/� heart size compared with WT

(Fig 1B), and histological analysis revealed an increase in

individual cardiomyocyte cell size in HKIIþ/� mice compared to

WT 4 weeks after TAC (Fig 1C, Supporting Information Fig S3).

Echocardiography of the heart revealed a larger increase in left

ventricular end diastolic (LVED) wall thickness after TAC in

HKIIþ/� hearts (Fig 1D). Finally, the mRNA levels of atrial

natriuretic factor (ANF) and B-type natriuretic peptide (BNP)

were increased in HKIIþ/� mice compared with WT 4 weeks

after TAC, indicating a stronger induction of foetal gene

expression (Fig 1E and F). Overall, these data demonstrated

that a reduction in HKII exacerbates the hypertrophy of the

heart in response to pressure overload. As metabolic

alterations in the hypertrophied heart have been considered

as part of the phenotype, we investigated the changes in

glycolysis and fatty acid oxidation in isolated cardiomyocyte

from either WT or HKIIþ/� heart and did not observe

any significant differences between the groups (Supporting

Information Fig S4A and B).

We then assessed the effects of HKII reduction on

cardiomyocyte survival and cardiac function up to 8 weeks

after TAC. Histological analysis revealed significantly higher

levels of fibrosis in the HKIIþ/� mice compared with WT

(Fig 2A). Terminal deoxynucleotidyl transferase dUTP nick end

labelling (TUNEL) staining showed an increase in cardiomyo-

cyte cell death in HKIIþ/� mice after TAC (Fig 2B). Furthermore,

prolonged exposure to pressure overload led to increased

mortality in HKIIþ/� mice compared to WT, with 46% of these

mice surviving up to 8 weeks after TAC compared with 67% in

the WT group (Fig 2C). HKIIþ/� mice that did survive showed a

significant decrease in cardiac ejection fraction and fractional

shortening compared with WT after TAC (Fig 2D and E).

HKIIþ/� mice also displayed a significant increase in LVED

diameter (LVEDD; Fig 2F), and pulmonary oedema, as

measured by lung weight over body weight 8 weeks after

TAC, indicating the development of congestive heart failure

(Fig 2G). Together, these results indicated that reduction of HKII

expression exacerbated the maladaptive response to pressure

overload and accelerated the transition from pathological

hypertrophy to heart failure.

HKII knockdown in vitro results in exaggerated

cardiomyocyte hypertrophy

To confirm the results obtained in vivo and to provide a system

to study the mechanism for the observed phenomenon, we next

performed studies in neonatal rat cardiomyocytes (NRCM)

treated with Angiotensin II (AngII) to induce hypertrophy.

We observed a significant increase in total HKII expression

in response to hypertrophic stimulation at the 12 h time

point (Fig 3A). We then examined the effects of HKII reduction
EMBO Mol Med 4, 633–646 www.embomolmed.org



Research Article
Rongxue Wu et al.

10

12

14
WT

HKII+/-

B
m

)

HKII+/-WT HK+/-WT

Sham TAC-4W#*
A

* *

#*

2

4

6

8

H
W

/T
L(

m
g/

m

0

Baseline TAC-2W TAC-4W

C ETAC-4W

100
120
140
160
180
200 WT

HKII+/-

C

pr
es

si
on

ar
y 

un
its

)

D
WT HKII+/-

Sh
am

ETAC 4W

WT HKII+/- #*

0
20
40
60
80

100

Baseline TAC-2W TAC-4W

*

A
N

F
ex

(a
rb

itr
a

TA
C

-4
W

 

Baseline TAC-2W TAC-4W

600

700 WT
HKII+/-

F

**re
a 

of
 C

M

si
on its

)

#*#*
120

140
WT
HKII+/-

1

1.2

1.4
WT
HKII+/-

es
s 

(m
m

)

*
#*

200

300

400

500 *

s 
se

ct
io

na
l a

r
(µ

m
2 )

B
N

P
ex

pr
es

s
(a

rb
itr

ar
y 

un
i

40

60

80

100

0.4

0.6

0.8

1

D
 w

al
l t

hi
ck

ne

0

100

Sham TAC-4W

C
ro

ss

0

20

Baseline TAC-2W TAC-4W
0

0.2

Sham TAC-4w

LV
ED

Figure 1. Cardiac hypertrophic response in HKIIR/� hearts after TAC.

A. HW/TL ratio in WT and HKIIþ/�mice subjected to TAC for 2 and 4 weeks as indicated, �p< 0.0001 versusWT sham at baseline, #p¼0.02 versusWTþ TAC (2W)

and #p< 0.0001 versus WTþ TAC (4W) and n¼8–12.

B. Representative gross images of hearts after sham or TAC operation for 4 weeks from WT and HKIIþ/� mice.

C. Haematoxylin and eosin (H&E) staining of TAC operated WT and HKIIþ/� mice at 4 weeks. Quantification of myocyte size from cardiac histological sections of

WT and HKIIþ/� heart 4 weeks after TAC is shown on the bottom, �p< 0.0001 versus WT sham, #p<0.0001 versus WTþ TAC and n>400 cells from three

animals in each group.

