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Leary, S. C., D. Michaud, C. N. Lyons, T. M. Hale, T. L.
Bushfield, M. A. Adams, and C. D. Moyes. Bioenergetic
remodeling of heart during treatment of spontaneously hy-
pertensive rats with enalapril. Am J Physiol Heart Circ
Physiol 283: H540–H548, 2002. First published April 18,
2002; 10.1152/ajpheart.00032.2002.—We used spontaneously
hypertensive rats to study remodeling of cardiac bioenerget-
ics associated with changes in blood pressure. Blood pressure
was manipulated with aggressive antihypertensive treat-
ment combining low dietary salt and the angiotensin-con-
verting enzyme inhibitor enalapril. Successive cycles of 2 wk
on, 2 wk off treatment led to rapid, reversible changes in left
ventricular (LV) mass (30% change in �10 days). Despite
changes in LV mass, specific activities of bioenergetic (cyto-
chrome-c oxidase, citrate synthase, lactate dehydrogenase)
and reactive oxygen species (ROS) (total cellular superoxide
dismutase) enzymes were actively maintained within rela-
tively narrow ranges regardless of treatment duration, or-
ganismal age, or transmural region. Although enalapril led
to parallel declines in mitochondrial enzyme content and
ventricular mass, total ventricular mtDNA content was un-
affected. Altered enzymatic content occurred without signif-
icant changes in relevant mRNA and protein levels. Tran-
script levels of gene products involved in mtDNA maintenance
(Tfam), mitochondrial protein degradation (LON protease), fu-
sion (fuzzy onion homolog), and fission (dynamin-like protein,
synaptojanin-2�) were also unchanged. In contrast, enalapril-
mediated ventricular and mitochondrial remodeling was ac-
companied by a twofold increase in specific activity of catalase,
an indicator of oxidative stress, suggesting that rapid cardiac
adaptation is accompanied by tight regulation of mitochondrial
enzyme activities and increased ROS production.

hypertension; mitochondria; mitochondrial deoxyribonucleic
acid; angiotensin-converting enzyme inhibitor; spontane-
ously hypertensive rats; cytochrome oxidase; oxidative stress

CARDIAC HYPERTROPHY IS PART of the compensatory re-
sponse to increased pressure or volume work. Cardiac
remodeling in response to hypertension involves com-
plex signaling pathways including mechanical (32) and
neural/humoral (18) elements. In the absence of treat-
ment, hypertensive hypertrophy can lead to cardiac
failure. Treatment, which typically targets signaling
pathways involving ANG II or its receptor AT1 (18),

leads to reductions in cardiac work and results in
remodeling of cardiomyocyte architecture and contrac-
tile properties (8, 12, 15, 22, 28, 33).

Although most studies assessing the cardiac re-
sponse to hypertension or its treatment focus on the
contractile machinery, bioenergetic compensation
must also be integrated into cardiac adaptation (41).
Most of the energy required for cardiac work is derived
from mitochondrial oxidative phosphorylation. As car-
diomyocytes decrease in size, the cells must also reduce
mitochondrial content in parallel to preserve bioener-
getic regulatory relationships and meet constraints on
intracellular space. Failure to make appropriate changes
in qualitative and quantitative properties of mitochon-
dria has the potential to alter energy metabolism or
accelerate reactive oxygen species (ROS) production.
Quantitative and qualitative changes in mitochondria
are seen in a number of models of hypertension and
cardiac hypertrophy (3, 4, 7, 26, 27, 35, 36, 39). Treat-
ment of hypertension also leads to changes in metabolic
characteristics including antioxidant defenses (12) and
mitochondrial properties (15, 33). For the most part, the
genetic and regulatory mechanisms underlying remodel-
ing of bioenergetics during ventricular hypertrophy and
regression remain largely unknown.

Alterations in mitochondrial properties during changes
in ventricular mass could arise through altered rates of
synthesis or degradation. Few links have been estab-
lished between the primary signals (mechanoreceptors or
neurohumororeceptors) and genes encoding mitochon-
drial proteins. Presumably, the genetic mechanisms by
which hypertension induces hypertrophy are reversed
during antihypertensive treatment, but whether such
decreases in synthesis account for mitochondrial losses is
unclear. Mitochondrial degradation is mediated by pro-
tein-specific pathways involving intramitochondrial pro-
teases (6) and organelle-specific pathways involving au-
tophagy by lysosomes (21). The relative importance of the
various synthetic and degradative influences during hy-
pertrophic regression remains equivocal.

