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The associations between ambient particulate matter with an aerodiameter less than 2.5 µm
(PM2.5 ) and congestive heart failure (CHF) have been reported. However, the underlying mechanisms remain unclear. We investigated the effect of diesel exhaust particles (DEPs) on left
ventricular function in isoproterenol (ISO)-induced myocardial injury and healthy rats. Male
Sprague-Dawley (SD) rats were injected with ISO or normal saline. Seven days later, both
groups were further assigned to receive either DEPs or normal saline by intratracheal instillation (IT). Echocardiography was used to measure fractional shortening (FS) and left ventricular
end-diastolic diameter (LVDd) 24 h before and after IT in each rat. Fractional shortening (FS)
was significantly decreased in SD rats treated with ISO as compared to those treated with normal saline ( p < .05, t-test). When FS and LVDd before and after treatment were compared in
each rat, there was no difference for normal saline treatment in healthy or ISO groups. However, there was significantly lower FS before and after DEPs exposure in both groups ( p < .05,
paired t-test). When using SD rats treated with normal saline as a reference group, both SD
rats treated with DEPs and ISO rats treated with normal saline had lower FS ( p < .05 and
.0001, respectively, t-test), while ISO rats treated with DEPs had the lowest FS ( p < .0001,
t-test). Echocardiographic assessment revealed that left ventricular function was impaired by
acute DEPs exposure, and this LV function was further compromised in rats with preexisting
ISO-induced myocardial injury.

Epidemiological studies have found associations between
ambient particulate matter (PM) and increased cardiovascular

morbidity and mortality in susceptible population, including ischemic heart diseases and arrhythmia (Brook et al., 2004; Peters,
2005). Recent studies also suggest an association between PM
and the daily hospital admissions of congestive heart failure
(CHF). This association appears more consistent for the PM
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relationship between PM and the acute CHF, we used echocardiography to investigate whether DEPs cause left ventricular
(LV) dysfunction in isoproterenol (ISO)-induced myocardial injury and healthy rats.
CHF has emerged as one of the most pressing public health
issues (Jessup et al., 2003). It is a progressive disorder that often begins with LV dysfunction (Pfeffer et al., 1990; Mann,
1999). Echocardiography has long been used for assessing
cardiac function and structure in humans with heart failure.
Recently, transthoracic echocardiography with high-frequency
imaging has been used to ascertain cardiac dimensions and
function in small animals (Tanaka et al., 1996; Kido et al.,
2005; Wikstrom et al., 2005). In this study, we applied Mmode echocardiography to assess LV function, including fractional shortening (FS) and left ventricular end-diastolic diameter
(LVDd).
Since PM-related mortality and morbidity have usually occurred in susceptible populations, animal models of cardiopulmonary diseases have been used to investigate this causal relationship and its underlying mechanisms (Kodavanti et al., 1998).
ISO is a beta agonist that causes myocardial oxygen demand to
exceed supply and induces myocardial necrosis at high doses.
Thus, we used this as a model of CHF (Grimm et al., 1998). This
model is characterized by a technical simplicity and an excellent
reproducibility, as well as an acceptable mortality rate (Pfeffer
et al., 1990).
In this study, we used echocardiography to quantify the LV
function in isoproterenol-induced myocardial injury and healthy
rats. Our hypothesis is that acute DEPs exposure induces LV
dysfunction, and this LV function is further compromised in
rats with preexisting ISO-induced myocardial injury.

protocols used in this experiment were approved by the National
Taiwan University’s animal care and use committee.

METHODS
Animal Preparation and Exposure
Male Sprague-Dawley rats weighing 150–200 g were obtained from Charles River Co., Ltd. They were housed in plastic cages on Aspen chip bedding and provided with Lab Diet
5001 and water ad libitum. Animals were maintained on a 12-h
light/dark cycle at 22 ± 1◦ C and 55 ± 10% relative humidity.
Rats received subcutaneous injection of ISO (Sigma Chemical
Co., 150 mg/kg body weight, dissolved in normal saline) to induce myocardial injury (Grimm et al., 1998), or normal saline as
controls. Seven days later, both groups were further assigned to
receive either 250 µg DEPs in 0.5 ml normal saline (SRM2975,
National Institute of Standards Technology, USA) or a similar
amount of normal saline by intratracheal instillation (IT). The
DEPs doses, which were expected to cause lung inflammation
and possible subsequent systemic inflammation and endothelial dysfunction, were based on our experience. Overall, 12 rats
(n = 6 for both ISO and healthy rats) were anesthetized with
pentobarbital (50 mg/kg body weight) and then instilled with
DEPs intratracheally. The other 10 rats (n = 6 for ISO; n = 4
for healthy rats) were instilled with normal saline as controls. All

RESULTS
Changes of FS and LVDd After ISO Injection
FS was significantly decreased in healthy rats treated with
ISO as compared to those with normal saline (55.3% vs. 43.3%,
p < .0001, t-test). LVDd was higher in healthy rats treated with
ISO as compared to those with normal saline; however, this
relationship was not statistically significant.

