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Abstract

Motorcycle exhaust (ME) is a major source of air pollution and a potential health hazard
in urban areas where motorcycles are a popular means of transportation. The main objectives
of this study were to determine the ability of ME to cause cardiotoxicity in rats and investigate
the possible mechanisms of toxicity. Male rats were exposed to 1:10 diluted ME by inhalation
2 h daily and Monday through Friday for 8 weeks. Exposure to ME increased heart weight and
decreased cardiac antioxidant enzymes glutathione S-transferase (GST), superoxide dismutase
and glutathione peroxidase activities in a concentration- and time-dependent manner. Analysis
of echocardiographic parameters indicated that ME increased left ventricle posterior wall
thickness, interventricular septum thickness and left ventricle mass. Histopathological
examinations of the hearts revealed that ME exposure caused focal cardial degeneration and
necrosis, mononuclear cell infiltration, and fibrosis. The results of reverse transcriptase-
polymerase chain reaction studies showed that ME decreased GST-M1 and GST-P1 mRNA
expression and increased the expression of proinflammatory cytokine interleukin-1b, hyper-
trophy marker atrial natriuretic peptide, fibrosis markers type I and III collagen, profibrotic
cytokine connective tissue growth factor, and hypertrophy and fibrosis mediator transforming
growth factor (TGF)-b1 in the heart. The data of Western blot analysis showed that cardiac
TGF-b1 protein was induced by ME. These findings demonstrate that subchronic ME exposure
caused hypertrophy and fibrosis, and modulated GST and TGF-b1 expression in rat heart
possibly by mechanisms involving oxidative stress and inflammation.
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Introduction

Epidemiologic evidences revealed that increased air pollu-

tion exposure is associated with cardiovascular morbidity

and mortality (Brook, 2008). In confirmation, toxicological

studies have demonstrated that the heart and the vascular

system are the target organs of toxicity induced by air

pollution. For instance, exposure to diesel exhaust promoted

myocardial ischemia and inhibited endogenous fibrinolytic

capacity in men with stable coronary heart disease (Mills

et al., 2007). Acute exposure to diesel exhaust caused

ventricular proarrhythmia and decreased heart rate variability

in the chronic heart failure rats (Anselme et al., 2007).

Myocardial injury, inflammation, fibrosis and degeneration

were detected in the hearts of rats subchronically exposed to

particulate matters derived from oil combustion-derived

fugitive (Kodavanti et al., 2003).

Cardiac toxicity is affected by the factors, such as

oxidative stress, inflammatory cytokine, growth factor, pep-

tide hormone and biomechanical stress (Kang, 2001; Heineke

& Molekentin, 2006). Modulation of these factors by air

pollution receives an increasing attention, because such

modulation may aggravate the development and progression

of the pollution-induced cardiotoxicity. In this regard, Andre

et al. (2010) and Meyer et al. (2010) reported that exposure

of rats to carbon monoxide (CO) for 4 weeks decreased

glutathione S-transferase (GST) and related antioxidant

enzymes activities, induced hypertrophy and fibrosis, and

promoted ventricular arrhythmia in the heart. Huang et al.

(2010) showed that acute intratracheal treatment of rats

with organic extracts of diesel exhaust particulate increased

cardiac proinflammatory cytokine interleukin-1b (IL-1b)

expression and altered the heart rate variability.

Transforming growth factor (TGF)-b1 is a critical mediator

of the hypertrophic and fibrotic remodeling of the heart

during the adaptive and pathological responses in cardiovas-

cular injuries (Bujak & Frangogiannis, 2007). Meurrens et al.

(2007) demonstrated that subchronic inhalation exposure of

hypertensive rats to cigarette smoke increased ventricular
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TGF-b1 mRNA and accelerated the progression of myocar-

dial hypertrophy to heart failure. Effects of other indoor or

outdoor air pollutants on TGF-b1 expression in vivo have not

been reported.

Motorcycles powered by two- and four-stroke engines

are popular means of transportation in many parts of the

world. The high motorcycle density has become a major

source of air pollution in the urban areas and created a

potential health hazard. Motorcycle exhaust (ME) produces

high amounts of particulate matter, CO and organic hydro-

carbon compounds; relative to diesel and gasoline exhausts

from passenger cars (Jemma et al., 1995). Motorcycle

commuters were exposed to higher levels of benzene, toluene

and their derivatives compared with car commuters (Chan

et al., 1993). Inhalation exposure of rats to 1:10 diluted two-

stroke ME induced lipid peroxidation and microsomal

cytochrome P450 in the liver and the lung (Ueng et al.,

2004, 2005) and reduced sperm counts in the testis and

the epididymis (Huang et al., 2008). Treatments with ME

particulate extracts increased vasoconstriction of rat

aorta (Tzeng et al., 2003) and induced inflammation and

hyper-responsiveness in mouse airways (Lee et al., 2004).

These studies indicate that ME has multiple target organs;

however, information regarding ME cardiac toxicity is not

available.

Given the large number of people may be frequently

exposed to high concentrations of ME and the cardiac effect

of the exhaust is unclear, this study was carried out to

determine the cardiotoxicity of subchronic ME exposure and

explore the possible mechanisms of toxicity. In this study,

healthy male rats were exposed to 1:10 diluted two-stroke ME

by inhalation 1 h each in the morning and afternoon

daily from Monday through Friday and 5 d a week, aiming

to provide more environmentally realistic conditions. The

results of this study have shown that exposure to ME for

8 weeks caused hypertrophy and fibrosis, induced oxidative

stress and inflammation, and modulated GST and TGF-b1

expression in the heart.

Methods

Animal treatment

Seven-week-old male Wistar rats were purchased from the

Animal Center of the College of Medicine, National Taiwan

University, Taipei, Taiwan. Before experiments began, rats

were allowed 1-week acclimation period at the animal

quarters with air conditioning and 12-h light/dark cycles.

The animals were fed ad libitum a rodent laboratory chow

(Purina Mills, Inc., St Louis, MO). A head-nose-only

inhalation chamber (Technical & Scientific Equipment

GMBH, Bad Hamburg, Germany) was used for ME exposure

experiments. The inhalation exposure system was described in

detail previously (Ueng et al., 2004, 2005). The ME sources

were a 1992 Yamaha Cabin motorcycle with a two-stroke

50 cc engine (Yamaha Motor Taiwan Co., Taoyuan, Taiwan)

and a 1997 Kymco SD25AA motorcycle with a four-stroke

125 cc engine (Kwang Yang Motor Co., Kaohsiung, Taiwan).