In the present study, we used spontaneously hyper-
tensive rats (SHR) to investigate the changes in a
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broad spectrum of mitochondrial structural and func-
tional parameters. Relying exclusively on SHR, we
avoided assumptions about genetic relatedness of SHR
and normotensive Wistar-Kyoto strains (5). In addition
to the age-dependent progression of hypertension in-
herent in SHR, we incorporated an aggressive antihy-
pertensive treatment to induce rapid changes in ven-
tricular remodeling. Our analyses examined mtDNA
copy number, transcription/replication factors, meta-
bolic enzymes, mitochondrial proteases, and putative
mediators of mitochondrial fusion and fission. We also
examined levels of lactate dehydrogenase (LDH) as an
indicator of glycolytic compensation as well as a spec-
trum of antioxidant enzymes as indexes of compensa-
tory responses to oxidative stress. Although this treat-
ment protocol causes extremely rapid, dramatic
changes in left ventricular (LV) mass (�30% in �10
days), we find that the specific activity of mitochondrial
parameters is tightly integrated into cardiac adapta-
tion. However, profound differences in the relationship
between mtDNA content and other mitochondrial ele-
ments provide insight into the mechanisms responsible
for bioenergetic remodeling during hypertension.

METHODS

Animals and treatments. Male SHR (Charles River Labo-
ratories, Montreal, PQ, Canada) were housed in pairs in a
temperature-controlled room (22–24°C) with a 12:12-h light-
dark cycle. Animals had access to food and water ad libitum,
and all procedures were in accordance with the guidelines set
out by the Canadian Council on Animal Care.

Antihypertensive drug treatment began at either 15 or 40
wk of age. Treatments (14 days) involved administration of
the angiotensin-converting enzyme (ACE) inhibitor enalapril
(30 mg �kg�1 �day�1) in the drinking water and low-sodium
chow (0.04%) to enhance the effects of enalapril on blood
pressure. From treatment day 6 to day 14, rats were allowed
access to standard chow (0.4% Na�) for 4 h/day to control
blood pressure at values �50% below pretreatment levels
(T. M. Hale, T. L. Bushfield, and M. A. Adams, unpublished
observation). A treatment cycle consisted of a 14-day period
on enalapril, followed by a 14-day drug-free period. In one set
of experiments, 40-wk-old animals were treated in this man-
ner. In another set of experiments, 15-wk-old animals were
treated with three consecutive cycles. Separate groups of
age-matched SHR receiving standard chow and tap water
served as time controls for the 19-, 27-, and 44-wk-old ani-
mals. Sampling of treated rats occurred either during drug
treatment (at day 10) or after 2 wk of being drug free (day 28)
(Fig. 1). Control SHR were killed at various points through-
out the study.

Assessment of mean arterial blood pressure recordings.
Mean arterial blood pressure (MAP) was continuously mon-
itored with a radiotelemetry data acquisition system (Data
Sciences International, St. Paul, MN). Before implantation,
all radiotransducers (model TA11PA-C40) were verified to be
within �4 mmHg of zero. At 13 wk of age, SHR (enalapril-low
salt, n � 2; untreated control, n � 2) were anesthetized with
ketamine-xylazine (70 mg/kg by intraperitoneal injection)
and isofluorane (dosed to effect by inhalation). The fluid-filled
telemetric catheter was introduced into the lower abdominal
aorta such that the catheter was positioned �1 cm below the
left renal artery. The body of the transducer was sutured to
the muscular layer of the abdominal wall to prevent move-

ment of the device. All animals were allowed to recover for 10
days before baseline MAP was recorded. SHR were housed in
individual cages that were placed on receivers (models
RA1010 and RPC-1) that converted the radiotelemetric wave-
form into a digital signal. This information was then trans-
mitted via a consolidation matrix (BCM100) to a computer-
based acquisition system (Dataquest IV, version 2) located in
an adjacent room. The arterial blood pressure for each ani-
mal was recorded at 150 Hz. Thirty seconds of MAP data was
stored every 5 min. Twenty-four-hour MAP was calculated by
clipping the data to within a threshold of 50–200 mmHg and
averaging the 288 data points.

