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J Appl Physiol 104: 218–223, 2008. First published November 15,
2007; doi:10.1152/japplphysiol.00301.2007.—Obstructive sleep ap-
nea (OSA) increases cardiovascular morbidity and mortality. We have
reported that chronic intermittent hypoxia (CIH), a direct consequence
during OSA, leads to left ventricular (LV) remodeling and dysfunc-
tion in rats. The present study is to determine LV myocardial cellular
injury that is possibly associated with LV global dysfunction. Fifty-six
rats were exposed either to CIH (nadir O2 4–5%) or sham (handled
normoxic controls, HC), 8 h/day for 6 wk. At the end of the exposure,
we studied LV global function by cardiac catheterization, and LV
myocardial cellular injury by in vitro analyses. Compared with HC,
CIH animals demonstrated elevations in mean arterial pressure and
LV end-diastolic pressure, but reductions in cardiac output (CIH
141.3 � 33.1 vs. HC 184.4 � 21.2 ml �min�1 �kg�1, P � 0.01),
maximal rate of LV pressure rise in systole (�dP/dt), and maximal
rate of LV pressure fall in diastole (�dP/dt). CIH led to significant
cell injury in the left myocardium, including elevated LV myocyte
size, measured by cell surface area (CIH 3,564 � 354 vs. HC 2,628 �
242 �m2, P � 0.05) and cell length (CIH 148 � 23 vs. HC 115 � 16
�m, P � 0.05), elevated terminal deoxynucleotidyl transferase-me-
diated dUTP nick end labeling (TUNEL)-stained positive cell number
(CIH 98 � 45 vs. HC 15 � 13, P � 0.01), elevated caspase-3 activity
(906 � 249 vs. 2,275 � 1,169 pmol �min�1 �mg�1, P � 0.05), and
elevated expression of several remodeling gene markers, including
c-fos, atrial natriuretic peptide, �-myosin heavy chain, and myosin
light chain-2. However, there was no difference between groups in
sarcomere contractility of isolated LV myocytes, or in LV collagen
deposition on trichrome-stained slices. In conclusion, CIH-mediated
LV global dysfunction is associated with myocyte hypertrophy and
apoptosis at the cellular level.

obstructive sleep apnea; cardiac hypertrophy; apoptosis

OBSTRUCTIVE SLEEP APNEA (OSA) is a common and serious
disease. It affects 4–6% of men and 2–4% of women (38),
with higher prevalence in elderly and overweight individuals,
and increases morbidity and mortality attributable to hyperten-
sion, coronary artery disease, congestive heart failure with
myocardial hypertrophy and remodeling, and stroke (29, 30).
OSA demonstrates repetitive upper airway occlusion during
sleep, which directly causes chronic intermittent hypoxia
(CIH), exaggerated swing of intrathoracic pressure, and arousal
(33). In rodents, CIH induces several cardiovascular features

seen in patients with OSA, including hypertension, sympa-
thetic activation, ventricular hypertrophy (1–3, 5, 8–13, 16, 17,
23, 26, 27, 35), and left ventricular (LV) global dysfunction
(5). These animal studies suggest an important role of CIH in
cardiovascular pathogenesis during the development of OSA.

The current concept of ventricular remodeling in heart dis-
ease includes classically defined ventricular enlargement, and
additional pathological events at the cellular and molecular
levels (15, 25). Indeed, several cellular and molecular changes
have been suggested to be involved in the development of the
ventricular remodeling and dysfunction, including cardiomyo-
cyte hypertrophy and apoptosis (7, 22), myocardial inflamma-
tion and fibrosis (7, 21, 28), “isoform switching” of contractile
proteins (19), and changes in the profile of myocardial gene
expression (18). However, to the best of our knowledge, there
are few studies investigating cellular and molecular changes in
CIH-exposed hearts. Such studies would provide additional
information on the pathogenesis of the cardiovascular dysfunc-
tion in OSA.