A two-stroke engine fires on every revolution and the four-

stroke engine fires once every other revolution. For engine

lubrication, motor oil is mixed with gasoline in two-stroke

engines. Whereas motor oil is added to an oil tank to lubricate

the engine by a pump in a four-stroke engine. There were

12 000 and 8000 miles on the respective two- and four-stroke

motorcycles which were regularly maintained and passed the

emission standards in Taiwan. The motorcycles were fueled

with unleaded commercial gasoline. Both engines were

equipped with variable venturi carburetors. Rats were kept

in animal holders and exposed to 1:10 diluted two-stroke ME

from 9 to 10 am and 4 to 5 pm daily, Monday through Friday,

for 2, 4 and 8 weeks. Exposure to 1:50 diluted two-stroke

ME was similarly carried out for 4 weeks. Exposure to 1:10

diluted four-stroke ME was from 9 to 11 am and 3 to 5 pm

daily, Monday through Friday, for 4 weeks. Control rats were

kept in animal holders and exposed to clean air for the

same amount of time as the ME-exposed rats did. These ME

dilutions were used previously by this laboratory (Huang

et al., 2008; Ueng et al., 2004, 2005). Same dilutions were

used in diesel exhaust studies (Anselme et al., 2007; Mauderly

et al., 1987). The atmosphere conditions of the ME exposures

are described in Table 1. Due to limitations of the inhalation

exposure system, only particle concentration was regulated

and maintained in linear condition with ME dilution through-

out the exposure experiments. As a result, CO concentration

produced by 1:50 dilution was higher than the concentration

predicted from 1:10 dilution. Animals were killed by

decapitation after light anesthesia with carbon dioxide.

All animal care and experimental procedures were approved

by the Institutional Care and Use Committee, College of

Medicine, National Taiwan University.

Biochemical assays

Heart homogenate was prepared and lipid peroxidation was

determined by measuring the format ion of malondialdehyde

and related compounds at 532 nm using the thiobarbituric acid

method (Ohkawa et al., 1979). The homogenate was used

to determine total glutathione content following the 5,50-
dithio-bis(2-nitrobenzoic acid) and glutathione reductase

recycling method (Jollow et al., 1974). Cytosol and micro-

somes were prepared from the heart by homogenization and

differential centrifugation. Cytosolic GST activity toward

1,2-dichloro-4-nitrobenzene was determined following the

spectrophotometric method of Habig et al. (1974). Total

superoxide dismutase activity was determined using the

epinephrine method by measuring the capacity of the

enzyme to inhibit auto-oxidation of adrenaline to adreno-

chrome (Misra & Fridovich, 1972). Catalase activity was

determined by a spectrophotometric method measuring the

disappearance of hydrogen peroxide at 240 nm (Pippenger

et al., 1998). Glutathione peroxidase activity was measured

using t-butyl hydroperoxide as a substrate following the

oxidation of nicotinamide adenine dinucleotide phosphate

(reduced) (NADPH) (Flohë & Günzler, 1984). Microsomal

7-ethoxycoumarin O-deethylase activity was determined by

measuring the fluorescence of the product 7-hydroxycou-

marin (Greenlee & Poland, 1978). All enzyme activities were

determined under linear conditions with respect to protein

concentration and reaction time. Protein concentration was

determined by the method of Lowry et al. (1951) using bovine

serum albumin as a standard.
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Echocardiography

After anesthesia using pentobarbital at 40 mg/kg i.p.

(Kawahara et al., 2005; Yan et al., 2008), two dimensionally

guided M-mode echocardiography was carried out using

a MicroMaxx portable ultrasound system equipped with

an SLA transducer (SonoSite Co., Bothell, WA). Structural

changes were measured using M-mode derived variables

including interventricular septum (IVS) thickness, left ven-

tricle (LV) posterior wall (PW) thickness and LV internal

dimensions in end-diastole (LVIDd) and -systole (LVIDs).

Fractional shortening (FS) was determined in the short-

axis view as the difference between LVIDd and LVIDs

divided by LVIDd such that FS¼ (LVIDd�LVIDs)/LVIDd.

LV mass (g) was calculated as LV mass¼ [(LVIDdþ IVSdþ
PWd)3� (LVIDd)3] in diastole (d) (George et al., 2010).

Histopathological evaluation

The hearts were fixed in 10% buffered formalin solution

for 1 week. Cross-sections were prepared using three

controls and ME-treated hearts each and longitudinal sections

were cut using three controls and seven ME-treated

hearts. The tissues were trimmed, processed using standard

histopathological techniques and stained using hematoxylin

and eosin or Masson’s trichrome for light microscopy

observation (BX51; Olympus, Tokyo, Japan). The heart

histology was evaluated by the criteria of Shackelford

et al. (2002). The degree of lesion was graded based on

severity: � (0), no observable effect; þ (1), minimal (51%);

þþ (2), slight (1–25%); þþþ (3), moderate (26–50%);

þþþþ (4), moderate/severe (51–75%) and þþþþþ (5),

severe/high (76–100%). In order to compare the degrees

of histopathological lesion in groups, mean histopatho-

logical score was calculated by dividing the sum of the

score per grade of affected rats by the total number of rats

examined.

Reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis

Total RNA was isolated from the heart and complimentary

DNA synthesis, and PCR procedures were conducted as

described previously (Huang et al., 2008; Ueng et al., 2010).

PCR primers for target genes and internal control cyclophilin

were synthesized according to the published sequences by

Gibco/BRL, Life Technologies, Inc. (Gaithersburg, MD). The

sequences of forward and reverse primers of atrial naturetic

peptide (ANP) (Chun et al., 2003), type I collagen (Chen

et al., 2007), type III collagen (Wang et al., 2009), connective

tissue growth factor (CTGF) (Wang et al., 2009), GST-M1

(Kudo et al., 2006), GST-P1 (Cao et al., 2006), IL-1b (Garcon

et al., 2001), TGF-b1 (George & Tsutsumi, 2007) and

cyclophilin (Agardh et al., 2002) were described previously.