D. Representative M-mode images of WT and HKIIþ/� hearts after 4 weeks of TAC. LVED septum wall thickness is shown on the bottom, red lines indicate

interventricular septal wall thickness, �p<0.0001 versus WT sham, #p¼0.008 versus WTþ TAC and n¼ 8–10.

E. Real-time PCR analysis of ANF levels fromWT and HKIIþ/� hearts 2 and 4 weeks after TAC, �p< 0.001 versusWT sham at baseline, #p¼0.005 versusWTþ TAC

and n¼5.

F. Real-time PCR analysis of BNP levels, �p¼ 0.010 versus WT sham at baseline, �p< 0.0001 HKIIþ/� versus WT sham at baseline, #p¼ 0.042 versus WTþ TAC

(4W) and n¼5. ANOVA was performed for all experimental conditions and data are presented as mean� SEM.
on the response to AngII in NRCM using small interfering

RNA (siRNA)-mediated knockdown of HKII as previously

described (Wu et al, 2011). Treatment with AngII resulted

in a significant increase in cell size that was exaggerated

with HKII knockdown (Fig 3B). Reduction of HKII also

resulted in increased expression of ANF and BNP after

AngII treatment (Fig 3C and D). Furthermore, knockdown of

HKII increased AngII-stimulated [3H]-leucine incorporation,

indicating a significant increase in protein synthesis (Fig 3E).

Together, these results provide further evidence that knock-
www.embomolmed.org EMBO Mol Med 4, 633–646
down of HKII exacerbated the hypertrophic response in

cardiomyocytes.

HKII knockdown increases ROS levels during hypertrophy

We next investigated the mechanism for the unexpected

increase in the hypertrophic response observed after HKII

reduction. Increased ROS activates the hypertrophic signalling

cascade (Sabri et al, 2003; Seddon et al, 2007; Sugden & Clerk,

2006; Takimoto & Kass, 2007), and overexpression of HKII has

been shown to reduce cellular ROS levels (Sun et al, 2008).
� 2012 EMBO Molecular Medicine 635
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Figure 2. Transition from hypertrophy to heart failure after TAC.

A. Histological view of cardiac sections stained with Masson’s trichrome in WT and HKIIþ/� mice after 8 weeks of TAC. Quantification of fibrosis is shown next to

the image, �p¼0.035 versus WT and n¼3. Scale bar¼50mm.

B. Quantification of TUNEL staining in the hearts ofWT and HKIIþ/�mice after 8 weeks of TAC, �p<0.0001 versusWT sham, #p¼0.01 versusWTþ TAC and n¼ 3.

C. Kaplan–Meier survival curve of WT and HKIIþ/� mice subjected to TAC for 8 weeks, #p¼0.032, n¼35 WT, n¼ 29 HKIIþ/� and log-rank test.

D. EF% (ejection fraction) in WT and HKIIþ/� after 4 and 8 weeks of TAC as assessed by echocardiography, �p<0.0001 versus WT sham at baseline, #p¼ 0.048

versus WTþ TAC (4W), #p¼0.008 versus WTþ TAC (8W) and n¼8–12.

E. FS% (fractional shortening) in WT and HKIIþ/� after 4 and 8 weeks of TAC as assessed by echocardiography, �p¼ 0.0002 versus WT sham at baseline

(HKIIþ/�þ TAC 4W), �p<0.0001 versus WT sham at baseline (TAC 8W), #p¼ 0.004 versus WTþ TAC (8W) and n¼8–12.

F. LVEDD in the hearts of WT and HKIIþ/� mice after 8 weeks of TAC, �p<0.0001 versus WT sham; #p¼ 0.003 versus WTþ TAC and n¼ 8–10.

G. Lung weight to body weight ratio (LW/BW) in WT and HKIIþ/� subjected to TAC for 8 weeks, �p¼0.016 versusWT sham, �p<0.0001 HKIIþ/� versusWT sham,
#p<0.0001 versus WTþ TAC and n¼ 4–6. ANOVA was performed for all experimental conditions unless otherwise indicated, and data presented as

mean� SEM.
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Therefore, we focused our studies on ROS as a potential

mechanism for the increased hypertrophy observed with HKII

knockdown. Examination of left ventricular tissue fromWT and

HKIIþ/� mice 2 days after TAC revealed increased levels of

lipid peroxidation (an indicator of ROS damage) in the HKIIþ/�

hearts (Fig 4A). In NRCM, knockdown of HKII resulted in

significantly higher levels of protein carbonylation after

treatment with AngII (Fig 4B). Furthermore, 20,70-dichlorodi-

hydrofluorescein (DCF) fluorescence increased significantly

after treatment with AngII that was further increased by

knockdown of HKII (Fig 4C). Finally, we used the MitoSox

probe to assess mitochondrial superoxide production. Treat-

ment of NRCM with HKII or scrambled siRNA resulted in no

difference in MitoSox fluorescence at baseline, but there was

increased generation of superoxide after AngII treatment in the

setting of HKII knockdown (Fig 4D). These results suggest that
� 2012 EMBO Molecular Medicine
HKII knockdown leads to increased ROS levels after hyper-

trophic stimulation.

