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Moe, Gordon W., Jose Marin-Garcia, Andrea Konig, Michael
Goldenthal, Xiangru Lu, and Qingping Feng. In vivo TNF-�
inhibition ameliorates cardiac mitochondrial dysfunction, oxidative
stress, and apoptosis in experimental heart failure. Am J Physiol Heart
Circ Physiol 287: H1813–H1820, 2004. First published June 17,
2004; 10.1152/ajpheart.00036.2004.—Heart failure is associated with
increased myocardial expression of TNF-�. However, the role of
TNF-� in the development of heart failure is not fully understood. In
the present study, we investigated the contribution of TNF-� to
myocardial mitochondrial dysfunction, oxidative stress, and apoptosis
in a unique dog model of heart failure characterized by an activation
of all of these pathological processes. Male mongrel dogs were
randomly assigned (n � 10 each) to 1) normal controls; 2) chronic
pacing (250 beats/min for 4 wk) with concomitant administration of
etanercept, a soluble p75 TNF receptor fusion protein, 0.5 mg/kg
subcutaneously twice weekly; 3) chronic pacing with administration
of saline vehicle. Mitochondrial function was assessed by left ven-
tricular (LV) tissue mitochondrial respiratory enzyme activities. Ox-
idative stress was assessed with aldehyde levels, and apoptosis was
quantified by photometric enzyme immunoassay for cytoplasmic
histone-associated DNA fragments and terminal deoxynucleotide
transferase-mediated nick-end labeling (TUNEL) assays. LV activity
levels of mitochondrial respiratory chain enzyme complex III and V
were reduced in the saline-treated dogs and restored either partially
(complex III) or completely (complex V) in the etanercept-treated
dogs. Aldehyde levels, DNA fragments, and TUNEL-positive cells
were increased in the saline-treated dogs and normalized in etaner-
cept-treated dogs. These changes were accompanied by an attenuation
of LV dilatation and partial restoration of ejection fraction. Our data
demonstrate that TNF-� contributes to progressive LV dysfunction in
pacing-induced heart failure, mediated in part by a local impairment
in mitochondrial function and increase in oxidative stress and myo-
cyte apoptosis.
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ONE OF THE HALLMARKS of congestive heart failure (CHF) is the
relentless progressive clinical course. Left ventricular (LV)
remodeling is now recognized to be a crucial process mediating
the progression of CHF (8). The proinflammatory cytokines,
especially TNF-�, have been causally linked to LV remodeling
and progression of CHF (2, 20). However, the underlying
mechanisms for the link between the activation of TNF-� and
the progression of CHF are unclear.

Impaired myocardial mitochondrial dysfunction, increased
myocardial oxidative stress, and myocyte apoptosis have been
implicated as contributors to the progression of CHF (5, 27,

43). In vitro observations have associated TNF-� with
mitochondrial dysfunction, increased oxidative stress, and apop-
tosis. In cultured cardiac myocytes, TNF-� increases the pro-
duction of reactive oxygen species (33), accompanied by
mitochondrial dysfunction as manifested by reduced mitochon-
drial electron transport complex III activity and mitochondrial
DNA damage (40). Furthermore, TNF-� also induces apopto-
sis in the cardiomyocytes through a variety of cellular mech-
anisms (19, 29, 39). However, it is unclear to what extent these
in vitro effects are operative in vivo in LV remodeling and the
progression of CHF.