The thermocycle conditions for each primer were: 53 �C and

24 cycles for ANP; 50 �C and 30 cycles for collagens I and III;

50 �C and 40 cycles for CTGF; 57 �C and 30 cycles for GST-

M1 and GST-P1; 55 �C and 34 cycles for IL-1b; 56 �C and 35

cycles for TGF-b1; and 62 �C and 25 cycles for cyclophilin.

The cycle number for each primer was determined to keep

signal amplification in the linear range. PCR products were

separated on 2% agarose gels and stained with ethidium

bromide. Intensity of PCR product was determined by

scanning densitometry using an IS-1000 Digital Imaging

System (Alpha Innotech Corporation, San Leandro, CA) and

normalized against the intensity of internal control cyclophi-

lin. Relative intensity of target gene PCR product from

ME-treated rat heart was calculated by dividing its intensity

by the corresponding intensity from control rat heart.

Table 1. Components of ME exposure atmospheres.

Exposure

Experiment h/day Week Particlesa (mg/m3) CO (ppm) NO (ppm)

A
Control 2 4 0.4� 0.0 0.9� 0.2 ND
1:50 Diluted two-stroke ME 2 4 4.6� 0.4* 272.4� 26.7* 0.5� 0.1

B
Control 2 2 0.8� 0.2 0.2� 0.1 ND
1:10 Diluted two-stroke ME 2 2 23.2� 2.0* 501.3� 31.4* 0.5� 0.1

C
Control 2 4 0.9� 0.1 0.4� 0.1 ND
1:10 Diluted two-stroke ME 2 4 19.5� 0.9* 491.2� 18.2* 0.8� 0.2

D
Control 2 8 0.8� 0.0 0.7� 0.1 ND
1:10 Diluted two-stroke ME 2 8 18.4� 0.5* 645.4� 12.4* 1.1� 0.1

E
Control 2 8 0.8� 0.0 0.6� 0.1 ND
1:10 Diluted two-stroke ME 2 8 19.9� 0.4* 563.1� 19.1* 0.4� 0.1

F
Control 4 4 0.2� 0.0 0.9� 0.8 0.1� 0.1
1:10 Diluted four-stroke ME 4 4 3.6� 0.2* 295.6� 34.1* 0.3� 0.1*

A head-nose-only inhalation chamber was used for the exposure of rats to 1:50 diluted two-stroke ME for 4 weeks
(Experiment A); 1:10 diluted two-stroke ME for 2, 4 and 8 weeks (B–E) and 1:10 diluted four-stroke ME for
4 weeks (F). The two- and four-stroke ME exposures were 1 and 2 h, respectively, each in the morning and
afternoon, Monday through Friday and 5 d a week. Control rats were exposed to clean air. Each value represents
the mean� SE for 40, 20, 40, 80, 80 and 40 exposures in Experiments A, B, C, D, E and F, respectively.

*Value was significantly different from the respective control value, p50.05.
aParticulate matter less than 10mm in diameter.
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Gel electrophoresis and immunoblotting

Heart homogenate proteins were subjected to sodium dodecyl

sulfate-polyacrylamide gel electrophoresis and immunoblot-

ting procedures as described previously (Ueng et al., 2004).

The protein blot was washed and developed using ECL

Western blotting reagents from Amersham Pharmacia Biotech

UK Limited (Little Chalfont, Buckinghamshire, England).

Immunodetection of TGF-b1 was carried out using human

polyclonal rabbit IgG (sc-146; Santa Cruz R&D Systems Inc.,

Minneapolis, MN). Internal control b-actin was detected by

a mouse anti-b-actin monoclonal antibody (A5441; Sigma-

Aldrich Co., St. Louis, MO). The intensity of the immunor-

eactive TGF-b1 band was determined by scanning the

autoradiograph, followed by processing of the data using

an IS-1000 Digital Imaging System (Alpha Innotech

Corporation) and normalized against the intensity of

b-actin. Relative intensity of TGF-b1 protein from ME-

treated rat heart was calculated by dividing its intensity by the

corresponding intensity from control rat heart.

Statistical analysis

The statistical significance of difference between control

and treated groups was evaluated by the use of Student’s

t-test. A p value 50.05 was considered statistically

significant.

Results

Initial studies were carried out to determine the concentra-

tion- and time-dependent effects of ME on heart weight and

oxidative stress using rats exposed to two-stroke ME.

Exposure to 1:50 diluted ME for 4 weeks did not cause

significant changes in body weight or heart weight and

produced a 7% increase in heart weight to body weight ratio

(Table 2). Exposure to an increased ME concentration at 1:10

dilution for 2 weeks had no effects on the body weight and

the heart weight parameters as described before. Four-week

exposure to 1:10 diluted ME caused a 15% decrease in body

weight, and 37% and 61% increases in heart weight and

heart weight to body weight ratio, respectively. Exposure to

1:10 diluted ME for 8 weeks had no marked effects on body

weight but produced respective 27% and 34% increases in

heart weight and heart weight to body weight ratio. Cardiac

lipid peroxidation, glutathione content, and the activities of

antioxidant enzymes GST, superoxide dismutase, catalase

and glutathione peroxidase were determined to evaluate the

ME-induced oxidative stress. Cytochrome P450-dependent

Table 2. Effects of two-stroke ME inhalation exposures on tissue weight and oxidative stress in rat heart.

Treatment

1:50 Diluted ME 1:10 Diluted ME

4 Weeks 2 Weeks 4 Weeks 8 Weeks

Body weight (g)
Control 354.5� 8.7 314.3� 7.5 348.0� 12.8 402.2� 10.6
ME 344.8� 5.8 310.3� 5.3 296.8� 10.1* 386.0� 11.8

Heart weight (g)
Control 0.992� 0.040 0.883� 0.034 1.022� 0.052 1.219� 0.037
ME 1.066� 0.030 0.961� 0.041 1.401� 0.066* 1.552� 0.053*

Heart weight/body weight ratio (g/g� 100)
Control 0.286� 0.022 0.281� 0.019 0.293� 0.007 0.303� 0.006
ME 0.306� 0.022* 0.310� 0.024 0.472� 0.018* 0.405� 0.016*

Lipid peroxidation (nmol malondialdehyde/mg protein)
Control 1.80� 0.19 1.69� 0.13 1.77� 0.23 1.56� 0.06
ME 2.22� 0.42 1.66� 0.15 2.47� 0.18* 1.59� 0.04