Enzyme assays and metabolite analyses. Hearts were ex-
cised from anesthetized rats (pentobarbital sodium, 1 mg/kg

Fig. 1. Treatment profile of spontaneously hypertensive rats (SHR).
A: bars represent 2-wk periods on enalapril treatment (gray bars)
and off treatment (open bars). Arrows indicate sampling periods of
treated animals. Asterisks represent sampling points for control
animals. d, day; Tx, treatment; C, control. B: summary of the effects
of enalapril and low-salt treatments on mean arterial blood pressure
(MAP; measured as described in METHODS) of 4 rats (2 untreated, 2
treated). C: changes in left ventricular (LV) mass [including septum
(S)] relative to body weight (BW) in control (}) and enalapril-treated
(�) animals (means � SE, n � 4–9). Significant differences (P � 0.05)
are denoted by letters: a, different from a 15-wk-old untreated rat; b,
an age-matched time control; c, other treatment groups; d, all other
time points. Gray bars represent periods of enalapril/low-salt treat-
ment.
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body wt ip) and blotted dry. The extraneous tissue and atria
were removed, and the right ventricle, LV, and septum were
separated and weighed. For some hearts, core samples (2-mm
diameter) were made from the septum and lateral wall of the
LV. These cores were then cut in half to separate the endo-
cardium from the epicardium. Samples were snap-frozen in
liquid nitrogen and stored at �80°C for further analysis.

Powdered LVs were homogenized in 9 vols of homogeniza-
tion buffer (20 mM HEPES pH 7.2, 1 mM EDTA, and 0.1%
Triton X-100). Assays were performed on a Molecular De-
vices SpectraMAX Plus spectrophotometer thermostated to
37°C. The activities of cytochrome-c oxidase (COX), citrate
synthase (CS), and LDH were measured with previously
described protocols (20, 24). Assays for all other enzymes
were optimized as described in detail below to ensure that
neither substrates nor cofactors were limiting.

Total cellular superoxide dismutase (SOD) was assayed at
550 nm with the aerobic xanthine/xanthine oxidase (XO)
system (9). The assay contained (in mM) 0.1 EDTA, 0.1
xanthine, 0.04 oxidized cytochrome c, and 20 U/ml XO in 50
potassium phosphate (pH 7.8). In the absence of homogenate,
XO reduced cytochrome c at a rate of 0.08–0.12 absorbance
units/min. One unit of total cellular SOD activity corresponds
to the amount of homogenate required to inhibit the rate of
cytochrome c reduction by 50%. We observed no reduction of
cytochrome c in the absence of either XO or homogenate. The
glutathione peroxidase (GPX) assay (16) contained (in mM) 1
glutathione, 0.15 NADPH, and 1.2 tert-butylhydroperoxide
and 0.6 U/ml glutathione reductase in 50 potassium phos-
phate (pH 7.0). Activity was detected as the disappearance of
NADPH at 340 nm. Catalase (1) was assayed with sonicated
samples, by following the disappearance of hydrogen perox-
ide at 240 nm. The assay contained 20 mM hydrogen perox-
ide in 50 mM potassium phosphate (pH 7.0).

Quantitative-competitive polymerase chain reaction. A
quantitative-competitive (QC)-PCR was established to mea-
sure LV mitochondrial DNA content. A 767-bp fragment of
rat COX I was amplified at 58°C from a rat heart reverse
transcriptase template with primers 5�-CAC AAA GAT ATC
GGA ACC CTC-3� and 5�-GTA ACT ACA TGT GAA ATA ATT
CCA AA-3� as follows: 10 mM Tris �HCl (pH 9.0), 1.5 mM
MgCl2, 50 mM KCl, 200 	M dNTPs, 200 ng/	l primers, and
2.5 U Taq polymerase (Qiagen). The resultant PCR product
was cloned into pCR 2.1 (Invitrogen), and the plasmid was
linearized by digestion at a unique HincII site within the
insert. Ligation of a 188-bp blunt-end fragment allowed for
the generation of a plasmid containing a 955-bp competitor
template. The identity of the competitor construct was con-
firmed by sequencing. An optimal range of ratios of LV
homogenate to competitor template was initially determined
to avoid unequal competition during the QC-PCR reaction.
This concentration was established by varying the amount of
homogenate per reaction in the presence of a constant
amount of competitor template. The PCR reaction contained
30 mU CS, 10 mM Tris �HCl (pH 9.0), 2.5 mM MgCl2, 50 mM
KCl, 0.2 mM dNTPs, 9.7 ng/	l forward primer, 14.44 ng/	l
reverse primer, and 1.5 U Taq polymerase. PCR conditions
were as follows: 2 min at 40°C, initial denaturation for 5 min
at 95°C, subsequent denaturations for 15 s at 95°C, anneal-
ing for 1 min at 62°C, extension for 1 min at 72°C, and final
extension at 72°C for 10 min. The PCR was run for 30
cycles, with [�-32P]dCTP added for the last five cycles. PCR
products were resolved on 6% polyacrylamide gels and dried,
and the signal strength was quantified with a phosphorim-
ager (Bio-Rad).