Chronic rapid pacing in the dog induces a heart failure
phenotype that closely mimics that of human dilated cardio-
myopathy (30). One unique feature of this CHF model is a
consistent lack of whole organ LV hypertrophy and the severe
CHF induced by pacing is accompanied by impaired mitochon-
drial function, increased oxidative stress, and myocyte apop-
tosis, and accompanied by an increase in levels of immunore-
active TNF-� in the serum as well as in the LV myocardium
(27, 28, 32). Furthermore, with the use of this canine model,
we (4) have recently reported marked attenuation of LV re-
modeling and improvement in LV systolic function by in vivo
inhibition of the actions of TNF-� using etanercept, a soluble
p75 TNF receptor fusion protein (TNFR:Fc). Although the
recently reported results of the Randomized Etanercept World-
wide Evaluation and Anti-TNF Therapy Against CHF studies
have suggested no benefit from anti-TNF-� therapy in patients
with CHF (6), these studies involved patients with varying
degree of severity of CHF and with concomitant therapy for
CHF. Many of the patients had co-morbid conditions, such as
diabetes, hypertension, and coronary artery disease, thereby
precluding any conclusion of the significance of TNF-� in
CHF due to dilated cardiomyopathy. Accordingly, the principal
aim of the current study was to test the hypothesis that TNF-�
contributed to the progression of CHF in vivo via the induction
of mitochondrial dysfunction, oxidative stress, and apoptosis,
by studying the effects of in vivo inhibition of TNF-� using
TNFR:Fc in pacing-induced CHF, a canine model of dilated
cardiomyopathy.

METHODS

Animals and study design. The study population consisted of three
groups of dogs (20–34 kg). Ten normal mongrel dogs served as
controls. A second group of 10 mongrel dogs underwent rapid right
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ventricular pacing (250 beats/min) for 28 days to induce severe CHF,
with concomitant administration of a recombinant soluble p75 TNF-�
receptor fusion protein etanercept (Amgen; Thousand Oaks, CA), at a
dose of 0.5 mg/kg injected subcutaneously twice a week beginning at
day 3 of pacing. A third group of 10 mongrel dogs underwent the
same pacing protocol for 3 wk with concomitant administration of the
saline vehicle. The dosage and frequency of administration of etan-
ercept was based on previous human studies (9, 41, 42), as well as our
pilot pharmacokinetic studies on normal dogs, which demonstrated
sustained increased plasma level of TNFR:Fc at �72 h after a
single-dose administration in the absence of any hemodynamic effects
(4). In addition, we (4) have recently reported that the same admin-
istration protocol of etanercept significantly attenuated LV remodel-
ing and improved LV ejection in the paced dogs. Approval was
obtained from the institutional animal research committee and the
study was performed in accordance with the guidelines on the Care
and Use of Experimental Animals issued by the Canadian Council on
Animal Care, Ottawa, Ontario, Canada.

Induction of heart failure and in vivo studies. The method of
induction of CHF by rapid pacing has been described in detail
previously (30, 31). In brief, under isoflurane anesthesia, a unipolar
pacemaker lead was placed in the right ventricular apex under fluo-
roscopic visualization through the external jugular vein, and a pro-
grammable pulse generator (Prevail 8084, Medtronic; Mississauga,
Ontario, Canada) was inserted into a subcutaneous cervical pocket.
The animals were allowed to recover for at least 7 days before
randomization to study groups and the acquisition of baseline mea-
surements. After baseline hemodynamic and echocardiographic mea-
surements to ensure healthy parameters were obtained, in the paced
groups, the pacer was activated to deliver impulse continuously (250
beats/min) for 4 wk to induce severe CHF. Hemodynamics measure-
ments were obtained at baseline and again at 4 wk (terminal study),
using a high-fidelity catheter introduced via the femoral artery and a
thermodilution catheter introduced via the femoral vein using lido-
caine anesthesia. Two-dimensional echocardiography was performed
at baseline weekly to monitor changes in LV ejection fraction for
safety purpose and at 4 wk. In the paced animals, the terminal
hemodynamic and echocardiographic measurements were obtained
with the pacemakers deactivated to allow for restoration of sinus
rhythm for at least 20 min before data acquisition. Two-dimensional
and M-mode echocardiographic studies (SONOS 1000, 3.5-mHz
transducer; Hewlett-Packard; Bothell, WA) were used to image the
LV from a right parasternal approach. The two-dimensional paraster-
nal long-axis view of the LV was first recorded to precisely define the
LV long-axis and papillary muscles. A perpendicular view with
respect to the LV long axis was then obtained to obtain the two-
dimensional parasternal short-axis view. Echocardiographic measures
of LV remodeling and function were calculated at end diastole using
the formula for a hemispheric cylinder (18, 44). With the use of the
short- and long-axis dimension, LV end-diastolic volume, mass, wall
thickness, and globularity were computed.