We then studied whether the increase in ROS mediates the

exaggerated hypertrophic response observed with HKII knock-

down. Treatment with NAC significantly reduced ROS accumula-

tion after treatment with AngII and attenuated the exaggerated

increase observedwith HKII knockdown (Supporting Information

Fig S5A and B). Addition of NAC abrogated the AngII-induced cell

size increase in NRCM and reduced the exaggerated response

observed with knockdown of HKII (Fig 5A). NAC treatment also

reduced the expression ofANF and BNP aswell as the induction of

protein synthesis in response to AngII and brought the levels

with HKII knockdown to those of cells treated with control

siRNA (Fig 5B–D). Together, these data suggest that increased

ROS accumulation contributes to the exaggerated hypertrophic

response observed with knockdown of HKII.
EMBO Mol Med 4, 633–646 www.embomolmed.org
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Figure 3. Hypertrophic response to AngII in NRCM.

A. Western blot of total HKII levels in NRCM treated with AngII (250 nM, 0–12 h), �p¼ 0.045, n¼ 3 and two-tailed t-test.

B. In (B–E), NRCMwere treated with scrambled or HKII siRNA for 36 h prior to media change and treatment with AngII (250 nM, 24h). Representative images and

cell size analysis of cardiomyocytes immunostained with sarcomeric a-actinin (red). Data represent the total cardiomyocyte area relative to untreated siRNA

control from at least three-independent samples, aminimumof 75 total cells per group, �p¼ 0.001 siCtrlþ AngII versus siCtrl, �p< 0.0001 siHKIIþAngII versus

siCtrl, #p¼0.037 versus siCtrlþ AngII and two-tailed t-test. DAPI (blue) was used as a nuclear counterstain, and scale bar: 20mm.

C. Real-time PCR analysis of ANF expression� AngII. Data represent average mRNA levels relative to the untreated control for each group, �p¼0.010

siCtrlþ AngII versus siCtrl, �p¼0.001 siHKIIþAngII versus siCtrl, #p¼0.049 versus siCtrlþAngII, n¼4–6 and two-tailed t-test.

D. Real-time PCR analysis of BNP expression� AngII. Data represent average mRNA levels relative to the untreated control for each group, �p¼0.016

siCtrlþ AngII versus siCtrl, �p¼0.001 siHKIIþAngII versus siCtrl, #p¼0.009 versus siCtrlþAngII, n¼4–6 and two-tailed t-test.

E. Protein synthesis, evaluated by [3H]-leucine incorporation into total cellular protein normalized to cell number. Data are presented relative to untreated siRNA

control, �p¼ 0.011 siCtrlþ AngII versus siCtrl, �p¼0.0002 siHKIIþ AngII versus siCtrl, #p¼0.014 versus siCtrlþ AngII, n¼ 4–6 and two-tailed t-test. All data

are presented as mean� SEM.
Dissociation of HKII from the mitochondrial induces

cardiomyocyte hypertrophy

HKII binding to the mitochondrial outer membrane reduces

cellular ROS production and protects against cell death in

cardiomyocytes (Sun et al, 2008; Miyamoto et al, 2008; Wu

et al, 2011). The levels of HKII bound to the mitochondria

significantly increased after hypertrophic stimulation in both

our in vivo and in vitro models (Fig 6A and B). In order to

study the role of HKII mitochondrial binding in the development

of hypertrophy, we used a synthetic cell permeable peptide

(n-HKII) against the N-terminal hydrophobic domain of HKII

to dissociate the enzyme from the outer membrane of the
www.embomolmed.org EMBO Mol Med 4, 633–646
mitochondria (Majewski et al, 2004; Pastorino et al, 2002).

Previous studies showed that treatment of NRCM with the

n-HKII peptide resulted in a dose-dependent increase in cell

death compared to a scrambled peptide control after 2 h;

however, at low dose (5mM) we observed mitochondrial

dissociation without impacting cell viability (Wu et al, 2011).

Treatment of NRCM with this dose resulted in increased

ROS production compared to a scrambled peptide control after

3 h (Fig 6C). Also observed were significant increases in cell

size, ANF levels and protein synthesis, all of which were

attenuated by NAC administration (Fig 6C–F). Thus, dissocia-

tion of HKII from the mitochondria alone is sufficient to induce
� 2012 EMBO Molecular Medicine 637
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Figure 4. ROS accumulation in response to HKII knockdown.

A. Analysis of malondialdehyde (MDA) levels in left ventricular tissue from HKIIþ/�mice compared to WT 2 days after TAC, �p¼ 0.049 versusWT sham, �p¼ 0.001

HKII versus WT sham, #p¼ 0.009 versus WTþ TAC and n¼3–5.

B. ROS levels in NRCM, evaluated byWestern blot of derivitized protein carbonyls (DNP) in lysates fromNRCM treated with HKII or control siRNA� AngII (250 nM,

24 h). All represented lanes were run non-contiguous on the same gel. Data are presented relative to untreated siRNA control, �p¼0.013 siCtrlþ AngII versus

siCtrl, �p¼ 0.002 siHKIIþ AngII versus siCtrl, #p¼ 0.046 versus siCtrlþAngII, n¼3 and two-tailed t-test.

C. ROS levels in NRCM evaluated with DCF (green). Fluorescent intensity was measured in individual fields from 3 to 6 independent samples and presented

relative to control, �p¼0.014 siCtrlþAngII versus siCtrl, �p¼ 0.0006 siHKIIþAngII versus siCtrl, #p¼0.034 versus siCtrlþAngII and two-tailed t-test.