Immunoblotting and protein analyses. Protein from
roughly 5 mg of powdered LV was extracted for 15 min on ice

in RIPA buffer. Equal amounts of total protein were dena-
tured, loaded onto a 12% SDS-polyacrylamide gel, and elec-
trophoresed at 120 V for 1.5 h. Gels were then electroblotted
(Mini-protean system, Bio-Rad) for 2 h at 50 V onto nitrocel-
lulose membrane (Zymotech) and blocked in 50 mM Tris �HCl
(pH 7.4), 150 mM NaCl containing 0.05% Tween 20 (TBS-T)
supplemented with 5% low-fat skim milk powder. Mem-
branes were incubated overnight at 4°C in TBS-T containing
2% low-fat skim milk powder and the primary antibody of
interest. Rabbit polyclonal antibodies directed against Cu/Zn
and MnSOD (StressGen Biotechnologies, Victoria, BC, Can-
ada), COX II (kind gift from Dr. E. A. Shoubridge, Montreal
Neurological Institute, Montreal, Canada), Tfam (kind gift
from Dr. N.-G. Larsson, Karolinska Hospital, Stockholm,
Sweden), and cytochrome c (Santa Cruz Biotechnologies,
Santa Cruz, CA) and mouse monoclonal anti-COX I, COX IV,
and NADH dehydrogenase subunit 1 (ND1) (Molecular
Probes) antibodies were all used at 1:1,000 dilutions. Rabbit
polyclonal anti-catalase (Rockland Immunochemicals) and
anti-actin (Sigma) antibodies and a monoclonal anti-porin
antibody (Calbiochem) were used at 1:25,000, 1:5,000, and
1:2,000 dilutions, respectively. After a 1-h incubation at room
temperature with either secondary anti-mouse (1:10,000;
Pierce) or anti-rabbit (1:2,500; Promega) horseradish perox-
idase antibodies, immunoreactive proteins were visualized
with luminol-enhanced chemiluminescence (Amersham
Pharmacia Biotech).

RNA isolation, Northern analysis, and cDNA constructs.
Total RNA was purified from guanidinium thiocyanate ex-
tracts with an acid-phenol protocol. RNA was quantified in
triplicate spectrophotmetrically, denatured, and fractionated
with a standard 1% agarose-formaldehyde gel system.
cDNAs for catalase, MnSOD, Cu/ZnSOD, LON protease,
Tfam, rat hypertensive protein (a fuzzy onion homolog), un-
coupling protein-2, dynamin-like protein, and synaptoja-
nin-2� were amplified from an appropriate reverse transcrip-
tase template in 10 mM Tris �HCl (pH 9.0), 1.5 mM MgCl2, 50
mM KCl, 200 	M dNTP, 200 ng/	l primers, and 2.5 U Taq
polymerase (Qiagen) (Table 1). PCR conditions were as fol-
lows: initial denaturation at 95°C for 60 s, subsequent dena-
turations at 95°C for 30 s, annealing for 90 s, extension at
72°C for 90 s, and a final extension at 72°C for 10 min. All
other probes for mtDNA- and nuclear-encoded mRNA species
were obtained as previously described (8, 20). Blots were
corrected for loading differences with a probe for �-tubulin
mRNA.

Membranes were prehybridized and hybridized at 65°C in
a Hybaid minihybridization oven (Interscience) in modified
Church’s buffer (0.5 M sodium phosphate pH 7.2, 10 mM
EDTA, and 7% SDS). Membranes were washed twice at room
temperature for 15 min with 2
 SSC-0.1% SDS and twice at
50°C for 15 min with 0.1
 SSC-0.1% SDS. Blots were phos-
phorimaged, and relative signal strength was quantified with
Imagequant software (Molecular Dynamics).

Statistical analyses. For all parameters, significant differ-
ences (P � 0.05) between control and enalapril-treated SHR
were detected with one-way ANOVA and identified post hoc
with the Tukey-Kramer honestly significant difference test.
Two-way ANOVAs were also used to test for significant
differences (P � 0.05) between enalapril-treated SHR and
specific age-matched controls as a function of treatment and
time.