Glutathione (nmol/mg protein)
Control 9.50� 0.52 10.23� 0.63 9.17� 0.22 9.52� 0.55
ME 9.06� 0.31 8.37� 0.72 7.51� 0.14* 9.04� 0.47

Glutathione S-transferase (nmol DCNB/min/mg protein)
Control 51.8� 4.3 60.9� 5.3 52.5� 3.5 58.8� 1.9
ME 46.6� 4.2 59.4� 2.9 28.2� 1.7* 40.0� 2.1*

Superoxide dismutase (U/mg protein)
Control 7.87� 1.22 7.16� 0.51 11.80� 0.63 11.08� 0.48
ME 7.16� 0.51 7.78� 2.22 8.93� 0.18* 9.16� 0.21*

Catalase (U/mg protein)
Control 3.73� 0.29 4.89� 0.17 4.09� 0.34 3.92� 0.42
ME 3.46� 0.52 4.84� 0.21 3.35� 0.12 4.01� 0.17

Glutathione peroxidase (nmol NADPH/min/mg protein)
Control 349.6� 23.8 367.5� 16.8 376.6� 28.5 352.3� 13.8
ME 333.4� 14.3 385.7� 52.8 273.1� 14.2* 288.0� 8.5*

7-Ethoxycoumarin O-deethylase (pmol 7-HC/min/mg protein)
Control 5.00� 0.94 5.89� 0.83 5.05� 0.76 4.95� 0.82
ME 4.66� 0.87 5.47� 0.73 1.91� 0.32* 2.88� 0.51*

Male Wistar rats were exposed to 1:50 diluted two-stroke ME for 4 weeks or to 1:10 diluted two-stroke ME for 2, 4 and 8 weeks as described
in Experiments A, B, C and D of Table 1, respectively. Control rats were exposed to clean air. Heart homogenate lipid peroxidation and glutathione
content; cytosolic glutathione S-transferase, superoxide dismutase, catalase and glutathione peroxidase activities; and microsomal 7-ethoxycoumarin
O-deethylase activity were determined as described in the ‘‘Methods’’ section. The numbers of controls and ME-treated rats were 7 and 10 in the 1:50
diluted ME experiment; 5 and 7, 7 and 9, and 11 and 12 in the 2-, 4- and 8-week 1:10 diluted ME experiments, respectively. Each value represents
the mean� SE for the number of rats in each group. DCNB, 1,2-dichloro-4-nitrobenzene; 7-HC, 7-hydroxycoumarin.

*Value was significantly different from the respective control value, p50.05.
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7-ethoxycoumarin O-deethylase activity was determined

to assess the effect of ME on heart microsomal enzymes.

The results showed that 1:50 diluted ME exposure for

4 weeks or 1:10 diluted ME exposure for 2 weeks did not

cause significant changes in the aforementioned parameters

(Table 2). Exposure to 1:10 diluted ME for 4 weeks increased

lipid peroxidation by a 40%; decreased glutathione content

by an 18%; and reduced GST, superoxide dismutase, gluta-

thione peroxidase and 7-ethoxycoumarin O-deethylase activ-

ities by 46%, 24%, 28% and 62%, respectively. Exposure

to 8 weeks resulted in respective 32%, 17%, 18% and 42%

decreases in GST, superoxide dismutase, glutathione perox-

idase and 7-ethoxycoumarin O-deethylase activities and

had no effects on lipid peroxidation or glutathione content.

Catalase activity in the ME-treated heart was similar to

the controls. These results showed that ME increased heart

weight and produced cardiac oxidative stress in a concentra-

tion- and time-dependent manner.

More four-stroke commuter motorcycles are manufactured

than the two-stroke vehicles now, mainly because four-stroke

ME emission produces less pollution. For comparison

purposes, effects of four-stroke ME on heart weight and

oxidative stress were determined using the rats exposed to

1:10 diluted exhaust for 4 weeks. Exposure to four-stroke

ME decreased body weight by an 8% and increased heart

weight and heart weight to body weight ratio by 32%

(Table 3). Four-stroke ME caused 18% and 38% decreases in

GST and 7-ethoxycoumarin O-deethylase activities, respect-

ively, without affecting lipid peroxidation, glutathione content

and the other antioxidant enzymes activities. Comparisons

of the effects of two- and four-stroke ME exposures for

4 weeks indicated that two-stroke ME (Table 2) caused effects

on more parameters of oxidative stress than four-stroke ME

did (Table 3). Based on the results of these comparisons

and given this study was aimed to investigate subchronic

toxicity, an additional exposure experiment was carried out

in which rats were exposed to 1:10 diluted two-stroke ME

for 8 weeks for the following echocardiography, histopath-

ology and gene expression studies.

In M-mode echocardiography, the short-axis view image

indicated that the LV cavity of ME-treated heart was smaller

than the cavity of controls (Figure 1). The corresponding

echocardiogram tracing indicated that exposure to ME

increased IVS thickness and LVPW thickness and decreased

LV internal dimension. The echocardiogram parameters

showed that ME produced 40% and 45% increases in IVS

thickness in end-diastole and end-systole, respectively

(Table 4). ME exposure resulted in respective 38% and 23%

increases in end-diastolic and end-systolic LVPW thickness.

The LVIDd and LVIDs of ME-treated heart were 14% and

24% smaller than those of the respective controls. ME

produced a 39% increase in LV mass and had no significant

effects on functional parameters FS or heart rate. These

echocardiographic data indicated that ME exposure induced

LV hypertrophy, in agreement with the ME-mediated increase

of heart weight described before. Cross-sections of the heart

were stained with hematoxylin and eosin for morphological

examinations. The results showed that the LV of control heart

was histologically normal (Figure 2A) and the ventricle of

ME-treated heart was slightly increased in size (Figure 2B).

ME caused focal minimal to slight hyaline transformation

resembling an appearance waxy degeneration (Zenker’s

degeneration) and necrosis of myofibers and fibrosis in the

Table 3. Effects of four-stroke ME inhalation exposure on tissue weight and oxidative stress in rat heart.