D. Mitochondrial superoxide evaluated with MitoSox (red). Fluorescent intensity was averaged from 3 to 6 independent samples (three fields analysed per

sample), �p¼0.0004 siCtrlþAngII versus siCtrl, �p¼0.0002 siHKIIþAngII versus siCtrl, #p¼ 0.006 versus siCtrlþAngII and two-tailed t-test. In (C) and (D),

nuclei are labelled with Hoechst 33342 (blue), scale bars: 20mM. All data are presented as mean� SEM.
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hypertrophy, and this effect is partially mediated by increased

ROS levels.

HKII knockdown or mitochondrial dissociation increased

ROS production

Our results thus far suggest that a reduction in HKII or its

dissociation from the mitochondria induce cardiac hypertrophy

through ROS accumulation, which results from an imbalance

between ROS production and antioxidant activity (Giordano,

2005). We first examined a potential mechanism by which

HKII regulates ROS production. It has been suggested that

HKII plays a regulatory role in MPT, possibly through its

binding to voltage-dependent anion channel (VDAC) on

the mitochondrial outer membrane (Halestrap et al, 2002;

Mathupala et al, 2006). Increased ROS, secondary to MPT, has
� 2012 EMBO Molecular Medicine
been described in adult cardiomyocytes, and studies suggest

that pharmacological inhibition of MPT can mitigate the

hypertrophic response in NRCM (Halestrap, 2010; Javadov &

Karmazyn, 2007; Zorov et al, 2000). We studied the effects of

HKII knockdown and dissociation on MPT by measuring

mitochondrial calcein release (Javadov et al, 2008; Petronilli

et al, 1999). Treatment with AngII led to an increase in MPT

that was exacerbated by HKII knockdown (Fig 7A and B).

Peptide dissociation of HKII from the mitochondria also resulted

in increased MPT (Fig 7C and D). NAC attenuated the MPT

observed with AngII or peptide dissociation (Fig 7A–D), which

was also observed after treatment with cyclosporine A (CsA, an

inhibitor of cyclophilin D and MPT; Supporting Information

Fig S6A and B). We did not observe a significant increase in cell

death as a result of HKII knockdown under these conditions
EMBO Mol Med 4, 633–646 www.embomolmed.org
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Figure 5. Hypertrophic response after treatment with the antioxidant NAC.

A. In (A–D), NRCM were treated with scrambled or HKII siRNA, and exposed to AngII (250 nM, 24 h). NAC (1mM) was added to the media 2 h after the addition of

AngII where indicated. Representative images and cell size analysis of cardiomyocytes immunostained with sarcomeric a-actinin (red). Data represent the

total cardiomyocyte area relative to untreated siRNA control from at least three-independent samples, aminimumof 75 total cells per group, �p¼0.037 versus

siCtrlþ AngII, #p¼ 0.010 versus siCtrlþAngII, #p¼ 0.014 versus siHKIIþAngII and two-tailed t-test. DAPI (blue) was used as a nuclear counterstain and scale

bar: 20mm.

B. Real-time PCR analysis of ANF levels. Data represent average mRNA levels for each marker relative to the untreated siRNA control for each group, �p¼ 0.015

versus siCtrlþAngII, #p¼0.004 versus siHKIIþ AngII, n¼ 3–6 and two-tailed t-test.

C. Real-time PCR analysis of BNP levels. Data represent average mRNA levels for each marker relative to the untreated siRNA control for each group, �p¼ 0.016

versus siCtrlþAngII, #p¼0.035 versus siCtrlþ AngII, #p¼0.020 versus siHKIIþAngII, n¼3–6 and two-tailed t-test.

D. Protein synthesis evaluated by [3H]-leucine incorporation into total cellular protein normalized to cell number. [3H]-leucine (1mCi/ml) was added to cells to

cells 1 h after treatment with NAC. Data are presented relative to untreated siRNA control, �p¼ 0.049 versus siCtrlþAngII, #p¼0.015 versus siCtrlþ AngII,
#p¼0.001 versus siHKIIþ AngII, n¼ 4–6 and two-tailed t-test. All data are presented as mean� SEM.
(Supporting Information Fig S7A); however, a modest increase

in cell death was observed after HKII dissociation at the

24 h time point (Supporting Information Fig S7B). Overall,

these studies suggest that the increased ROS levels leading

to the exaggerated hypertrophic response with HKII knockdown

and mitochondrial dissociation may be mediated by increased

MPT.

We then examined the possible effects of HKII reduction on

antioxidant expression and activity. Analysis of total lysates

from heart tissue demonstrated no significant difference

between WT and HKIIþ/� mice after sham operation or TAC

(Supporting Information Fig S8A). A decrease in antioxidant
www.embomolmed.org EMBO Mol Med 4, 633–646
expression was observed in NRCM after AngII treatment;

however, there were no significant differences observed with

HKII knockdown (Supporting Information Fig S8B). Further

in vitro analysis revealed that there was no significant difference

in total antioxidant activity with HKII knockdown or dissocia-

tion (Supporting Information Fig S9A and B). Knockdown of

HKII and treatment with AngII did result in a modest decrease in

the relative ratio of NADPH to total NAD(P)H, as well as an

increase in the relative ratio of oxidized glutathione (GSSG) to

GSH (Supporting Information Fig 10A and B). Overall, the data

implicate increased ROS production in the increased ROS levels

observed after HKII knockdown or dissociation.
� 2012 EMBO Molecular Medicine 639
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Figure 6. Hypertrophic response to HKII dissociation from the mitochondria.