Myocardial sampling. At the conclusion of the terminal hemody-
namic and echocardiographic studies, the dogs were euthanized for
the sampling of LV myocardium. With the dog under a surgical plane
of thiopental anesthesia, the heart was arrested with KCl and quickly
extirpated and placed in cold saline. The great vessels, atria, and right
ventricle were carefully trimmed away. The lateral LV free wall was
excised and cut into 500-mg samples, and biopsies were taken from
the skeletal muscle vastus lateralis, snap-frozen in liquid nitrogen, and
stored in �80°C until assessment for subsequent analysis of tissue
parameters as described in the following sections.

Myocardial and plasma TNF-�. To complement our previous
observations of increased level of immunoreactive TNF-� in both the
serum and LV tissue in this model (27, 28, 32), myocardial immuno-
histochemical staining of TNF-� was performed in control normal
dogs and untreated paced dogs. Cryostat sections of LV myocardium
(10 �m) were prepared, air dried, and fixed in cold acetone (�20°C)

for 10 min. The endogenous peroxidase activity was blocked by 0.3%
hydrogen peroxide and incubated with 10% normal mouse/goat se-
rum. Reaction with primary antibody was then performed overnight at
4°C. After being washed in PBS, secondary antibody, IgG-peroxidase
conjugated goat anti-mouse polyclonal antibody (PharmMingen; San
Diego, CA) for TNF was used. Bound antibodies were detected with
streptavidin-peroxidase complex using diaminobenzidine. Negative
control sections were incubated with secondary antibody alone (36).
Plasma TNF-� levels were determined with the use of ELISA, as in
our previous reports (27, 28, 32).

Mitochondrial function. Tissues were analyzed for mitochondrial
enzyme activities using tissue homogenates prepared in a buffer
composed of 0.25 M mannitol, 20 mM Tris-SO4, and 1 mM EDTA,
pH 7.4, with a glass homogenizer (26). Complex I activity measured
by the oxidation of NADH by ubiquinone-1 at 340 nm, complex II
measured by the oxidation of succinate by ubiquinone-2 at 600 nm,
complex III assayed by reduction of cytochrome c by ubiquinol-2 at
550 nm, complex IV assayed by oxidation of dithionite-reduced
cytochrome c at 550 nm, complex V assayed by NADH oxidation
using the coupled enzyme assay with pyruvate kinase and lactate
dehydrogenase at 340 nm, and citrate synthase (CS) assayed at 412
nm were each assessed at room temperature spectrophotometrically.
Assays for complexes I, III, and V were done in the presence and
absence of the specific inhibitors, rotenone, antimycin A, and oligo-
mycin, respectively, to evaluate the contribution of contaminant
activities. Complex I–V activities were also expressed as activity
ratios, normalized with respect to CS activity (an enzyme often used
as a gauge of overall mitochondrial content). In all cases, duplicate
assays were performed. Protein determination was performed accord-
ing to Bradford (3).

Oxidative stress. Central to free-radical-induced cell damage is
lipid peroxidation, which generates stable saturated and unsaturated
aldehydes (25). To comprehensively assess oxidative stress, a com-
plete panel of aldehydes was therefore measured from the LV myo-
cardium with the use of a gas chromatography and mass spectroscopy
method that has been described previously (12, 23, 25).

Apoptosis. To precisely characterize apoptotic cell death, apoptosis
was measured by two separate methods: terminal deoxynucleotide
transferase-mediated nick-end labeling (TUNEL) assay and enzyme
immunoassay for cytoplasmic histone-associated DNA fragments.
The in situ TUNEL assay was performed using an (Roche Biochem-
ical; Mannheim, Germany) according to the method we previously
described (32, 39). Cells were counterstained with Hoechst 33258.
Apoptosis in cardiomyocytes was quantified by the number of apop-
totic nuclei in the total nuclei in 50 continuous microscopic fields
under �500 magnifications by using the following formula: percent
apoptosis � (apoptotic nuclei/total nuclei) � 100. The inter- and
intraobserver variances of apoptosis quantification were 3.7 and 2.5%,
respectively. Cardiac myocytes were identified by cell morphology
and cardiac-specific troponin I staining (32, 39).