RESULTS

Effects on LV mass. SHR treated with enalapril ex-
hibited a rapid and significant reduction in LV mass
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expressed per kilogram of body weight (Fig. 1). In
contrast, LV mass remained a fixed proportion of body
weight over the entire experimental time period in
control SHR. Although the extent of LV regression in
enalapril-treated SHR was significantly greater during
the first treatment cycle, LV mass per kilogram of body
weight returned toward that of age-matched controls
after 14 days of treatment. Additional treatment cycles
further reduced LV mass per kilogram of body weight.
The steady-state LV mass at the end of each cycle
remained depressed relative to age-matched controls.

Effects on enzyme specific and total activities. The
activities of metabolic enzymes were measured to as-
sess changes in cardiac bioenergetics associated with
enalapril-mediated LV remodeling. To ensure that the
interpretation of such results was not confounded by
significant transmural differences in enzymatic distri-
bution (35, 36), activities were initially measured in
the endocardium and epicardium of septum and LV.
No significant differences were observed between the
endocardium and epicardium in either the septum or
LV of enalapril-treated and time-control SHR for
bioenergetic enzymes (Table 2). Whole LV was there-
fore used as starting material for all further analyses.

Although specific activity is an appropriate parame-
ter when considering functional consequences of enzy-
matic changes, total activity is more meaningful when
considering the mechanistic basis because it takes into
account the impact of changes in ventricular mass.
Although specific activities (U/g LV) of most enzymes
were constant, significant changes in total enzymatic

content (U/LV) were observed with treatment and age
(Figs. 2 and 3). Thus changes in enzyme synthesis/
degradation were required during LV remodeling. The
specific activities of COX, CS, and LDH (U/g LV) were
preserved over a fairly narrow range regardless of
treatment duration or organismal age (Figs. 2 and 3).
No significant effects of enalapril treatment were ob-
served for LDH. Enalapril effects on COX and CS were
subtly different, with CS activity essentially remaining
a fixed activity per gram of LV whereas prolonged
enalapril treatment resulted in modest but significant
increases in COX activity (Fig. 2, A and B).

Effects on mitochondria. Throughout the enalapril
treatment protocol mitochondrial enzymes largely
demonstrated constant specific activity. In contrast,
mtDNA content (copies per LV) was constant (Fig. 2C),
such that its “specific activity” (mtDNA copy number/g
LV) varied approximately twofold with LV mass (Fig.
2C). Off-treatment and control SHR had comparable
mtDNA contents and specific activities, with the total
number of copies of mtDNA increasing by �10%/wk in
untreated SHR as a function of age (Fig. 2C).

Unlike the situation with mtDNA, RNA and protein
levels of mitochondrial- (COX I, II) and nuclear-en-
coded (COX IV) COX subunits were unchanged with
either age or drug treatment (Fig. 4). Similarly, the
levels of two other bioenergetic proteins, the ND1 sub-
unit of complex I and cytochrome c, the mobile electron
carrier between complexes III and IV, were unaffected
(Fig. 4C).

Table 1. Primer sequence, annealing temperature, and RT template source designed
for amplifying rat nuclear DNA gene products

GENE Forward Primer (5�–3�) Reverse Primer (5�–3�) T, °C RT Template Size, bp

Tfam (U63858) cttgtctgtattccgaagtg tgctcagagatgtctccg 48 skeletal muscle* 631
MnSOD (Z18857) acctgccttacgactatgg ccagttgattacattccaaat 62 skeletal muscle* 542
Catalase (M11670) atgtcctgaccaccgg cctcctcattcaacacctt 58 skeletal muscle* 1,291
Cu/ZnSOD (M21060) acttcgagcagaaggca cagcatttccagtctttgtac 62 skeletal muscle* 366
RHP (U41803) accgtgaaccagctagccccatg tcgatccaccacgcctagctcatc 60 skeletal muscle* 419
LON protease (U02389) ttggttgagctgctgagaagg gaggagtggttgtccagcag 55 HEK 293 914
Synaptojanin-2� (U90312) cttagcggatgagtttggtca tctacgggtgtcagtctctgg 55 skeletal muscle* 347
DLP (AF019043) ccttagaatctgttgatccac ttgtctcgtgatacagctgaa 51 skeletal muscle* 478
UCP-2 (AB006613) aaggccaccgatgtgccc ttgtaggcttcgacagtgctct 60 ASMC† 487

Nos. in parentheses are GENBank accession nos. DLP, dynamin-like protein; RHP, rat hypertensive protein; UCP-2, uncoupling protein
2; SOD, superoxide dismutase. *Total RNA from Sprague-Dawley rat skeletal muscle; †total RNA from aortic smooth muscle cell (ASMC)
primary cultures.