Control ME

Body weight (g) 361.2� 7.1 333.1� 4.8*
Heart weight (g) 0.933� 0.039 1.228� 0.031*
Heart weight/body weight ratio (g/g� 100) 0.279� 0.005 0.368� 0.005*
Lipid peroxidation (nmol malondialdehyde/mg protein) 1.88� 0.08 2.16� 0.17
Glutathione (nmol/mg protein) 9.78� 0.91 9.46� 0.85
Glutathione S-transferase (nmol DCNB/min/mg protein) 53.7� 2.3 43.9� 1.8*
Superoxide dismutase (U/mg protein) 11.93� 0.57 11.21� 0.57
Catalase (U/mg protein) 3.79� 0.68 3.56� 0.67
Glutathione peroxidase (nmol NADPH/min/mg protein) 346.9� 11.4 317.1� 12.7
7-Ethoxycoumarin O-deethylase (pmol 7-HC/min/mg protein) 5.15� 0.24 3.18� 0.16*

Male Wistar rats were exposed to 1:10 diluted four-stroke ME 4 h daily for 4 weeks as described in Experiment F,
Table 1. Control rats were exposed to clean air. Homogenate lipid peroxidation and glutathione content; cytosolic
glutathione S-transferase, superoxide dismutase, catalase and glutathione peroxidase activities; and microsomal 7-
ethoxycoumarin O-deethylase activity were determined as described in the ‘‘Methods’’ section. Each value
represents the mean� SE for 10 controls and 12 ME-treated rats. DCNB, 1,2-dichloro-4-nitrobenzene; 7-HC, 7-
hydroxycoumarin.

*Value was significantly different from the respective control value, p50.05.

Figure 1. Effects of ME inhalation exposure on echocardiographic
images and parameters in rats. Male Wistar rats were exposed to 1:10
diluted two-stroke ME 2 h daily and 5 d a week for 8 weeks as described
in Experiment E, Table 1. Control rats were exposed to clean air. The
echocardiographic images of left ventricles of controls and ME-treated
hearts were made from the short-axis (SAX) view at the levels of
papillary muscles at diastole or systole. Echocardiographic parameters,
such as interventricular septum (IVS) thickness, left ventricle internal
dimension (LVID) and left ventricle posterior wall (LVPW) thickness are
indicated in the figure.
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LV (Figure 2C and D). The right ventricles of control and

ME-treated hearts showed normal architecture (Figure 3A)

and infiltration of mononuclear cells (Figure 3B), respect-

ively. The septum of the control heart showed a normal

histology (Figure 3C) and the ME-treated heart septum

showed focal minimal to slight Zenker’s degeneration and

necrosis of myofibers and fibrosis (Figure 3D). The results of

hematoxylin and eosin staining of the longitudinal sections

showed that the control heart was histologically normal

(Figure 4A), and ME caused focal and moderate myocardial

degeneration and necrosis, mononuclear cell infiltration, and

fibrosis in the apex (Figure 4B) and the base septum

(Figure 4C). To further study the ME-induced fibrotic

changes, heart longitudinal sections were stained using

Masson’s trichrome for collagen. The results indicated that

the control heart did not show significant changes between

myofibers (Figure 4D). ME-treated heart showed moderate

cardial fibrosis in the apex (Figure 4E) and the base septum

(Figure 4F). In all the hearts examined, control rats did not

show histopathological changes in fibrosis and necrosis

(Table 5). Twenty percent of ME-exposed rats showed no

fibrotic and necrotic changes. Whereas 20%, 40% and 20%

showed minimal, slight and moderate pathological changes,

respectively. None showed moderate/severe or severe/high

changes. ME exposure resulted in a marked increase in

cardiac histopathological score. The results of histology study

revealed that ME induced fibrosis, inflammation, and

myocytic degeneration and necrosis in the heart.

To further investigate the ME-induced cardiac toxicity, the

following RT-PCR studies were conducted using primers

specific for molecular markers of oxidative stress, inflamma-

tion, hypertrophy and fibrosis. The results showed that

ME exposure caused respective 46% and 71% decreases

in antioxidant enzymes GST-M1 and GST-P1 mRNA in the

heart (Figure 5 and Table 6). The exposure increased

mRNA of proinflammatory cytokine IL-1b by a 2.2-fold,

hypertrophy marker ANP by a 2.9-fold, fibrosis molecule

types I and III collagen by respective 3.1- and 3.2-fold,

and profibrotic cytokine CTGF by a 2.4-fold. ME induced

a 2.0-fold increase in the hypertrophic and fibrotic TGF-b1

mRNA (Figure 6). The ability of ME to induce heart TGF-b1

protein was determined by electrophoresis and protein

blotting using antibodies specific for the growth factor.

The data from the immunoblotting experiments showed that

ME produced a 1.7-fold increase in cardiac TGF-b1 protein

(Figure 6). These results of gene expression studies demon-

strated that ME exposure induced mRNA of the oxidative

stress-, inflammation-, hypertrophy- and fibrosis-related

Figure 2. Morphology of left ventricles of
hearts from controls and rats exposed to ME
by inhalation. Male Wistar rats were exposed
to 1:10 diluted two-stroke ME 2 h daily for 8
weeks as described in Experiment E, Table 1.
Control rats were exposed to clean air. A
middle cross-section of the control heart
showed that the morphology of left ventricle
was normal (A, magnification �20). The left
ventricle of ME-treated heart showed a
slightly larger size than that of control
(B, magnification �20). The left ventricle of
ME-treated heart showed focal minimal to
slight Zenker’s degeneration and necrosis of
myofibers and fibrosis (arrow) (C, magnifi-
cation �100; D, magnification �400).
Stained using hematoxylin and eosin.

Table 4. Effects of ME inhalation exposure on echocardiographic parameters of rats.

Control ME

Interventricular septum thickness in end-diastole, IVSd (cm) 0.20� 0.01 0.28� 0.02*
Interventricular septum thickness in end-systole, IVSs (cm) 0.29� 0.01 0.42� 0.02*
Left ventricle posterior wall thickness in end-diastole, LVPWd (cm) 0.24� 0.02 0.33� 0.03*
Left ventricle posterior wall thickness in end-systole, LVPWs (cm) 0.30� 0.02 0.37� 0.02*
Left ventricle internal dimension in end-diastole, LVIDd (cm) 0.65� 0.01 0.56� 0.05*
Left ventricle internal dimension in end-systole, LVIDs (cm) 0.41� 0.02 0.31� 0.03*
Left ventricle mass, LV mass (g) 0.87� 0.06 1.21� 0.13*
Fractional shortening, FS (%) 38.2� 2.0 40.6� 6.9
Heart rate, HR (bpm) 371� 14 373� 28

Male Wistar rats were exposed to 1:10 diluted two-stroke ME 2 h daily for 8 weeks as described in Experiment E,
Table 1. Control rats were exposed to clean air. Two-dimensionally guided M-mode recordings were obtained
from the short-axis view at the level of the papillary muscles using a MicroMaxx portable ultrasound system with
an SLA transducer. Each value represents the mean� SE for 11 controls and 12 ME-treated rats.