For quantitative determination of apoptosis, cytoplasmic histone-
associated DNA fragments (mono- and oligonucleotides) were mea-
sured using a photometric enzyme immunoassay (cell death detection
ELISA, Roche Biochemical) according the manufacturer’s instruc-
tions (39). Briefly, myocardial tissue was lysed and the supernatant
(cytoplasmic fraction) was obtained by centrifugation at 20,000 g for
10 min at 48°C. The supernatant (20 �g protein) in duplicate was
added to the microtiter plate coated with anti-histone antibody and
incubated for 90 min. The samples were washed, and anti-DNA
peroxidase was added to each well and incubated for 90 min. The
plate was washed again and 2,29-azino-di-3-ethylbenzthiazoline sul-
fonate was added for color development. The amount of cytoplasmic
DNA fragments was represented as absorbance at 405 nm.

Statistical analysis. All data were expressed as means � SE.
Differences between the three study groups were compared with
one-way ANOVA, followed by Student-Newman-Keuls test.
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RESULTS

Effect of TNF-� inhibition on hemodynamics and LV remod-
eling. A representative example of immunohistochemical
staining of TNF-� in the LV myocardium is shown in Fig. 1.
TNF-� staining was negative in the normal control dogs. By
contrast, in the untreated paced dogs, TNF-� was strongly
expressed in cardiomyocytes. Consistent with increased myo-
cardial TNF-� expression, plasma levels of TNF-� were also
significantly increased in untreated paced dogs compared with
normal control dogs (239 � 92 vs. 10 � 5 pg/ml; P � 0.05).
Progression of CHF was assessed by hemodynamics and echo-
cardiographic measures of LV performance and remodeling.
Baseline hemodynamic and echocardiographic data were com-
parable in the three study groups (data not shown). As shown
in Table 1, compared with the control group, chronic pacing
resulted in marked increases in right and left-sided filling
pressures, accompanied by decreases in mean arterial pressure,
cardiac output, and LV peak positive developed pressure over
time in the vehicle-treated group (paced vehicle). These severe
hemodynamic perturbations were attenuated partially by in
vivo inhibition of TNF-� in the etanercept-treated group
(paced etanercept). As shown in Fig. 2, chronic pacing signif-
icantly reduced LV ejection fraction, increased LV end-dia-
stolic volume, reduced LV mean wall thickness, and increased
the diameter-to-length ratio (an index of globularity), changes
that were consistent with marked LV chamber remodeling and
impaired systolic performance. Chronic pacing with concom-
itant inhibition of TNF-� partially but significantly improved
LV ejection fraction and reduced LV end-diastolic volume.

The differences in LV mean wall thickness and diameter-to-
length ratio between the vehicle-treated and the etanercept-
treated dogs, however, did not reach statistical significance
(P � 0.271 and P � 0.276, respectively).

Effects of TNF-� inhibition on mitochondrial function. Spe-
cific activity levels of mitochondrial enzymes as well as the
ratio of the activity of specific enzyme to CS are shown in
Table 2. Myocardial complex V activity as well as complex
V/CS activity ratio was significantly lower in the vehicle-
treated paced animals. The level was restored in the etanercept-
treated animals to level similar to those of the nonpaced control
animals. Complex III activity and complex III/CS activity ratio
were also significantly reduced in the vehicle-treated dogs, but
unlike complex V was only partially restored in the etanercept-
treated dogs. Levels of other mitochondrial enzyme activities,
including respiratory complexes I, II, and IV, as well as CS,
and activity ratios, were similar in the three groups. The
activities of complexes III and V were also selectively reduced
in the skeletal muscle of the vehicle-treated animals, but in
contrast to the observation in the myocardium, the depressed
enzyme activities were not altered by treatment with etanercept
(Table 3).