A. Western blot demonstrating HKII levels in mitochondrial fractions fromWT and HKIIþ/� hearts 4 weeks after TAC, �p<0.0001 versus sham, #p<0.0001 versus

HKIIþ/�þ TAC, n¼4–6 and determined by ANOVA. Mitochondrial inner membrane protein succinate dehydrogenase (SDH) was used as a loading control.

B. Western blot of HKII levels in mitochondrial fractions from NRCM treated with AngII (200 nM, 6 h). Represented lanes for each Western blot were run non-

contiguous on the same gel. Data are presented relative to untreated control, �p¼ 0.049, n¼ 3 and two-tailed t-test.

C. Mitochondrial superoxide levels evaluated with MitoSox (red) after HKII dissociation from the mitochondria in NRCM using a competitive peptide (n-HKII)

(5mM, 3 h). A scrambled peptide (scram) was used as control. Cells were pretreated with NAC (500mM) where indicated. Fluorescent intensity was measured

from at least three-independent experiments, �p¼0.011 versus scram, #p¼ 0.019 versus n-HKII and two-tailed t-test.

D. In (D–F), NRCM were treated with n-HKII or scrambled peptide (5mM, 24 h), and pretreated with NAC (500mM) where indicated. Representative images and

cell size analysis of cardiomyocytes. Data represent the total cardiomyocyte area relative to scrambled peptide control from at least three-independent

samples, a minimum of 75 total cells per group, �p¼0.001 versus scram and #p¼ 0.025 versus n-HKII. DAPI (blue) was used as a nuclear counterstain and scale

bar: 20mm.

E. Real-time PCR analysis of ANF expression. Data are presented relative to scrambled control, �p¼ 0.004 versus scram, #p¼0.041 versus n-HKII, n¼ 4–6 and

two-tailed t-test.

F. Protein synthesis, evaluated by [3H]-leucine incorporation and normalized to cell number. Data are presented relative to scrambled control, �p¼0.005 versus

scram, #p¼0.007 versus n-HKII, n¼3 and two-tailed t-test. All data are presented as mean� SEM.

640
DISCUSSION

Cardiac hypertrophy is associated with a number of cellular

changes, including a metabolic switch from fatty acid to glucose

metabolism as the primary source of energy. In this paper, we

hypothesized that a reduction in HKII would result in a decrease

in cardiac hypertrophy and subjected HKIIþ/� mice to pressure

overload, followed by assessment of cardiac size and function.

Contrary to our hypothesis, HKIIþ/� mice displayed more
� 2012 EMBO Molecular Medicine
hypertrophy in response to pressure overload, which was

associated with more prominent cardiac dysfunction and

mortality. Similar results were obtained in vitro, when HKII

downregulation by siRNA was associated with an increase in

cardiomyocyte hypertrophy in response to AngII treatment. We

then studied the mechanism for this phenomenon and focused

our studies on ROS accumulation. Previous studies had shown

that HKII overexpression and mitochondrial binding reduces

ROS levels (da-Silva et al, 2004; Sun et al, 2008), and ROS has
EMBO Mol Med 4, 633–646 www.embomolmed.org
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Figure 7. Assessment of MPT after HKII knockdown or mitochondrial dissociation.

A. Representative images of calcein distribution (green) after knockdown and treatment with AngII (250 nM, 2 h). NAC (500mM) was added after 20min where

indicated. Mitochondrial are labeled with Mitotracker Red; scale bar: 20mM.

B. Quantification of cells demonstrating calcein release from the mitochondria after knockdown and treatment with AngII. A minimum of 150 total cells in each

group were analysed from at least three-independent experiments. Data represent the percentage of cells with released calcein relative to untreated siRNA

control, �p¼ 0.016 siCtrlþ AngII versus siCtrl, �p¼ 0.002 siHKIIþAII versus siCtrl, #p¼0.041 versus siCtrlþ AngII, ��p¼0.016 versus siCtrlþ AngII and
##p¼ .001 versus siHKIIþ AngII.

C. Representative images of calcein distribution after treatment with the n-HKII dissociation peptide or the scrambled (scram) control (5mM, 2 h). Cells were

pretreated with NAC (10min, 500mM) where indicated. Mitochondrial are labeled with Mitotracker Red; scale bar: 20mM.

D. Quantification of cells demonstrating calcein release from the mitochondria after peptide treatment. A minimum of 145 total cells in each group were

analysed from at least three-independent experiments. Data represent the percentage of cells with released calcein relative to scrambled control, �p¼ 0.005

versus scram and #p¼ 0.008 versus n-HKII. All data are presented as mean� SEM.
been linked to cardiac hypertrophy (Sabri et al, 2003; Seddon

et al, 2007; Sugden & Clerk, 2006; Takimoto & Kass, 2007). HKII

knockdown both in vitro and in vivo was associated with

increased ROS accumulation, and antioxidant treatment

reduced hypertrophy associated with HKII knockdown. In

addition, dissociation of HKII from the mitochondria led to

cardiomyocyte hypertrophy that was also reversed with NAC.