*Value was significantly different from the respective control value, p50.05.
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cardiac genes. These results were in confirmation with the

results of heart weight, biochemical, echocardiographic and

histological studies described before.

Discussion

These findings show that ME can cause hypertrophy

and fibrosis in rat heart. This conclusion is supported

by experimental evidences from the heart weight, echo-

cardiography, histopathology and gene expression studies.

These toxicological findings have human health implica-

tions because of the following reasons. Hypertrophy and

fibrosis are the major determinants of cardiovascular

outcomes associated with air pollution in humans

(Brook, 2008; Simkhovich et al., 2008). In subchronic

ME exposure, the hypertrophied and fibrotic heart did not

show marked functional changes in FS and heart rate

(Table 4). These effects indicated that the heart was in the

stage of compensatory hypertrophy which could progress

into a more severe stage of cardiac injury such as heart

failure in chronic ME exposure. ME may affect a vast

number of people who are environmentally and occupa-

tionally exposed to high concentrations of the exhaust. It

should be pointed out here that in addition to motorcycles,

two-stroke engines are used in many applications including

lawn mowers and trimmers, leaf blowers, outboard boat

motors and snowmobiles. Exhausts from these engines

may also present cardiac hazards to those highly exposed

individuals.

This study showed that ME exposure induced oxidative

and inflammatory responses in the heart. These findings

suggest that oxidative stress and inflammation are possible

Figure 3. Morphology of right ventricles and
septa of hearts from controls and rats exposed
to ME by inhalation. Male Wistar rats were
exposed to 1:10 diluted two-stroke ME 2 h
daily for 8 weeks as described in Experiment
E, Table 1. Control rats were exposed to
clean air. A middle cross-section of control
heart showed that the right ventricle dis-
played normal morphology (A, magnification
�20). Mononuclear cell infiltration (arrow)
was noted in the right ventricle of ME-treated
heart (B, magnification �100). Control heart
septum displayed a normal morphology (C,
magnification �100). ME-treated heart
septum showed focal minimal to slight
Zenker’s degeneration and necrosis of myo-
fibers and fibrosis (arrows) (D, magnification
�100). Stained using hematoxylin and eosin.

Figure 4. Morphology of apexes and base septa of hearts from controls and rats exposed to ME by inhalation. Male Wistar rats were exposed to 1:10
diluted two-stroke ME 2 h daily for 8 weeks as described in Experiment E, Table 1. Control rats were exposed to clean air. Longitudinal sections of the
hearts were stained with hematoxylin and eosin (A–C) or Masson’s trichrome (D–F). In hematoxylin and eosin staining, control heart showed a normal
morphology (A, magnification �40). Focal moderate chronic cardial fibrosis (arrow) was observed in the apex (B, magnification �100) and in the base
septum (C, magnification �200) of ME-treated heart. In Masson’s trichrome staining, control heart displayed no significant changes (D, magnification
�40). Focal moderate chronic cardiomyofibrosis (arrow) was noted in the apex (E, magnification �100) and in the base septum (F, magnification
�200) of ME-treated heart.
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mechanisms of ME cardiac toxicity. The suggested mechan-

isms are consistent with the concepts that oxidative stress is

an important stimulus of heart hypertrophy and fibrosis,

whereas inflammation is a critical mediator of cardiac injury

and repair (Heineke & Molekentin, 2006). In agreement with

this study, previous studies showed that oxidative stress was

induced in rat liver, lung and testis by ME inhalation exposure

(Huang et al., 2008; Ueng et al., 2004, 2005). Inflammation

was induced in rat testis by ME (Huang et al., 2008) and

mouse airway by ME particulate extracts (Lee et al., 2004).

Together, these studies have emphasized the importance of

oxidative stress and inflammation in the mechanism of ME

systemic toxicity.

It is possible that particulate matter was a primary

substance contributing to ME cardiac toxicity. Previous

studies have shown that particulates are the main cause of

cardiovascular effects of ambient air pollution, cigarette

smoke and environmental mixtures (Brook, 2008). Kodavanti

et al. (2003) showed that exposure to oil combustion-derived

fugitive particulates at 10 mg/m3 for 6 h per day and 1 d per

week for 16 weeks caused focal myocardial degeneration,

fibrosis and inflammation in rat hearts. These cardiac effects

were similarly observed in the hearts of rats exposed to

ME-derived particulates at 19.9 mg/m3 for 2 h a day for 8

weeks (Experiment E, Table 1). CO was another contributor

to ME toxicity. Exposure of rats to a simulated urban CO at

30–100 ppm for 12 h a day for 4 weeks increased heart weight

to body weight ratio; decreased cardiac superoxide dismutase,

catalase and glutathione peroxidase activities; and induced

left ventricular interstitial and perivascular fibrosis (Andre

et al., 2010; Meyer et al., 2010). Similar effects were detected

in the hearts of rats exposed to 645 or 563 ppm CO from

ME for 2 h a day for 8 weeks (Experiments D and E, Table 1).

Therefore, the cardiac effects of ME were comparable

with the combined effects of particulate matter and CO,

further confirming that these air pollutants contributed to ME

toxicity. This study does not exclude the possibility that

other gaseous components of ME such as nitric oxide and

benzene could also contribute to the cardiotoxicity.