Effect of TNF-� inhibition on oxidative stress. Myocardial
oxidative stress was assessed by LV tissue aldehyde levels. A
column of aldehydes and the sum total are shown in Table 4.
Total aldehyde level in the LV was markedly increased in the
vehicle-treated paced dogs. This increase in aldehyde level
induced by pacing was driven mostly by the increase in
unsaturated aldehyde species and malondialdehyde. TNF-�
inhibition in the etanercept-treated dogs reduced these in-
creased aldehyde levels to levels similar to those of the control
nonpaced dogs.

Effect of TNF-� inhibition on myocyte apoptosis. Myocar-
dial apoptosis was assessed by two independent methods:
TUNEL assay and the photometric enzyme immunoassay for
cytoplasmic histone-associated DNA fragments (cell death
detection ELISA). An example of TUNEL assay is shown in
Fig. 3. Chronic pacing significantly increased apoptosis as
measured by the percentage of TUNEL-positive nuclei in the
vehicle-treated paced dogs (Fig. 4A). Apoptosis was reduced
significantly by TNF-� inhibition in the etanercept-treated
dogs (P � 0.05). The results of the TUNEL staining were
confirmed by the findings from cell death ELISA that measured
cytoplasmic histone-associated DNA fragments (Fig. 4B).

Fig. 1. TNF-� expression in the failing left ventricular (LV) myocardium (original magnification �400). A: in the normal
myocardium, TNF-� staining was negative. B: in the failing myocardium, TNF-� was expressed in cardiomyocytes. C: TNF-�
negative control.

Table 1. Hemodynamic variables

Control
Paced

Vehicle
Paced

Etanercept

Body weight at baseline, kg 24�3 27�5 26�4
Heart rate, beats/min 81�3 127�13* 107�17†‡
Right atrial pressure, mmHg 5.6�0.5 15.5�1.6* 12.4�2.1†
LV end-diastolic pressure, mmHg 10�0 40�4* 31�5†‡
Mean arterial pressure, mmHg 107�3 93�9* 104�7‡
LV 	dP/dt, mmHg/s 2,105�76 1,251�145* 1,626�261†‡
Cardiac output, 1/min 4.1�0.2 2.1�0.2* 2.9�0.4†‡

Values are means � SE; n � 10 dogs per group. LV, left ventricular;
	dP/dt, peak positive developed pressure over time; control, normal dogs;
paced vehicle, vehicle-treated paced dogs; paced etancercept, etanercept-
treated paced dogs. Data in the paced dogs were acquired with the pacing
terminated. *P � 0.01, †P � 0.05 vs. control; ‡P � 0.05 vs. paced vehicle.
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DISCUSSION

Activation of the proinflammatory cytokines has been im-
plicated in contributing to the progression of LV remodeling
and pump dysfunction in both experimental and clinical set-
tings of CHF (2, 9, 13, 20, 21). With the use of ELISA, we
have previously demonstrated in canine pacing-induced CHF a
marked increase in immuoreactive TNF-� level in both the

serum and the LV myocardium (27, 28, 32). In the present
study, the activation of TNF-� was confirmed with myocardial
immunohistochemical staining and measurement of plasma
TNF-� levels. However, up until now, the mechanisms linking
the activation of TNF-� and progression of CHF remain
unclear. The present study examined the effects of in vivo
inhibition of TNF-� on LV remodeling and hemodynamic
progression of CHF and concurrently measured myocardial
mitochondrial function, oxidative stress, and apoptosis, in a
unique CHF canine model of dilated cardiomyopathy. Our

Fig. 2. Effects of chronic pacing and in vivo inhibition of TNF-� on echocardiographic measures of LV remodeling and function.
A: LV ejection fraction; B: LV end-diastolic volume; C: LV mean wall thickness; and D: LV diameter-to-length ratio. Control,
normal dogs; paced vehicle, vehicle-treated paced dogs; and paced etanercept, etanercept-treated paced dogs. *P � 0.01, †P � 0.05
vs. control; ‡P � 0.05 vs. vehicle-treated paced dogs.