Our previous study in CIH (5) demonstrated increased LV
weight and LV dysfunction at the whole organ level. Factors
accounting for these findings could include hypertrophy and/or
poor contractility of individual myocytes, loss of myocytes due
to apoptosis and/or necrosis, infiltration of inflammatory cells,
and changes in extracellular matrix such as collagen deposi-
tion. There are few data available on cellular and molecular
concomitants of cardiac injury in the CIH model. In the present
study we specifically examined cellular markers of LV injury,
including cardiomyocyte hypertrophy and contractile function,
apoptosis, collagen deposition, and changes in expression of
several remodeling gene markers that accompany changes in
LV global function. We hypothesized that CIH-induced LV
global dysfunction is associated with LV cellular injury, man-
ifesting as cellular hypertrophy, apoptosis, poor contractility,
collagen deposition, and elevated mRNA expression of se-
lected remodeling genes.

METHODS

In accordance with approval from the Institutional Animal Care
and Use Committee of University of Maryland, 56 male Sprague-
Dawley rats (175–200 g) with constant food and water access were
randomized on a 1:1 basis into experimental (CIH) and similarly
handled normoxic control (HC) groups.
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CIH and sham exposure. As previously described (5), during the
exposure periods animals were housed in 2.5-liter Plexiglas chambers
of an environment system (HypOxyc system, Kent Scientific, Tor-
rington, CT). Animals in the chambers were allowed free mobility,
and water and food were provided ad libitum. The O2 concentration in
each chamber was continuously monitored, and the degree and timing
of hypoxia were manipulated by computer-driven servo-controlled
solenoids that regulate the timing and flow rate of N2 and room air
through the chambers. Each cycle of intermittent hypoxia lasted for
�2 min, with the first minute being the hypoxia exposure phase, and
the following minute being the reoxygenation phase. During the
hypoxia phase, ambient O2 concentration in the chambers was rapidly
decreased to 4–5% at nadir by varying the N2 flush times and flow
rate. The nadir O2 lasted for 15–20 s per the cycle. During the
reoxygenation phase, O2 concentration was turned up to 21% at
maximum by rapid flushing with room air.

To characterize blood gas tensions over the course of these exper-
iments, three additional animals were anesthetized with 1.5% isoflu-
rane, the right femoral artery was cannulated, and arterial blood
samples were collected at the following timing points: baseline
(before intermittent hypoxia), during the nadir O2 in the 3rd, 5th, and
6th hypoxia phase, and during the 3rd, 4th, and 6th reoxygenation
phase. Results of blood gases were 1) at baseline: pH 7.41 � 0.02, PO2

98 � 4 mmHg, and PCO2 43 � 2 mmHg; 2) during the hypoxia phase:
pH 7.48 � 0.02, PO2 44 � 8 mmHg, PCO2 32 � 2 mmHg; and 3)
during the reoxygenation phase: pH 7.41 � 0.01, PO2 75 � 13 mmHg,
and PCO2 39 � 2 mmHg. The results indicate that our protocol led to
moderate to severe hypoxia, in the range seen in patients with
moderate to severe OSA (30).

The intermittent hypoxia was performed daily for 8 daylight hours
(1000–1800) for 6 wk. Following the exposure, animals were returned
to their usual cages in the animal housing facility. HC animals were
handled similarly as the CIH animals, except exposed to a continuous
flow of room air. Data, as described below, were collected at the end
of the 6 wk, in the next morning after the last exposure, to minimize
acute effects of intermittent hypoxia.

Hemodynamics and LV function. Cardiac catheterization was per-
formed under anesthesia with 2.5% isoflurane (5). Two micromanom-
eter-tipped catheters (2.5-Fr, Millar Instruments, Houston, TX) were
inserted into the left ventricle and the superior vena cava, respectively,
via cutdowns of the right carotid artery and the right jugular vein,
respectively. LV pressure and central venous pressure were measured
following a 20-min stabilization period under 1.5% isoflurane. The
LV catheter was then pulled back to the ascending aorta for measure-
ment of arterial pressure. The two catheters were then replaced,
respectively, with a 2.5-Fr thermistor (Edward Lifesciences, Irvine,
CA) into the ascending aorta and a PE-20 tubing onto the right atrium.
Cardiac output was measured with thermodilution (Vigilance, Edward
Lifesciences) by 0.2 ml of cold saline injection into the right atrium
and blood temperature sampling from the aorta. Three reproducible
measurements, which were defined as being within 15% of each other,
were averaged. The reading was further calibrated by multiplying by
a factor that was established in preliminary studies, in which cardiac
output was measured simultaneously by the thermodilution method
and a method using chronically implanted flow probe (Transonics
System, Ithaca, NY) in the ascending aorta. Data obtained by cathe-
terization include arterial blood pressure, cardiac output, LV end-
diastolic pressure, and maximal rate of LV pressure rise in systole
(�dP/dt) and maximum rate of LV pressure fall in diastole (�dP/dt).