We then studied the mechanism for increased ROS levels. Our

results demonstrated that HKII knockdown or mitochondrial

dissociation resulted in an increase in MPT. Collectively, our

results demonstrated that HKII knockdown or its dissociation

from the mitochondria increases hypertrophy, at least in part,

through increased ROS production and MPT.
www.embomolmed.org EMBO Mol Med 4, 633–646
Although our results were unexpected, similar results have

been obtained with GLUT4 knockout mice. Abel et al. showed

that cardiac specific knockout of GLUT4 results in cardiac

hypertrophy with preserved cardiac function and no evidence of

myocyte disarray and cardiac fibrosis (Abel et al, 1999). These

changes occurred at baseline and in the absence of pressure

overload, and homozygous knockout animals were studied,

unlike the heterozygous HKII mice examined in our study.

Nevertheless, these results along with those observed in this

study suggest that the process of glucose transport and

phosphorylation are needed for normal cardiac size, and a

reduction in these steps leads to either cardiac hypertrophy at

baseline (in case of GLUT4 knockout) or in response to pressure
� 2012 EMBO Molecular Medicine 641
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overload (in case of HKII knockout). Furthermore, the

development of cardiac hypertrophy is not dependent on an

intact metabolic process of glucose, and in fact, a reduction in

this process leads to more exaggerated hypertrophy. We

observed that fatty acid and glucose metabolism response to

TAC did not significantly differ between WT and HKIIþ/� mice,

suggesting that cardiac metabolic changes may not be the major

mechanism that leads to exaggerated hypertrophy in HKIIþ/� in

response to TAC.

Although our results do not exclude other mechanisms for the

development of cardiac hypertrophy after HKII knockdown,

ROS appears to play a major role in this process. ROS has been

established as an inducer of cardiac hypertrophy in various

models (Sabri et al, 2003; Seddon et al, 2007; Sugden & Clerk,

2006; Takimoto & Kass, 2007). In addition, a previous study

suggested that administration of an antioxidant reverses cardiac

hypertrophy in GLUT4-deficient mice (Ritchie et al, 2007). Thus,

we propose that a reduction in HKII levels leads to cardiac

hypertrophy not through changes in cardiac metabolism, but

through oxidative stress on the heart. This increase in ROS by a

reduction in HKII does not cause cell death, but induces an

increase in cardiomyocyte size.

The mitochondrial binding of HKII has been shown to play an

important role in cellular response to injurious agents

(Majewski et al, 2004; Pastorino et al, 2002; Sun et al, 2008),

production of ROS (da-Silva et al, 2004; Sun et al, 2008) and

energy production (Pastorino & Hoek, 2003). Here, we showed

that dissociation of HKII from the mitochondria also results in

increased cardiomyocyte hypertrophy, and this effect is

reversed by the addition of the antioxidant NAC. Thus, the

binding of HKII to the mitochondria plays an important role in

cardiac hypertrophy by mediating ROS levels. A great deal of

work has been devoted to devising new methods to dislocate

HKII from the mitochondria in oncology research in order to kill

the rapidly dividing cancer cells (Pedersen, 2007). Since HKII

mitochondrial binding is important in protection against I/R

(Wu et al, 2011) and the development of hypertrophy, an

approach that increases the binding of HKII to the mitochondria

would be more applicable to these cardiovascular disorders.

The product of the enzymatic reaction catalysed by HKII,

glucose-6-phosphate (G6P), is a substrate for the pentose

phosphate pathway (PPP) in addition to its contribution to the

glycolytic and glycogenesis pathways. G6P metabolism via the

PPP generates reducing equivalents in the form of NADPH that

are necessary for glutathione peroxidase (Gpx) activity and

production of reduced glutathione. These results might suggest

a reduction in G6Pmetabolism via the PPP that are necessary for

the production of reduced glutathione. We did not thoroughly

evaluate the PPP in ROS generation with HKII reduction, and

cannot rule out a role for this pathway in this process.

During hypertrophy, cardiomyocytes encounter conditions

that are known to illicit MPT, including oxidative stress and

increased mitochondrial Ca2þ uptake (Matas et al, 2009). While

MPT is typically associated with cell death due to irreversible

opening of the MPT pore (mPTP), studies have shown that the

pore can operate at a lower conductance level, which is transient

and reversible (Di Lisa et al, 2003; Halestrap et al, 2007; Loor
� 2012 EMBO Molecular Medicine
et al, 2011; Petronilli et al, 1999; Robin et al, 2007). Repeated and

reversible MPT induction is known to trigger ROS induced ROS

release; creating a positive feedback loop that can amplify ROS

accumulation and causemitochondrial dysfunction in the absence

of immediate cell death (Zorov et al, 2000). MPT, associated with

increased cell death, is readily observed in pathological

hypertrophy during the transition to heart failure (Marcil et al,

2006; Ozcan et al, 2003; Sharov et al, 2007); however, recent

studies have suggested that increased transientMPTmay also play

a causal role in the development of hypertrophy (Javadov et al,

2006; Matas et al, 2009; Nakayama et al, 2007).