Table 2. Enzyme activity ratios from endocardium and epicardium of septum
and left ventricle of control and enalapril-treated SHR

Activity Ratio
(Endo/Epi) COX CS LDH SOD GPX Catalase

Control
LV 1.02�0.13 1.02�0.10 1.20�0.11 1.10�0.19 0.82�0.14 0.84�0.02*
S 0.92�0.17 1.15�0.13 1.04�0.08 0.92�0.11 0.93�0.19 1.12�0.14

Treated
LV 0.99�0.11 0.99�0.06 0.94�0.07 1.40�0.08* 0.75�0.08* 1.00�0.08
S 1.01�0.28 1.00�0.16 0.93�0.19 1.37�0.14 0.80�0.22 1.04�0.15

Values are means � SE for n � 5 experiments. SHR, spontaneously hypertensive rats; COX, cytochrome-c oxidase; CS, citrate synthase;
LDH, lactate dehydrogenase; GPX, glutathione peroxidase; LV, left ventricle; S, septum. *P � 0.05, denotes ratio significantly different from 1.
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Discordant changes in mitochondrial enzymes and
mtDNA copy number prompted us to measure the
mRNA levels of several factors known to collaborate in
the regulation of mtDNA expression. Tfam transcript
and protein levels were unaffected by enalapril treat-
ment (Fig. 4). Similarly, no changes were observed in
the mRNA levels of LON protease (Fig. 4).

We also investigated possible changes in the mRNA
levels of proteins implicated in the maintenance of the
mitochondrial reticulum. We found no changes in the
transcript levels of proteins involved in mitochondrial
fusion (rat hypertensive protein, a putative homolog of

fuzzy onion) or fission (dynamin-like protein or the
inositol 5�-phosphatase synaptojanin-2�) (Fig. 4).

Antioxidant enzyme activities and RNA. As with
bioenergetic enzymes there were no systematic trans-
mural differences in antioxidant enzyme levels (Table
2). The LV specific activities of SOD decreased margin-
ally with age but were unaffected by treatment (Fig. 3).
Similarly, protein levels of MnSOD and Cu/ZnSOD
were unaffected by treatment (Fig. 5). In contrast,
catalase-specific activity (Fig. 3) and protein levels
(Fig. 5) increased with age and enalapril treatment.
There was no effect of age or treatment on mRNA
levels for catalase, MnSOD, or Cu/ZnSOD.

Fig. 3. Changes in the enzyme activities of lactate dehydrogenase
(LDH, A), catalase (B), and total cellular superoxide dismutase
(SOD, C) in control (}) and enalapril-treated (�) animals. Main
panels and insets are as in Fig. 2. Symbols denoting significant
differences are as in Fig. 1.

Fig. 2. Changes in the activities of mitochondrial enzymes cyto-
chrome-c oxidase (COX, A), citrate synthase (CS, B), and mtDNA (C)
in LV of control (}) and enalapril-treated (�) rats. Insets in each
panel reflect specific activity (U/g LV). Main panels are total activi-
ties, which is the product of specific activity (U/g) 
 LV mass (g/kg
body mass). All data are presented as means � SE (n � 4–11).
Symbols denoting significant differences are as in Fig. 1.
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DISCUSSION

Mitochondrial changes during hypertrophy and re-
gression. Mitochondria play a critical role in maintain-
ing normal heart function by producing most of the
ATP needed in energy metabolism and by generating
ROS at levels that modulate signal transduction. Al-
though low levels of mitochondrial ROS production
exert a regulatory role within the cell, hypertensive
animals exhibit a broad range of dysfunction that could
enhance the rate of ROS generation and, as a result,
their cytotoxic as opposed to regulatory effects. Mito-
chondrial abnormalities include defects in Ca2� han-
dling, phosphate transport, and ATP synthesis/export
(3, 4, 35, 36). Thus maintenance of mitochondrial struc-
ture and function is an important element of cardiac
adaptation.