Collection of heart specimens. Following cardiac catheterization,
animals were deeply anesthetized by 5% isoflurane, and the hearts
were rapidly excised. The aorta was cannulated retrogradely and
immediately perfused with cold saline. The hearts were used for the
following analyses: 1) isolated myocyte studies (5 animals for HC and
6 for CIH); 2) histological study (6 animals each group); 3) caspase-3
activity (6 animals each group); and 4) gene expression (6 animals
each group).

Cardiomyocyte isolation and measurements. Myocytes were iso-
lated using a previously described method (4) with modification. The
hearts were perfused for 20–30 min with physiological salt-containing
solution [PSS; in mM: 135 NaCl, 4 KCl, 0.33 NaHPO4, 1 MgSO4, 10
HEPES, 10 glucose, and 1.8 CaCl2; containing 0.9 mg/ml of type II
collagenase (Sigma-Aldrich, St. Louis, MO)]. LV free wall tissue was
then minced, and myocytes were dissociated by gently shaking at
30°C. The cells were sequentially washed and resuspended in PSS
with gradually increased Ca2� concentrations (0.4, 0.6, 0.8, until
1.0 mM).

For cell size measurement, cells were bathed in PSS and allowed to
settle onto a laminin-coated glass coverslip heated to 37°C. The
coverslip was placed on the bottom of perfusion bath and mounted on
an inverted microscope (Digi2, LaboAmerica, Fremont, CA). Cell
length, width, and cross surface area were measured from digital
images with SigmaScan Pro (SysStat Software, Point Richmond, CA).
For each heart, we measured 100 quiescent myocytes that were rod
shape with clear Z-lines.

Contractility of isolated myocytes was studied in vitro under
unloaded conditions (6). The cells were bathed on a coverslip in PSS
at 37°C. Cells were oriented with their longitudinal axis parallel to the
long axis of the microscope focal plane. Cell contraction was induced
by field stimulation (4 ms, 5–15 V, and 1 Hz). Transmitted light
images of the cell were digitalized and recorded via an IonOptix
system (IonOptix, Milton, MA). A Fast Fourier transform algorithm
was used for measurement of sarcomere spacing from the optical
density across the sarcomeres. Figure 1 shows an example of the
tracings. For purpose of quality control, cells with resting sarcomere
length no less than 1.75 mm were chosen.

LV histology. Hearts were fixed in 10% formalin saline (pH 7.4)
overnight, embedded in paraffin, and serially sectioned into 5-�m
slices perpendicular to its long axis. Standard hematoxylin and eosin
(HE) staining was performed for routine histology, and Gomori’s
trichrome staining was performed for deposition of collagen that was
stained as blue.

Apoptosis assays. We examined whether CIH leads to increased
apoptosis in LV myocardium, using terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) staining of heart
slice and spectrophotometric measurement of caspase-3 activity of LV
cell extracts. TUNEL staining was performed on the heart slices using

Fig. 1. Representative recording (A) and data analysis diagram (B) of sarco-
mere length during stimulated contraction. The load-free left ventricular (LV)
cardiomyocyte was isolated from a handled normoxic control (HC) animal.
a � systolic sarcomere length; b � diastolic (resting) sarcomere length; Slope
of line c � sarcomere contraction velocity; slope of line d � sarcomere
relaxation velocity. Fractional shortening (%) � [(b � a)/b] 	 100.
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TdT-FragEL apoptosis detection kits (Calbiochem, San Diego, CA)
according to the manufacturer’s instructions. Counterstaining with
methyl green aided in the morphological evaluation of normal and
apoptotic nuclei, in which normal nuclei were stained as blue and
apoptotic nuclei as brown. The number of TUNEL-positive cells
within a 2.5-mm2 field in LV free wall was counted, and eight
randomly selected fields per slide and five sections per hearts were
averaged for statistical analysis. The observer was blinded to the
treatment group.