Table 2. Mitochondrial cardiac enzyme
activities and activity ratios

Control Paced Vehicle Paced Etanercept

Complex I 52�6 46�7 41�7
Complex I/CS 0.060�0.006 0.052�0.006 0.070�0.010
Complex II 31�5 29�6 40�4
Complex II/CS 0.060�0.002 0.050�0.006 0.080�0.010
Complex III 8.8�0.8 1.7�0.6* 3.5�0.4†‡
Complex III/CS 0.012�0.002 0.004�0.001* 0.007�0.001†‡
Complex IV/CS 0.35�0.03 0.32�0.03 0.36�0.02
Complex V 163�20 51�6* 150�28‡
Complex V/CS 0.29�0.09 0.08�0.03* 0.23�0.1‡
Citrate synthase 533�36 546�40 528�46

Values are means � SE; n � 10 dogs per group. CS, citrate synthase. All
enzymes units are expressed as micromoles substrate used per minute per
milligram of protein. *P � 0.01, †P � 0.05 vs. control, ‡P � 0.05 vs. paced
vehicle.

Table 3. Mitochondrial skeletal muscle enzyme
activities and activity ratios

Control Paced Vehicle Paced Etanercept

Complex III 10.5�1.5 0.9�0.4* 1.6�0.5*
Complex III/CS 0.04�0.01 0.004�0.002* 0.006�0.003*
Complex IV 143�7 138.1�14.4 141�8.9
Complex IV/CS 0.50�0.05 0.51�0.06 0.48�0.07
Complex V 151�14 84�5* 107�4†
Complex V/CS 0.51�0.05 0.31�0.03* 0.38�0.06*
Citrate synthase 315�38 287�27 252�32

Values are means � SE; n � 4 dogs per group. All enzymes units are
expressed as micromoles substrate per minute per milligram of protein. *P �
0.05, †P � 0.05 vs. control.
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findings are novel in two respects. First, together with our
previous report (4) on the effects of etanercept on extracellular
matrix remodeling, our studies represent the only preclinical
studies of anti-TNF-� therapy in CHF. Second, to our knowl-
edge, the current study is the first to examine in vivo the
relationships among TNF-�, mitochondrial dysfunction, oxi-
dative stress and apoptosis in pacing-induced CHF. Our prin-
cipal findings are as follows. First, inhibition of TNF-� atten-
uated LV remodeling and hemodynamic deterioration induced
by chronic pacing and significantly improved LV systolic
function. Second, chronic pacing induced severe myocardial
mitochondrial dysfunction, oxidative stress, and apoptosis,
which were fully or partially reversed by concomitant TNF-�
inhibition.

Mitochondrial function. Mitochondrial dysfunction may
play an important pathogenetic role in the progression of CHF.
In support of this hypothesis are numerous observations of
reduced mitochondrial bioenergetic function in both experi-
mental and clinical settings of CHF (27). In a previous study
(26), using the canine model of pacing-induced CHF, we
reported markedly reduced LV tissues levels of specific mito-
chondrial enzyme activities for respiratory complex III and
complex V, an enzyme that was critical to the generation of

ATP. Furthermore, the reduced myocardial complex III and
complex V levels correlated with the increased LV tissue
TNF-� protein levels, suggesting an association between in-
creased TNF-� and mitochondrial dysfunction. On the other
hand, a previous study in patients with CHF had reported
reduced complex I but not complexes II, III, and IV, activities
(37). However, interpretation of their data is confounded by the
fact that their data were not normalized to substrate. Indeed, in
vitro studies have suggested that the mitochondria appear to
constitute a critical target of several of the actions that TNF-�
exerts on cardiomyocytes, which may adversely affect cardiac
function. For example, TNF-� can inhibit mitochondrial func-
tion directly through downregulation of respiratory chain ac-
tivities (45) or induce mitochondrial damage and reduce respi-
ratory chain complex III activity indirectly through an increase
in oxygen free radicals (40). On the other hand, increased
oxidative stress may in turn be a by-product of TNF-� induced
mitochondrial dysfunction (38). Our present findings that the
reduced myocardial complex III and complex V activities were
reversed partially or completely by TNF-� inhibition therefore
provided evidence to suggest that TNF-� contributed to the
progression of LV remodeling and CHF, in part, through the
induction of myocardial mitochondrial dysfunction. Interest-
ingly, the levels of skeletal muscle mitochondrial complex III
and V activities, which were reduced significantly in the
vehicle-treated dogs, were not affected by TNF-� inhibition.
Because etanercept was administered systemically, the cardiac-
specific restoration of complex III and complex V activities by
etanercept suggests that TNF-� induces mitochondrial dys-
function to a greater extent in the failing heart than in the
skeletal muscle. In contrast, our previous experiments, which
examined the effect of selective type A endothelin receptor
blockade in pacing-induced CHF, demonstrated reversal of
specific mitochondrial enzymatic deficiency in both the cardiac
and skeletal muscle (28). This finding raises the possibility that
TNF-� exerts more cardiac-specific effects on mitochondrial
function during evolving CHF.