This study demonstrated that cardiac toxicity was induced

by exposures of healthy rats to 1:10 diluted ME which

contained 18.4–19.9 mg/m3 particulate matter and 491–

645 ppm CO (Table 1). These particle and CO concentrations

Figure 5. Effects of ME inhalation exposure
on oxidative stress-, inflammation-, hyper-
trophy- and fibrosis-related genes mRNA in
rat heart analyzed by RT-PCR. Male Wistar
rats were exposed to 1:10 diluted two-stroke
ME 2 h daily for 8 weeks as described in
Experiment E, Table 1. Control rats were
exposed to clean air. Total RNA of heart was
prepared and RT-PCR analysis was con-
ducted using primers specific for the
respective target genes GST-M1, GST-P1,
IL-1b, ANP, collagen (Coll) I, Coll III, CTGF
and the internal control cyclophilin (CP).
PCR products were separated on agarose gels
and stained with ethidium bromide. Relative
intensity of PCR products was quantitated
using a digital image analyzer. Results from
the three representative controls and ME-
treated hearts each are shown.

Table 6. Effects of ME inhalation exposure on oxidative stress-,
inflammation-, hypertrophy- and fibrosis-related genes mRNA in rat
heart analyzed by RT-PCR.

mRNA (relative intensity)

Gene Control ME

GST-M1 1.00� 0.11 0.54� 0.05*
GST-P1 1.00� 0.05 0.29� 0.08*
IL-1b 1.00� 0.22 2.24� 0.31*
ANP 1.00� 0.21 2.90� 0.46*
Collagen I 1.00� 0.09 3.07� 0.45*
Collagen III 1.00� 0.11 3.15� 0.58*
CTGF 1.00� 0.25 2.42� 0.48*

Male Wistar rats were exposed to 1:10 diluted two-stroke ME 2 h daily
for 8 weeks as described in Experiment E, Table 1. Control rats were
exposed to clean air. Total heart RNA was isolated and RT-PCR
analysis was conducted using primers specific for rat GST-M1, GST-
P1, IL-1b, ANP, collagen I, collagen III, CTGF and internal control
cyclophilin. PCR products were separated on agarose gels and stained
with ethidium bromide. Relative intensity of PCR products was
determined by scanning densitometry as described in the ‘‘Methods’’
section. Each value represents the mean� SE for six animals.

*Value was significantly different from the respective control value,
p50.05.

Table 5. Effects of ME inhalation exposure on incidence and histo-
pathological score of cardial fibrosis and necrosis in rats.

Histopathological changea

Group � þ þþ þþþ þþþþ þþþþþ Scoreb

Control 6/6 0/6 0/6 0/6 0/6 0/6 0.0� 0.0
ME 2/10 2/10 4/10 2/10 0/10 0/10 1.6� 0.3*

Male Wistar rats were exposed to 1:10 diluted two-stroke ME 2 h daily
for 8 weeks as described in Experiment E, Table 1. Control rats were
exposed to clean air. Hearts from 6 controls and 10 ME-treated rats
were examined morphologically and the histopathological changes
were evaluated as described in the ‘‘Methods’’ section.

*Value was significantly different from the control value, p50.05.
aIncidence of lesion represents number of animals affected/number of

animals examined. The respective score numbers and histopathological
changes are: � (0), no observable effect; þ (1), minimal (51%); þþ
(2), slight (1–25%); þþþ (3), moderate (26–50%); þþþþ (4),
moderate/severe (51–75%) and þþþþþ (5), severe/high (76–100%).
bEach value represents mean� SE of score number for control or
ME-treated group.
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were high, relative to typical ambient levels. Campen et al.

(2003) showed that exposure of spontaneously hypertensive

rats to 0.03–1 mg/m3 diesel exhaust particles at 6 h a day

for 7 d dose-dependently increased heart rate and prolonged

PQ interval, an index of atrioventricular node sensitivity.

Gautier et al. (2007) reported that exposure of rats with

hypoxic pulmonary hypertension to 50 ppm CO continuously

for 1 week caused deleterious effects on right ventricle

myocardial perfusion adaption to chronic hypoxia and pres-

sure overload. The results of these previous studies indicated

that it may be possible to demonstrate cardiac effects in a

diseased animal model using lower concentrations of particles

and CO produced by greater dilutions, such as 1:50 or 1:100,

of ME in future studies. Information regarding ME personal

exposure remains unavailable. To assess ME cardiac health

risk, it may be necessary to determine personal exposures to

particulate matter and CO from ME and non-ME sources

during morning and evening traffic by direct measurement or

through models. These exposure data will be important

in assessing cardiac risk for motorcycle commuters.

Heart antioxidant enzyme activity was decreased persist-

ently in rats exposed to ME for 4 and 8 weeks (Table 2). In

variation from the persistent decrease, heart lipid peroxidation

and glutathione content showed significant changes in rats

exposed to ME for 4 weeks, but not for 8 weeks. Possible

explanations for this time-related variation are the enzymatic

and non-enzymatic antioxidant parameters had different time

courses in returning to their respective normal levels or the

persistent decrease in antioxidant enzyme expression played a

more significant mechanistic role than the temporal changes

in lipid peroxidation and glutathione content did during the

development and progression of ME cardiotoxicity, among

other possibilities. A major finding of this study is that ME

decreased GST activity and suppressed GST-M1 and GST-P1

mRNA expression in the heart. There are epidemiological

studies which support a hypothesis that human GST genetic

polymorphism resulting low activity phenotypes contributes

to susceptibility to air pollution-mediated coronary heart

disease. For example, GST-M1 null allele was associated

with the particulate matter-mediated heart rate variability

in elderly study subjects (Schwartz et al., 2005). The

combined GST-M1 and GST-T1 null genotypes were related

to congenital heart disease in children exposed paternally and

maternally to environmental toxicants (Cresci et al., 2011).

Toxicological studies that are supportive of the hypothesis

remain scarce. To support the hypothesis, this study

demonstrated that suppression of heart GST gene expression

and decrease in GST enzyme activity were associated with

ME air pollution-mediated cardiotoxicity.

Many studies have shown that TGF-b1 is induced in

infracted myocardium (Bujak & Frangogiannis, 2007) and

that the heart is a target organ of air pollution toxicity (Brook,

2008). However, myocardial TGF-b1 and air pollution

interaction studies are not available except Meurrens et al.

(2007) reported that exposure of spontaneously hypertensive

rats to mainstream cigarette smoke for 30 d elevated TGF-b1

mRNA in the heart ventricles. To the best of our knowledge,

this study is the first to show that air pollution induces

heart TGF-b1 expression using non-disease animal models.