We used the SHR model to address the nature of
bioenergetic remodeling during cardiac adaptation
that accompanies both hypertension and antihyperten-
sive treatment with the ACE inhibitor enalapril. While
we focus our discussion on the role of blood pressure
manipulation on cardiac adaptation, we cannot ad-
dress the role of other effectors that could contribute to
control of mitochondrial gene expression. In particular,
changes in insulin and insulin sensitivity, which may
participate in hypertensive remodeling, are often ac-
companied by changes in mitochondria (2). Enalapril
and low-salt treatment resulted in a rapid reversal of
cardiac hypertrophy (�30% by 10 days). Enalapril-
mediated changes in ventricular mass were somewhat
reversible, although repeated treatment cycles led to
sustained improvements in both MAP and LV mass.

Despite the changes in ventricular mass in response
to this complex treatment protocol, the specific activi-
ties of mitochondrial (COX, CS) and glycolytic (LDH)
enzymes were highly preserved. Conservation of the
specific activity of bioenergetic enzymes was seen
across heart compartments and transmural regions
and throughout aging. Collectively, these observations
suggest that bioenergetic changes are well integrated
into both rapid (i.e., enalapril � low salt) and slow (i.e.,
age-related hypertrophy) phases of cardiac adaptation.
These changes in bioenergetics are consistent with a
general model in support of maintenance of LV func-
tion during hypertension and its treatment (see, e.g.,
Ref. 8). The relative importance of control of synthesis
and degradation in achieving these mitochondrial
changes is largely unknown, although our data provide
some insight into the possibilities.

During off-treatment periods, mitochondrial enzyme
content increased rapidly to preserve specific activities
as ventricular hypertrophy occurred. In differentiating
C2C12 myocytes, another model of mitochondrial pro-
liferation, a threefold increase in COX activity over a
14-day period was accompanied by a twofold increase
in mitochondrially encoded COX mRNA levels (24). If
this relationship between enzyme activity and RNA
levels held in cardiomyocytes, an increase in total COX
activity over roughly the same time period (�60% in 14
days) could be achieved with relatively modest in-
creases in COX mRNA levels (�40%). Thus our rela-
tively broad time course may have precluded detection
of periods of elevated mRNA for mitochondrial en-
zymes. However, recent studies have shown that ANG
II signaling leads to activation of protein synthesis
through dephosphorylation of eEF2, an elongation
factor involved in translation (14). As a result, the
“recovery” of ANG II signaling as off-treatment SHR
rehypertrophy need not be restricted to effects on tran-
scription, and in fact, both enhanced rates of protein
synthesis and reduced rates of protein degradation are
known to contribute to the coordinated increase in
mitochondrial content that accompanies cardiac hyper-
trophy in response to aortic banding (46).

ROS, respiratory gene expression, and cardiac hyper-
trophy. ROS have frequently been implicated as par-
ticipants in regulatory pathways associated with the

Fig. 4. Changes in mtRNA and proteins. A: representative Northern
blots for a series of gene products involved in control of mitochondrial
structure and function. B: summary of Northern analyses normal-
ized to �-tubulin and expressed relative to 15-wk time controls (n �
3). RHP, rat hypertensive protein (a rat fuzzy onion homolog); DLP,
dynamin-like protein; Syn-2�, synaptojanin-2�; UCP, uncoupling
protein. C: Western blot analysis of changes in steady-state levels of
select bioenergetic proteins.
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hypertrophic response (13, 30, 42). Antioxidants and
antioxidant enzymes inhibit the regulatory effects of
ANG II on Ras/Raf/extracellular signal-regulated ki-
nase (37) and AP-1 (31) signaling pathways. Enhanced
mitochondrial H2O2 production has also been shown to
alter cellular metabolism by increasing c-Jun NH2-
terminal kinase (JNK) activity (25). JNK is a down-
stream target of AT1-dependent signaling (19) and
regulates AP-1 activity via c-Jun. Altered mitochon-
drial ROS production is thought to modulate the activ-
ity of ROS-sensitive transcription factors and kinases,
thereby allowing for changes in nuclear gene expres-
sion (29). Whereas stressors that lead to enhanced ROS
production can increase expression of respiratory
genes (38), it is not clear whether ROS are a plausible
effector of changes in mitochondrial enzyme synthesis
during ANG II-dependent hypertensive hypertrophy.

Because AP-1 interacts with nuclear respiratory fac-
tor-1 to transcriptionally regulate cytochrome c expres-
sion (43, 44), JNK may facilitate coordinated changes
in the contractile apparatus and mitochondrial content
in response to hypertensive stimuli. However, our data
argue against a regulatory role for ROS in the observed
increases in mitochondrial enzymes. The activity of
catalase was previously shown to increase in SHR after
a 30-min infusion with 25 	M H2O2 (10). In the present
study, the highest specific activity of catalase was
observed during periods of mitochondrial regression
(i.e., enalapril treatment) as opposed to proliferation.