For measurement of caspase-3 activity in cell homogenates, freshly
collected LV free wall tissues were minced, homogenized at 4°C with
1 ml of PBS, and centrifuged with 10,000 g at 4°C for 20 min. The
supernatants (e.g., cellular extracts) were collected for caspase-3
activity with caspase-3 cellular activity assay kit (cat. no. 235,419,
Calbiochem) under the manufacture’s instruction. In brief, 10 �l of
LV extract was mixed with 40 �l assay buffer consisting of 100 mM
NaCl, 50 mM HEPES, 10 mM DTT, 1 mM EDTA, 10% glycerol,
0.1% CHAPS, pH 7.4. The mixture was reacted with 50 �l caspase-3
substrate I containing 200 �M of Ac-DEVD-pNA, and the absorbance
was measured at 405 nM at 5-min intervals for 120 min. The triplicate
results from the same LV sample were averaged and normalized to the
protein content.

mRNA expression of hypertrophy-associated biomarkers. As de-
scribed previously (37), LV free wall was dissected and homogenized
in Trizol reagent (Invitrogen, Burlington, ON, Canada). RNA was
recovered from the aqueous phase following centrifugation. First-
strand cDNA was synthesized using the Superscript-II system
(Invitrogen). Real-time PCR was performed in 20-�l reaction vol-
umes using SYBR green JumpStart Taq ReadyMix DNA polymerase
(Sigma-Aldrich). Fluorescence was measured with a DNA Engine
Opticon 2 system (MJ Research, Waltham, MA). PCR conditions and
cycle number were optimized for each set of primers that represented
atrial natriuretic peptide (ANP), �-myosin heavy chain (�-MHC),
myosin light chain-2 (MLC2), and 18S RNA. Results were presented
as the ratio of the interested gene to 18S RNA, a housekeeping gene.
The upregulation of these genes has been well documented in other
LV hypertrophy models (18).

Statistics. All the data showed a normal distribution as determined
by Kolmogorov-Smirnov test. Data were compiled and presented as
means � SD. Unpaired t-test was used to test for significance. The
null hypothesis was rejected at the 5% level.

RESULTS

Body weight, hemodynamics, and LV global function. Table 1
summarizes body weight and catheterization data measured at

the end of the 6-wk exposure. There were no differences
between the groups in baseline body weight (HC 195 � 23 g
vs. CIH 193 � 28 g; P 
 0.05), or in weight gain over the 6-wk
experimental period (HC 148 � 17 g vs. CIH 156 � 22 g; P 

0.05). Mean arterial pressure, LV end-diastolic pressure, and
systemic vascular resistance were significantly greater in CIH
compared with the HC group. Cardiac output and stroke
volume (both were expressed per kg body weight), and LV
�dP/dt and �dP/dt were significantly lower in CIH than in the
HC group. There were no significant differences in heart rate
between the groups.

Size and contractile function of isolated LV cardiomyocytes.
As shown in Fig. 2, A and B, respectively, the surface area and
length of unloaded and resting myocytes were significantly
greater in CIH than in HC animals, which was consistent with
the presence of cardiac hypertrophy in the former as observed
previously at the whole-heart level (5). However, cell width
was not significantly different between the groups (HC 23.2 �
3.4 �m vs. CIH 24.6 � 5.3 �m; P 
 0.05). Representative
images of isolated myocytes are shown in Fig. 2C.

Figure 1A shows representative recordings of sarcomere
contraction induced by electrical field stimulation in a HC
myocytes. Figure 1B demonstrates the methods for the calcu-
lation of sarcomere parameters. As shown in Table 2, there
were no significant differences between CIH and HC in any
sarcomere parameters, including systolic and diastolic length,
fractional shortening, and contraction and relaxation velocity.