Oxidative stress. Our observation of markedly increased LV
tissue levels of aldehydes in the vehicle-treated paced animal is
relevant not only as an indication of increased oxidative stress,
but also because of the potential of adverse effects from
increased aldehydes, particularly those of the unsaturated al-

Fig. 3. Terminal deoxynucleotidyl trans-
ferase-mediated nick-end labeling (TUNEL)
and cardiac troponin-I double staining (orig-
inal magnification �200). A: negative TUNEL
staining from a control dog. B: TUNEL-
positive cardiomyocyte nucleus is shown in
green (arrow) from a paced dog. Cardiac
troponin I staining is in red and nuclei are
stained in blue by Hoechst 33258.

Table 4. LV tissue aldehyde levels

Aldehydes
Control

(n � 10)
Paced Vehicle

(n � 9)
Paced Etanercept

(n � 9)

Saturated
Octanal 188�23 82�5* 91�6*
Nonanal 605�21 423�17† 418�22†

Unsaturated
t-2-Heptenal 2,493�216 2,087�256 2,269�245
t-2-Octenal 126�6 112�7 112�8
t-2-Nonenal 93�4 146�14* 101�9†‡
4-OH-Hexenal 1,322�97 2,020�30* 1,572�54‡
4-OH-Nonenal 758�78 824�74* 740�35‡
4-OH-Decenal 6.6�0.3 4.8�0.3 5.1�0.3
t-2,c-6-Nonadienal 4.2�0.6 10.0�0.7* 5.6�0.4‡
t-2,t-4-Nonadienal 186�9 249�31* 203�19†‡

Malondialdehyde 1,266�122 5,804�1,306* 1,473�271‡
Total 7,048�448 11,760�1,410* 6,991�516‡

Values are means � SE; n, no. or animals per group. *P � 0.01, †P � 0.05
vs. control; ‡P � 0.05 vs. paced vehicle.
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dehydes, on cardiac function (10, 11, 23). TNF-� can generate
free radicals in the myocardium through a variety of mecha-
nisms (15, 24). As mentioned earlier, increased oxidative stress
can induce mitochondrial dysfunction, or in turn, result from
mitochondrial dysfunction or damage (38, 40). Our present
findings that upstream in vivo inhibition of TNF-� normalized
LV tissue aldehyde levels provided evidence that TNF-� con-
tributed to the progression of CHF in part via an increase in
oxidative stress. Furthermore, the complex and partly bidirec-
tional relationships among TNF-� receptor activation, in-
creased oxidative stress, and mitochondrial dysfunction may
amplify the detrimental effect of each of these pathological
mechanisms on cardiac function (14, 38, 40, 45).

Apoptosis. Myocyte apoptosis has been observed in the
myocardium in heart failure. Although the number of apoptotic
myocytes is low at any given time point in heart failure, the
accumulated number from apoptotic cell loss over time may be
high enough to cause myocardial dysfunction (34). In this
regard, we (32) recently demonstrated that the accumulated
apoptotic cell death correlates significantly with myocardial
dysfunction in pacing-induced heart failure. Consistent with
this notion, a recent study (43) has also demonstrated a causal
relationship between ongoing low levels of cardiomyocyte
apoptosis and development of heart failure using cardiac-
specific overexpression of caspase-8 in mice.