Enalapril-mediated increases in catalase are consis-
tent with other observations that suggest that enala-
pril treatment leads to enhanced antioxidant capacity
as a result of experiencing some degree of oxidative
stress (11, 12).

Mitochondrial losses during ventricular regression.
Unlike control of protein turnover during hypertrophy,
the relative importance of protein synthesis versus
degradation in mediating mitochondrial regression is
less understood. During enalapril treatment, LV re-
gression was accompanied by parallel losses in mito-
chondrial enzyme content (U/LV), but mtDNA content
(copies/LV) was unaffected. Discordant changes in the
levels of mitochondrial parameters suggest that al-
though reduced protein synthesis could play a role,
enhanced degradation is likely the dominant mecha-
nism of mitochondrial regression. Whether degrada-
tion is mediated by intramitochondrial proteases or
organellar degradation via autophagy is unclear. Al-
though both pathways are typically considered to be
involved in organellar maintenance, it is unlikely that
the coordinate activity of intramitochondrial proteases
could account for the relatively rapid (�30% in 10
days) and largely stoichiometric reductions in bioener-
getic enzymes.

Organellar degradation via autophagy relies on the
activity of several proteins involved in reticulum main-
tenance and their ability to interact with outer mito-
chondrial membrane proteins to promote either fission

Fig. 5. Changes in antioxidant enzyme
RNA and proteins. A: representative
Northern blots summarized in B. C:
representative Western blots summa-
rized in D after normalization to actin
and expressed relative to 15-wk time
controls (n � 4).
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or fusion (21). With the discovery of fuzzy onion, dy-
namin-like protein, and a suite of other proteins in-
volved in reticulum maintenance, there has been much
interest in the control of mitochondrial autophagy (21,
45). However, the fundamental mechanisms by which
specific regions of the mitochondrial reticulum are lib-
erated and degraded are relatively unknown. Although
enalapril treatment did not affect mRNA levels of pro-
teins implicated in reticulum fusion (i.e., rat hyperten-
sive protein) and fission (i.e., dynamin-like protein and
synaptojanin-2�), little is known about how their lev-
els/activities are regulated. Although autophagy would
account for stoichiometric reductions in mitochondrial
enzymes, retention of mtDNA during enalapril treat-
ment would appear to be somewhat of a paradox. How-
ever, recent studies have shown that Mmm1p, an outer
mitochondrial membrane protein, has dual roles in
reticulum maintenance and organization of mtDNA
aggregation (17). This presents the possibility that
proteins such as Mmm1p could participate in deter-
mining selectivity of mitochondrial autophagy.

mtDNA and mitochondrial gene expression. Control
of mtDNA copy number and expression is thought to
involve both nucleocytosolic and intramitochondrial
controls (23, 34). Changes in mtDNA expression can
arise in many diseases, often as a result of mutations
(40). In particular, diabetes can be accompanied by
losses in mtDNA in skeletal muscle by an unknown
mechanism (2). We saw no age- or treatment-depen-
dent change in the expression of two proteins impli-
cated in control of mtDNA expression/replication,
Tfam and LON protease (23). In this SHR model
mtDNA copy number increased with age (2.5-fold over
14 wk), but treatment regimes did not affect the total
mtDNA copy number. When ventricular mass de-
creased (while on enalapril) or increased (off enalapril),
the specific activity of mtDNA changed in parallel.
However, there was no corresponding change in the
steady-state levels of mtDNA-encoded gene products.
Although there is a general relationship between
mtDNA copy number and mtDNA expression (23), we
found that changes seen during enalapril-induced
bioenergetic remodeling altered this relationship by as
yet unidentified mechanisms.

Perspectives. We demonstrated that despite pro-
nounced LV regression, the specific activities of bioen-
ergetic (COX, CS, and LDH) and superoxide-scaveng-
ing (Cu/Zn SOD and MnSOD) enzymes were largely
preserved irrespective of treatment duration, organis-
mal age, or transmural region. The significant changes
in catalase and mtDNA copy number per gram of LV
argue that active mitochondrial remodeling resulted
not only in the removal of selected mitochondrial ele-
ments but also in enhanced H2O2 production. The
relative contributions of synthetic and degradative
pathways and the associated signal transduction path-
ways that can account for the observed effects of ena-
lapril treatment are currently being investigated.
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