LV routine histology. No differences were observed between
the CIH and HC groups in histological examination of the HE-
or trichrome-stained heart slices. Specifically, there was no
evidence in either group for myocyte necrosis or leukocyte
infiltration in HE-stained slices, and no differences in the
pattern of collagen deposition were observed in trichrome-
stained slices.

Apoptosis assays. As shown in Fig. 3A, the number of
TUNEL-positive cells from the CIH group was approximately
fivefold greater compared with the HC group (P � 0.05). The
elevated LV apoptosis is further supported by twofold in-
creases in caspase-3 activity in LV cell extracts from CIH
group compared with that from HC group (P � 0.02), as shown
as Fig. 3B.

LV expression of remodeling marker genes. LV myocardial
expression of four genes was measured by real-time PCR,
including c-fos, an early response gene, and three fetal genes,
e.g., ANP, �-MHC, and MLC2. As shown in Fig. 4, all four
genes were significantly upregulated in CIH animals, including
a 1.5-fold increases in ANP, and �10-fold increases in the
three other genes.

DISCUSSION

As in our previous study (5), the present results showed
elevated blood pressure and LV dysfunction in rats exposed to
CIH compared with controls. Most important, animals exposed
to CIH demonstrated a number of cellular and molecular
changes known to be associated with global myocardial injury,
including hypertrophy, apoptosis, and elevated mRNA expres-
sion of remodeling gene markers. To the best of our knowl-
edge, there are few previous reports of these findings in the
literature.

Table 1. Body weight, hemodynamics, and LV function

Variables HC CIH

BW gain, g 156�22 148�17
MAP, mmHg 98.2�8.6 115.1�10.3*
HR, beats/min 321�28 333�37
LVEDP, mmHg 7.4�3.8 12.7�6.1*
CO/BW, ml �min�1 �kg�1 184.4�21.2 141.3�33.1†
SV/BW, ml/kg 0.54�0.08 0.39�0.11†
SVR, mmHg �ml�1 �min 1.55�0.32 2.41�0.78†
�dP/dt, mmHg/s 6,983�1,119 5,238�1,974*
�dP/dt, mmHg/s �8,665�1,238 �5,142�2,322†

Data are means � SD from 44 animals (22 animals each group). CIH,
chronic intermittent hypoxia; HC, handled normoxic controls; BW gain, body
weight gain at the end of 6-wk experiment from baseline; MAP, mean arterial
pressure; HR, heart rate; LVEDP, LV end-diastolic pressure; CO, cardiac
output; SV, stroke volume; SVR, systemic vascular resistance � (MAP/CO);
�dP/dt, maximal rate of LV pressure rise in systole; �dP/dt, maximal rate of
LV pressure fall in diastole. *P � 0.05, †P � 0.01 compared with HC via
unpaired t-test.
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Global LV dysfunction. Rodent models of CIH mimic sev-
eral cardiovascular features seen in OSA patients, including
blood pressure elevation (1–3, 5, 9–13), and LV hypertrophy
indicated by changes in heart wet weight (3, 5, 9–12, 23) and
LV posterior wall thickness (5). Increased right ventricular
weight has also been observed in some (8, 26, 27) but not in all
reports (1, 2, 5, 9–12). Consistent with our previous report (5),
the present study demonstrated signs of global LV dysfunction
in CIH animals, including increased LV end-diastolic pressure,
decreased cardiac output/body weight, and decreased LV
�dP/dt and �dP/dt (Table 1). Blood pressure elevation in CIH
is likely caused by sympathetic hyperactivation contributable
to increased chemoreceptor stimulation from hypoxia (5, 9, 11,
17, 33). The mechanisms for LV injury are not well under-
stood; however, changes in blood pressure and sympathetic

tone are unlikely to be responsible. Blood pressure elevation in
CIH was small (only 17%, relative to HC), whereas LV
dysfunction was rather large, as suggested by a 35% decreases
in stroke volume/body weight. Furthermore, chronic sympa-
thetic denervation eliminated CIH-induced blood pressure
changes but not the occurrence of LV hypertrophy (11). There-
fore myocardial injury in CIH likely results from the direct
effects of repetitive hypoxia and reoxygenation. Indeed, myo-
cardial oxidative stress occurred in CIH (5, 29), and caused
myocyte hypertrophy and apoptosis in cultured cardiomyo-
cytes (32). We speculate that oxidant stress may trigger LV