In summary, our results show that a reduction in HKII leads to

an exaggerated hypertrophic response to pressure overload. The

increase in hypertrophy appears to be through an increase in

ROS, possibly through the induction of MPT. Furthermore,

dislocation of HKII from the mitochondria results in an increase

in cardiomyocyte size due to elevated ROS production. Together

our data indicate that methods that would increase HKII levels

or its binding to the mitochondria may provide a novel approach

for treatment of cardiac hypertrophy.
MATERIALS AND METHODS

Animal models

All animals were maintained and handled in accordance with the

Northwestern Animal Care and Use Committee. Adult male HKIIþ/�

mice (22–25 g) previously described (Fueger et al, 2003, 2007; Wu

et al, 2011), were used in this study. HKIIþ/þ (WT) littermates were

used as control. Chronic pressure overload was induced by TAC in mice

at 10–12 weeks at the beginning of the study as described (Rockman

et al, 1991). Details for screening of knockout mice, cardiac function

analysis and histology can be found in the Supporting Information

Materials and Methods Section.

Primary cell culture

NRCMs were isolated from 1- to 2-day-old Sprague–Dawley rats as

previously described (Ardehali et al, 2005). Cardiomyocytes were

cultured in DMEM/M199 (3:1), supplemented with 5% FBS, 1.5mM

vitamin B12 and 1mM penicillin–streptomycin (Gibco). To prevent

proliferation of non-myocytes, 100mM bromodeoxyuridine (BrdU) was

added to the culture media (Sigma). To induce hypertrophy, cells were

cultured under serum free conditions in unsupplemented media for

12 h and then treated with AngII (250nM; Sigma) for 24 h. For the

antioxidant studies, 1mM of N-acetyl-L-cysteine (NAC; Sigma) was

added to the culture 2 h after the addition of AngII.

HKII peptide treatment

A peptide analogous to the N-terminal sequence of HKII (n-HKII:

MIASHLLAYFFTELNHDQVQKVD), along with a scrambled peptide (Scram:

VLIQKEVTDNLAFYMSHADHQLF) were synthesized by Genemed Synth-

esis, Inc., San Antonio, TX. To facilitate cell permeability, each peptide

included a polyarginine sequence at the C-terminal. Mitochondrial

dissociation was confirmed via Western blot of fractionated NRCM

lysates (Wu et al, 2011). Peptides were added to NRCM cultured in

serum free media, as indicated. For the antioxidant studies, 500mM

NAC was added to NRCM 20min prior to the addition of peptide.
EMBO Mol Med 4, 633–646 www.embomolmed.org
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The paper explained

PROBLEM:

Glucose metabolism starts with glucose uptake and subsequent

glucose phosphorylation by hexokinases (HK). Among the four

mammalian HK isozymes, HKII is highly expressed in the heart

and exerts protective effects against cell death. HKII also binds to

the mitochondrial outer membrane through its N-terminal

hydrophobic sequence, and this mitochondrial binding con-

tributes to the cytoprotective effects of the protein. Since cardiac

hypertrophy is associated with a substrate switch from fatty acid

to glucose, we investigated how a reduction in HKII would alter

cardiac hypertrophy after pressure overload. Our original

hypothesis was that a reduction in HKII, as a major enzyme in

glucose metabolism, would reduce cardiac hypertrophy in

response to transverse aortic constriction (TAC).

RESULTS:

Here, we report that, contrary to our hypothesis, a reduction in

HKII protein was associated with an increase in hypertrophy.

Heterozygous HKII-deficient (HKIIþ/�) mice displayed increased

hypertrophy and heart failure in response to TAC. Themechanism

behind this phenomenon is increased production of ROS, as HKII

knockdown increased ROS production, and the antioxidant N-

acetylcysteine (NAC) attenuated this response. HKII mitochon-

drial binding is also important for the hypertrophic effect, as HKII

dissociation from the mitochondria resulted in de novo

hypertrophy, which was also attenuated by NAC. ROS production

in response to HKII knockdown or mitochondrial dissociation was

associated with increased mitochondrial permeability, which is

attenuated by NAC.

IMPACT:

Overall, our data suggest that a reduction in HKII leads to an

exaggerated hypertrophic response to pressure overload.

The increase in hypertrophy is mediated through an increase

in ROS, possibly through the induction of mitochondrial

permeability transition (MPT). Furthermore, dissociation of

HKII from the mitochondria results in an increase in cardio-

myocyte size due to elevated ROS production. Thus, methods

that would increase HKII levels or its binding to the mitochondria

may provide a novel approach for treatment of cardiac

hypertrophy.
RNA isolation and quantitative real-time PCR

Details for RNA isolation and amplification, including the primer

sequences can be found in the Supporting Information Materials and

Methods Section.

Isolation of mitochondria

Details on mitochondrial isolation and Western blot for the

assessment of protein levels can be found in the Supporting

Information Materials and Methods Section.

Cell size analysis

For cell size analysis, NRCM were cultured on glass coverslips treated

with 0.1% gelatin. After the indicated treatment, cells were washed

once with PBS and fixed in ice cold methanol for 10min and then

blocked with 1% goat serum for 30min at room temperature.