TNF-� can activate caspase and therefore trigger apoptosis
through a multitude of molecular mechanisms (17). These
mechanisms include the death receptor pathway that involves
death domain-mediated protein-protein interactions, as well as
the mitochondrial pathway that involves the release of cyto-
chrome c (7, 17). In the cardiomyocytes, TNF-�-induced
apoptosis appears to involve the sphingolipid-ceramide path-
ways with generation of the second messengers ceramide and
sphingosine (19). Ceramide also inhibits mitochondrial respi-
ratory chain complex III (35) and increases cytochrome b (16),
which in turn results in activation of caspases and the trigger-
ing of apoptosis. Furthermore, oxidative stress upregulates
TNF-� and induces cardiomyocyte apoptosis and both were
decreased by pretreatment with anti-TNF-� antibodies, sug-
gesting that oxidative stress induces apoptosis of cardiomyo-
cytes partly through TNF-� (1). Our current findings that

TNF-� inhibition significantly reduced myocardial apoptosis
in the etanercept-treated paced dogs provided evidence that the
pro-apoptotic effect of TNF-� contributes to the progression
of CHF.

Physiological relevance and potential limitations. Findings
from our study provide evidence that activated TNF-� contrib-
utes to LV remodeling and dysfunction and to the progression
of CHF through the local induction of mitochondrial dysfunc-
tion, oxidative stress, and apoptosis. One important finding of
our study is that except for LV tissue mitochondrial respiratory
enzyme complex V activity and aldehyde levels, etanercept
was unable to fully restore other study parameters, including
indexes of LV remodeling and systolic function, hemodynam-
ics, and measurements of apoptosis to control values. Further-
more, the lower heart rate in the treated animals may have
accounted in part for the improved ejection fraction in the
treated dogs. The lack of a complete restoration of cardiac
function, however, was not entirely unexpected because
TNF-� and cytokine activation is unlikely to be the sole
mechanism mediating CHF progression. Neurohormonal
mechanisms, which play a key role in mediating the progres-
sion of CHF and are markedly activated in this canine model of
CHF (30), were not pharmacologically inhibited in our current
study. It should be emphasized again that the principal aim of
our study was to use etanercept as a probe to examine mech-
anistically the pathophysiological role of TNF-� and not to
describe the clinical utility of etanercept. Our findings there-
fore provide one of several explanations for the failure to
demonstrate therapeutic benefits of etanercept, a chimeric
monoclonal antibody to soluble TNF-� receptor, on patients
with CHF (6, 22). In these clinical trials of TNF-� inhibition,
patients were at various stage of disease progression: many of
them had co-morbid conditions, such as hypertension and
diabetes, and were already on optimized therapy for heart
failure, including neurohormonal inhibition. This renders the
demonstration of incremental benefit from additional therapeu-
tic approaches, particularly in a short time frame, extremely
difficult, and may lead to erroneous conclusion that cytokine
activation does not play a pathogenic role in evolving CHF.
This highlights the importance of the use of intact animal
models to study in vivo regulatory mechanisms, instead of

Fig. 4. Effects of chronic pacing and in vivo inhibition of TNF-� on apoptosis as measured by TUNEL staining (A) and cell
death-detection ELISA (B). *P � 0.01; †P � 0.05 vs. control; ‡P � 0.05 vs. vehicle-treated paced dogs.
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relying solely on the results of clinical trials. On the other hand,
one limitation of intact animal studies is that it is impossible to
finely resolve the contribution of each cellular event and
temporal order, although one can conclude with reasonable
certainty on the net effect of the interplay of different cellular
mechanisms.

In summary, the present study demonstrated an important
role of TNF-� in the progression of heart failure in a pacing
dog model. Increased TNF-� contributes to progressive LV
dysfunction, mediated in part by a local impairment in mito-
chondrial function and increase in oxidative stress and myocyte
apoptosis.
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