Fig. 2. Cell size of isolated LV cardiomyocytes. Compared with HC, chronic
intermittent hypoxia (CIH) group shows significant increases in both cross
surface area (A) and cell length (B) *P � 0.05, 6 animals per group, data from
the same heart were averaged before significance test with unpaired t-test.
C: representative images of isolated LV cardiomyocytes from a HC (left) and
a CIH (right) heart.

Fig. 3. Apoptosis assays. A: terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay of formalin-fixed and paraffin-
embedded heart slices. Compared with HC, CIH group shows significant
increases in TUNEL-positive cells in the myocardium of LV free wall (**P �
0.01, n � 6 hearts each group). The TUNEL-positive cells within a 2.5-mm2

field in LV free wall were counted and averaged from 8 randomly selected
fields per slide and 5 sections per heart. B: caspase-3 activity measured in cell
extracts of freshly collected LV free wall tissues. CIH group shows significant
increases in caspase-3 activity compared with HC group (*P � 0.05, n � 6
hearts each group).

Fig. 4. mRNA expression of selected genes in LV free wall tissue, measured
by real-time PCR. Compared with HC, CIH group demonstrates significantly
upregulated expressions of c-fos (A), atrial natriuretic peptide (ANP, B),
�-myosin heavy chain (�-MHC, C), and myosin light chain-2 (MLC2, D). All
the data are expressed as the ratio to 18S rRNA; *P � 0.05 between HC and
CIH; n � 6 each group.

Table 2. Pooled data of sarcomere length variables from the
isolated and unloaded LV cardiomyocytes under field
electrical stimulation

HC CIH

Sample size 42 cells from 5 rats 47 cells from 6 rats
Diastolic length, �m 1.86�0.03 1.86�0.03
Systolic length, �m 1.63�0.06 1.65�0.03
Fractional shortening, % 11.4�2.0 11.3�1.25
Maximal contraction velocity,

�m/�s �3.44�0.81 �3.18�0.47
Maximal relaxation velocity,

�m/�s 2.85�0.93 2.51�0.47

Data are means � SD. Data from same hearts were averaged before
significance test with unpaired t-test. Fractional shortening (%) � �(diastolic
length � systolic length)/diastolic length� 	 100. There were no significant
differences (P 
 0.05) between groups in any variables.
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hypertrophy observed globally and on the cellular level in this
study.

Myocyte hypertrophy and contraction. Myocardial hypertro-
phy predicts an adverse outcome in patients with heart dis-
eases, such as increased cardiac mortality (24). Antihypertro-
phic therapy improves cardiac dysfunction and outcome in
patients and animal models (14). Since both LV hypertrophy
and dysfunction are evident in CIH rats, as demonstrated in the
present and previous paper (5), hypertrophy likely contributes
to the development of LV dysfunction. In the present study, we
observed an increase of �21% in LV myocyte area in CIH
compared with HC (Fig. 2). This suggests myocyte hypertro-
phy likely among the cellular bases for the increased LV
weight observed in previous studies (3, 5, 9–12, 24). More-
over, the CIH-induced elevation in LV myocyte area is rela-
tively greater than that in LV weight (11% compared with HC)
that we reported previously using the same protocol (5),
suggesting that other cellular changes, such as loss of myo-
cytes, have offset the effect of myocyte hypertrophy with
regard to the changes in LV weight. Indeed, as discussed
below, we observed an increased apoptosis, but no signs of
inflammatory infiltration and collagen deposition in LV myo-
cardium.

CIH caused no significant changes in diastolic and systolic
sarcomere length of LV cardiomyocytes (Table 2), suggesting
cardiomyocyte elongation in this model was primarily due to
an increased number of sarcomeres, rather than lengthening of
existing sarcomeres. Indeed, sarcomere length (either systolic
or diastolic) at the cellular level is primarily determined by
calcium homeostasis, myofilament sensitivity to calcium, and
the number of cross bridges that are formed (20).