Cardiomyocytes were labelled with sarcomeric a-actinin (Sigma)

followed by incubation with goat anti-mouse Cy3-conjugated

secondary (Jackson Immunology Research). DAPI was used as a

nuclear counterstain, and images were captured with the Zeiss

AxioObserver.Z1 (510 nm-ex/580nm-em). Total cell surface area was

analysed using the ZeissAxio Imaging software. For each experimental

conditions cell size was averaged from a minimum of five separate

fields from at least three-independent samples. A minimum of 75 total

cells were counted for each experimental condition examined.

Protein synthesis

To determine protein synthesis, [3H]-leucine (1mCi/ml; Perkin-Elmer)

was added to all treatment conditions 3 h after the addition of AngII.

After 24 h, cardiomyocytes were washed with PBS, trypsinized and
www.embomolmed.org EMBO Mol Med 4, 633–646
collected with ice cold PBS. Proteins were precipitated on ice with

trichloroacetic acid (20%), washed with acetone and radioactivity was

determined by liquid scintillation counting. Prior to protein isolation,

an aliquot of cells was removed for counting, and radioactive levels

were normalized to total cell number for each sample. For the peptide

studies, [3H]-leucine was added to the media 3 h after treatment with

the peptide began. After 24 h, lysates were isolated and analysed.

Evaluation of oxidative stress

Oxidative stress in mouse hearts was determined through measure-

ment of lipid peroxides using the MDA kit from Oxford Biomedical

Research according to manufacturers’ instructions. Oxidative stress in

neonatal cardiomyocytes was determined by levels of protein

carbonylation using a modification of the OxyBlot Protein Oxidation

Detection (Millipore). Briefly, protein carbonyls from lysates were

derivitized to 2,4-dinitrophenylhydrazone (DNP) without the addition

of reducing agents. After derivitization, samples were neutralized, run

on an SDS–PAGE gel and transferred to nitrocellulose membrane.

Membranes were exposed to Ponceau-Red (Sigma) to determine

protein loading for each lane, washed and then analysed for DNP

levels according to manufacturers’ instructions. Band intensity for

each lane was measured using Image J software (NIH) and normalized

to the Ponceau loading control.

Measurement of ROS

Intracellular ROS levels were analysed in NRCM plated on glass

coverslips as described above. ROS levels were determined by image

analysis using two-different fluorescent indicators in separate

experiments. First, after the indicated treatment, cells were washed
� 2012 EMBO Molecular Medicine 643
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and loaded with 1mM 20 ,70-dichlorofluorescein diacetate (CM-

H2DCFDA; Molecular Probes) in Hank’s Buffered Salt Solution (HBSS,

Gibco). After 15min, media was removed and replaced with HBSS

containing the 0.5mM Hoechst 33342 nuclear counterstain (Invitro-

gen). Cells were again washed and incubated in HBSS incubated for an

additional 20min before imaging. Fluorescence images were acquired

with the Zeiss AxioObserver.Z1 (488nm-ex/510nm-em). To assess

mitochondrial superoxide production, NRCM were loaded with 0.5mM

MitoSox (Molecular Probes) using the same protocol. Fluorescence

images were acquired with the Zeiss AxioObserver.Z1 (510nm-ex/

580nm-em). The average fluorescent intensity was analysed for each

sample using Image J (NIH).

Evaluation of MPT

Induction of MPT in NRCM was determined using a calcein release

assay previously described, with modifications (Javadov et al, 2006;

Petronilli et al, 1999). For MPT analysis, NRCM were cultured on glass

bottom culture dishes (MatTek) treated with 0.1% gelatin. Cardio-

myocytes were incubated under ambient conditions for 5min in with

10 nM of MitoTracker Red (Life Technologies) in HBSS (Sigma H1387)

supplemented with HEPES (10mM), pH 7.3. Cells were then washed

twice, and incubated in HBSS for 20min with 1mM of calcein–

acetoxymethylester (calcein–AM; Molecular Probes) along with 2mM

of cobalt chloride to quench cytosolic and nuclear calcein loading.

After loading, cells were washed three times, and HBSS was replaced

prior to the start of the assay. Eppifluorescent images of Mitotracker

Red and calcein fluorescence were acquired with the ZeissAxioObser-

ver.Z1 (40� magnification; 75 NA) using 575/599 and 488/515

excitation/emission, respectively. MPT was determined by the number

of cells demonstrating calcein redistribution from the mitochondria to

the cytosol at the end of the indicated treatment. In order to minimize

phototoxicity, cells were imaged at a single time point. For the

knockdown experiments calcein release was evaluated 2h after the

addition of AngII (250 nM). NAC (500mM) was added after 20min

where indicated. For the HKII dissociation studies, calcein release was

evaluated 2 h after the addition of the n-HKII or scrambled peptide

control (5mM). NAC (500mM) was added 10min prior to peptide

treatment where indicated. CsA (0.2mM) was added 10min prior to

treatment where indicated. Images for each experimental condition

were acquired from a minimum of five separate fields from at least

three-independent experiments. As calcein release and decreased

calcein fluorescence were observed over time at baseline, the results

were normalized to untreated siRNA or scrambled controls.

Statistical analysis

Data are expressed as mean� SEM. Statistical significance was

assessed with ANOVA, the unpaired Student’s t-test and log-rank test.
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