ME induction of TGF-b1 presents an additional insight into

the mechanism of toxicity. Myocardial TGF-b1 has diverse

regulatory properties and pleiotropic functions in which

the growth factor is activated in the presence of reactive

oxygen species, up-regulated during inflammatory responses

and capable of stimulating cytokine expression (Bujak &

Frangogiannis, 2007; Daniels et al., 2009). In confirmation

with these regulatory and functional characteristics, the

present mechanistic data showed that TGF-b1 induction was

Figure 6. Effect of ME inhalation exposure
on TGF-b1 expression in rat heart analyzed
by RT-PCR and immunoblotting. Male
Wistar rats were exposed to 1:10 diluted two-
stroke ME 2 h daily for 8 weeks as described
in Experiment E, Table 1. Control rats were
exposed to clean air. Heart total RNA was
prepared and RT-PCR analysis was con-
ducted using primers specific for TGF-b1 and
the internal control cyclophilin (CP). PCR
products were separated on agarose gels and
stained with ethidium bromide. Heart tissue
homogenates were prepared and subjected to
SDS-PAGE and immunoblotting procedures
using goat polyclonal antibodies against
TGF-b1 (sc-146; Santa Cruz) and mouse
monoclonal antibodies against internal con-
trol b-actin (a5441; Sigma). Immunoreactive
protein bands were detected using ECL
reagents. RT-PCR and immunoblot results
from the three representative controls and
ME-treated hearts each are shown in the top
panel of the figure. Relative intensity of PCR
products or protein bands was quantitated
using a digital image analyzer as described in
the ‘‘Methods’’ section. Each data point in
the bar graph in the bottom panel of the
figure represents the mean� SE for six
animals. Asterisk represents that the value
was significantly different from the respect-
ive control value, p50.05.
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associated with increases in oxidative stress, inflammation,

and cytokines IL-1b and CTGF expression in the ME-treated

heart. These mechanistic data indicated that TGF-b1 could be

an important mediator of the cardiac effects of ME. Based on

the present findings and the existing literature on TGF-b1

signaling and heart injury (Bujak & Frangogiannis, 2007;

Heineke & Molekentin, 2006), the following intracellular

pathways are proposed to link TGF-b1 induction and ME

toxicity. TGF-b1 could bind to its transmembrane receptors

to activate the cytoplasmic Smad and mitogen-activated

protein kinase signaling pathways, and consequently up-

regulate the expression of transcription factors including

Smad proteins, NF-kB and AP-1. The transcription factors

would increase the expression of hypertrophy and fibrosis

genes such as ANP and collagen, respectively, and conse-

quently induce the hypertrophic and fibrotic changes in the

ME-treated heart. Additional studies are required to test the

validity of these proposed intracellular pathways.

In summary, this study has identified that ME is an

environmental hazard which causes hypertrophy, fibrosis,

oxidative stress and inflammation in the rat heart. TGF-b1

induction and GST suppression may be important molecular

events underlying ME cardiotoxicity. It will be of interest to

study ME toxicity using lower concentrations of the exhaust

and aged animals or animals with existing heart conditions

in order to address the issue concerning the cardiac effects of

ME on the susceptible human populations.
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Meyer G, André L, Tanguy S, et al. (2010). Simulated urban carbon
monoxide air pollution exacerbates rat heart ischemia–reperfusion
injury. Am J Physiol Heart Circ Physiol 298:H1445–53.

Mills NL, Törnqvist H, Gonzalez MC, et al. (2007). Ischemic and
thrombotic effects of dilute diesel-exhaust inhalation in men with
coronary heart disease. N Engl J Med 357:1075–82.

Misra HP, Fridovich I. (1972). The role of superoxide anion in the
autoxidation of epinephrine and a simple assay for superoxide
dismutase. J Biol Chem 247:3170–5.

Ohkawa H, Ohishi N, Yagi K. (1979). Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal Biochem 95:351–8.

Pippenger CE, Browne RW, Armstrong D. (1998). Regulatory antioxi-
dant enzymes. Methods Mol Biol 108:299–313.

Schwartz J, Park SK, O’Neill MS, et al. (2005). Glutathione-
S-transferase M1, obesity, statins, and autonomic effects of particles:
gene-by-drug-by-environment interaction. Am J Respir Crit Care Med
172:1529–33.

Shackelford C, Long G, Wolf J, et al. (2002). Qualitative and quantitative
analysis of non-neoplastic lesions in toxicology studies. Toxicol
Pathol 30:93–6.

Simkhovich BZ, Kleinman MT, Kloner RA. (2008). Air pollution and
cardiovascular injury. J Am Coll Cardiol 52:719–26.

Tzeng H-P, Yang R-S, Ueng T-H, et al. (2003). Motorcycle exhaust
particulates enhance vasoconstriction in organ culture of rat aortas
involve reactive oxygen species. Toxicol Sci 75:66–73.

Ueng T-H, Chang Y-L, Tsai Y-Y, et al. (2010). Potential roles of
fibroblast growth factor-9 in the benzo(a)pyrene-induced inva-
sion in vitro and the metastasis of human lung adenocarcinoma.
Arch Toxicol 84:651–60.

Ueng T-H, Hung C-C, Kuo M-L, et al. (2005). Induction of fibroblast
growth factor-9 and interleukin-1a gene expression by motorcycle
exhaust particulate extracts and benzo(a)pyrene in human lung
adenocarcinoma cells. Toxicol Sci 87:483–96.

Ueng T-H, Wang H-W, Hung C-C, Chang H-L. (2004). Effects of
motorcycle exhaust inhalation exposure on cytochrome P-450 2B1,
antioxidant enzymes, and lipid peroxidation in rat liver and lung.
J Toxicol Environ Health Part A 67:875–88.

Wang X, McLennan SV, Allen TJ, et al. (2009). Adverse effects of
high glucose and free fatty acid on cardiomyocytes are mediated
by connective tissue growth factor. Am J Physiol Cell Physiol 297:
C1490–500.

Yan Y-H, Huang C-H, Chen W-J, et al. (2008). Effects of diesel exhaust
particles on left ventricular function in isoproterenol-induced
myocardial injury and healthy rats. Inhal Toxicol 20:199–203.

DOI: 10.3109/08958378.2013.809393 Motorcycle exhaust induces cardiotoxicity in rats 535

In
ha

la
tio

n 
T

ox
ic

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

yu
 M

ed
ic

al
 C

en
te

r 
on

 0
2/

05
/1

4
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