Echocardiographic Evaluation of LV Function
Pentobarbital was administered intraperitoneally at 50 mg/kg
of body weight before the echocardiographic evaluation.
Echocardiography conducted by one well-trained physician
was performed 1 day before and after DEPs or normal
saline exposure to assess the cardiac structure and function
in experimental animals. LV function was assessed in vivo
by transthoracic echocardiographic examinations using a 10MHz electronic probe (System V, GE, Chicago). Longitudinal
imaging was performed at approximately 45◦ through the left
parasternal rib space with a maximum imaging depth of 30 mm.
End-systole or end-diastole was defined as the phase in which
the smallest or largest area of LV was obtained. LV end-systolic
diameter (LVDs) and LV end-diastolic diameter (LVDd) were
measured at the level of the papillary muscle by the leadingedge method from at least three consecutive cardiac cycles on
the M-mode tracing as suggested by the American Society for
Echocardiography (Gottdiener et al., 2004). Linear measurements of fractional shortening (FS) were calculated as follows:
FS (%) = 100 × [LVDd − LVDs]/LVDd.
Statistical Analysis
Results were expressed as means ± SE. Paired and unpaired
t-tests were used to compare the differences within groups and
between groups, respectively. Those p values <.05 were considered significant. The entire statistical analysis was performed
using SAS 8.2.

Effect of DEPs on FS and LVDd in ISO and Healthy Rats
FS was further compared before and after DEPs or normal
saline exposure in healthy and ISO rats (Figure 1). There was
no difference after normal saline treatment in healthy and ISO
groups. However, FS was significantly lower after DEPs exposure in both groups ( p < .05, paired t-test). Additionally, LVDd
was higher in healthy rats, but not in ISO rats (Figure 2).
Comparison of FS in Experimental Groups With a
Different Combination of ISO and DEPs
When using SD rats treated with normal saline as a reference group, SD rats treated with DEPs ( p < .05, t-test), and
ISO rats treated with normal saline ( p < .0001, t-test) had
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FIG. 1. Fractional shortenings before and after treatment; * indicates significant difference at p = .01 and # at p = .03 vs
pretreatment.

FIG. 2. Left ventricular end diastolic diameter before and after treatment; * indicates significant difference at p = .003 vs
pretreatment.
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TABLE 1
Fractional shortening (FS) and left ventricular end-diastolic diameter (LVDd) assessed by echocardiography before and after IT
DEPs in isoproterenol (ISO)-induced myocardial injury rats and healthy SD rats
SD rats
Saline
Pre
(N = 6)

ISO rats
DEPs

Post
(N = 6)

Pre
(N = 6)

Saline
Post
(N = 6)

Pre
(N = 4)

DEPs
Post
(N = 4)

Pre
(N = 6)

FS (%)
57.36 ± 3.86 53.09 ± 2.19 53.27 ± 3.30 44.77 ± 4.04 a,c 45.57 ± 2.99 42.46 ± 2.31 41.85 ± 3.12
LVDd (cm) 0.56 ± 0.06 0.62 ± 0.07 0.49 ± 0.10 0.67 ± 0.07 a
0.58 ± 0.05 0.69 ± 0.09 0.57 ± 0.10

Post
(N = 6)
34.16 ± 6.93 b,d,e, f
0.63 ± 0.11

a

Significant at p< .05 compared to pre-IT DEPs in SD rats.
Significant at p < .05 compared to pre-IT DEPs in ISO rats.
c
Significant at p < .05 compared to post-IT saline in SD rats.
d
Significant at p < .05 compared to post-IT saline in ISO rats.
e
Significant at p = .01 compared to post-IT DEPs in SD rats.
f
Significant at p < .0001 compared to post-IT saline in SD rats.
b

lower FS, while ISO rats treated with DEPs had the lowest FS
( p < .0001, t-test) (Table 1). It appeared that there was an additive effect between ISO and DEPs exposure on FS.
DISCUSSION
The principal finding of this study is that DEPs impaired
left ventricular function, and that LV function was further
decreased in ISO-induced myocardial injury rats as revealed
through echocardiography.
Echocardiography has long been used for assessing cardiac
function and structure in humans with CHF. Although M-modederived linear measurements have the disadvantage of only determining ventricular function along a single interrogation line,
the resolution of M-mode echocardiography is superior to that
of two-dimensional echocardiography for precise identification
of timing. The ability to visualize the entire left ventricle and
to ensure a true minor-axis dimension mitigates these potential
advantages (Harvey et al., 2004). Our study has demonstrated
that echocardiography may be useful in assessing PM related
cardiac LV function in rats.
To the best of our knowledge, this is the first experimental
study to demonstrate that PM may impair LV function. Although
we found that DEPs might cause decreased FS, the exact mechanisms are not clear. We speculate that PM-related decompensation of CHF may be mediated through the increase of sympathetic activity and alterations of vascular tone (Brook et al.,
2002; Pope et al., 2004; Chang et al., 2005; Mills et al., 2005).
Since this study was only conducted with echocardiography,
biomarkers or histological examination of CHF are needed to
confirm the findings in the future study. Furthermore, hemodynamic monitoring during DEPs exposure is also suggested to
understand the underlying mechanisms of PM related CHF. In
addition, this study only determined acute effects of DEPs exposure. The chronic effects of DEPs on CHF also need to be
investigated. The other limitation of this study is that we used
intratracheal instillation to expose animals in this study. A pre-

vious study has shown that there are similarity and difference in
pulmonary toxicity between inhalation and intratracheal instillation (Costa et al., 2006). Thus, future study by inhalation is
also suggested.
The PM effects were similar in ISO and healthy rats in this
study. Thus, there was no potentiation of PM in ISO rats. It
is possible that at current LV function levels there is adequate
compensation for PM effects in ISO rats. Although the effects
of PM were not greater in ISO rats as compared to healthy rats,
there were additive effects between PM and ISO treatment. Thus,
the LV dysfunction in ISO rats was most prominent among all
groups. This implies that individuals with compensated CHF
may be pushed over into decompensated CHF, requiring hospitalization, with acute exposure to fine PM. Our results support
previous epidemiological findings on the association between
fine PM and hospital admissions of CHF.
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