CIH group shows no significant change in the fractional
shortening of sarcomeres (Table 2) that measures myocyte
contractile function. However, a previous study in spontane-
ously hypertensive rats (SHR) (34) showed that myocyte hy-
pertrophy was associated with an enhanced contractility at both
whole organ and cellular levels. The observed differences in
myocyte contractility between models of CIH and SHR may
represent differences in the underlying mechanisms initiating
hypertrophy and/or the progression stages of the myocyte
hypertrophy. Indeed, LV injury in SHR results from increases
in LV afterload, whereas, as noted above, we do not believe
that this was the case with the CIH model. It is unclear why
CIH animals, compared with HC, had global LV pump dys-
function but preserved sarcomere contractility. While technical
limitations confounding isolated myocyte study (see below)
cannot be excluded completely, it is more likely that LV global
dysfunction is caused by cellular mechanisms other than sar-
comere contractile dysfunction of the surviving myocytes.
Possibilities including cardiomyocyte apoptosis, and myocar-
dial fibrosis and inflammation are discussed below.

Myocardial apoptosis and histology. CIH group demon-
strated significant apoptosis in LV myocardium (Fig. 3), as
indicated by increased TUNEL-positive myocytes and
caspase-3 activity. Consistently, it has been shown that upregu-
lated proapoptotic proteins and downregulated antiapoptotic
proteins in chronic sustained hypoxia (8 h/day for 4–8 wk)
(23). Myocardial apoptosis contributes to myocardial damage
in cultured myocytes exposed to hypoxia (36), postinfarct
remodeling in rodents (22), and patients with heart failure (7).
While apoptosis may also play an important role in LV dys-

function in CIH, however, its exact contribution as well as the
initial mechanisms is still to be determined. In CIH mice,
oxidative stress caused neuronal apoptosis (38). Consistently,
we observed in CIH rats a correlation between the degree of
myocardial oxidative stress and LV dysfunction (5). It is
therefore possible that oxidative stress may be an initiator of
apoptosis in this model.

Myocardial inflammation and fibrosis have been observed in
animal models and patients with heart disease (7, 21, 28). In
the present study, however, we did not observe any histological
evidence of myocardial inflammation or fibrosis on either HE-
or trichrome-stained heart slices from CIH animals, suggesting
that their role in this model is likely small.

Gene expression. Myocardial remodeling is associated with
upregulation in myocardial expression of embryonic gene iso-
forms (18, 19). For example, c-fos expression elevated in the
myocardium during the early phase of LV overload (18), and
also in the brain stem in CIH-exposed rodents (16, 38). The
other fetal gene upregulation was usually observed at the
hypertrophic-failing phase (18). As Fig. 4 shows, CIH animals
demonstrated a coexistence of early (e.g., c-fos) and late (e.g.,
ANP, �-MHC, and MLC2) gene markers of cardiac remodel-
ing. This molecular characteristic may suggest a sustained LV
injury over CIH exposure and thus underlie an accelerated
deterioration of LV function in this model. Indeed, except as
molecular markers of cardiac remodeling, chronically activated
fetal gene profiles may actually trigger pathological changes
leading to myocardial dysfunction (18).

Limitations. This study needs to be interpreted within the
context of several potential limitations. First, cardiomyocytes
underwent a short period of ischemia and reperfusion during
cell isolation, which might have selected out those myocytes
with good sarcomere contractile function. Second, cardiomyo-
cyte contraction was studied under unloaded conditions, which
might be different from that under loaded conditions
in vivo (31). Last, patients with OSA are exposed to CIH with
hypercapnia for years, rather than CIH with hypocapnia for
weeks in this study. It is possible that longer exposures might
have strengthened or lessened the degree of the myocardial
injury observed in this study.

Conclusions. CIH-induced global LV dysfunction was ac-
companied by cellular and molecular changes, including car-
diomyocyte hypertrophy, apoptosis, and changed profile of
gene expression, although there was no significant change in
sarcomere contractile function. We speculate that the global
dysfunction can be explained, in part, by hypertrophy and
apoptosis at the cardiomyocyte level.
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