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Heart failure (HF) is the single largest cause for increased hospitalization after fine particulate matter (PM2.5)
exposure. Patients with left HF often progress to right ventricular (RV) failure even with optimal medical care.
An increase of PM2.5 of 10 ug per cubic meter was associated with a 76% increase in the risk of death from
cardiovascular disease in 4 years' period. However, the role and mechanism of PM2.5 in HF progression are not
known. Here we investigated the role of PM2.5 exposure in mice with existing HF mice produced by transverse
aortic constriction (TAC). TAC-induced HF caused lung inflammation, vascular remodeling and RV hypertrophy.
We found increased PM2.5 profoundly exacerbated lung oxidative stress in mice with existing left HF. To our
surprise, PM2.5 exposure had no effect on LV hypertrophy and function, but profoundly exacerbated lung in-
flammation, vascular remodeling, and RV hypertrophy in mice with existing left HF. These striking findings
demonstrate that PM2.5 and/or air pollution is a critical factor for overall HF progression by regulating lung
oxidative stress, inflammation and remodeling as well as RV hypertrophy. Improving air quality may save HF
patients from a dismal fate.

1. Introduction produced by chronic transverse aortic constriction (TAC), inhibition of

inflammation, achieved by the induction of T regulatory cells (Tregs), is

Heart failure (HF), also commonly referred to as chronic left ven-
tricular (LV) failure, is a major cause of morbidity and mortality
worldwide. HF patients often progress to WHO type-2 pulmonary hy-
pertension (PH) and right ventricular (RV) hypertrophy and/or failure,
even with optimal medical care. Recently, we demonstrated that severe
LV failure causes profound lung inflammation, vascular remodeling and
RV hypertrophy and/or RV failure in experimental animals [1-3]. Se-
vere lung vascular remodeling has been recently reported in human HF
patients [4,5]. We showed that, in mice with existing LV failure

effective in halting the transition from LV failure to lung remodeling
and RV hypertrophy [6]. Additional studies demonstrates that HF de-
velopment is attenuated by inhibition of conventional T cell activation
in CD28 or B7 knockout mice, and after depletion of CD11c* antigen-
presenting cells [3,7]. Most importantly, two recent retrospective
clinical studies showed that inhibition of inflammation by an IL1{ in-
hibitor is highly effective in attenuating major cardiovascular events in
patients [8,9], These findings demonstrate that inflammation plays an
important role in cardiovascular disease, HF development, and HF
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Fig. 1. Moderate PM2.5 exposure did not exacerbate LV dysfunction in mice with existing LV dysfunction. The diagram shows the time of relevant inter-
ventions (A). The average of PM2.5 concentrations at the monitoring station (B). Echocardiographic measurements of left ventricle (LV) ejection fraction (C), LV
fractional shortening (D), LV end-systolic diameter (E), LV end-diastolic diameter (F) of experimental groups. *P < 0.05 between corresponding groups.**P < 0.01

between corresponding groups.

progression.

Ambient air pollution and particulate matter (PM), particularly
those with a median aerodynamic diameter less than 2.5 um (PM2.5),
have been recognized as a major risk factor for public health including
respiratory disease, cancers and heart failure [10-13]. PM2.5 exposure
resulted in an increased incidence of myocardial infarction, stroke,
arrhythmia and heart failure [14]. An increase of 10 ug per cubic meter
PM2.5 was associated with a 76% increase in the risk of death from
cardiovascular disease in 4 years' period [14]. HF is the single largest
cause for increased hospitalization after acute PM2.5 exposure [15]. We
recently showed that prolonged PM2.5 exposure also causes lung in-
flammation and mild cardiac dysfunction in normal mice [16].

Intrigued by the increased mortality rate in HF patients after short-
term air pollution [14], we postulated that air pollution might exert an
impact on HF by exacerbating cardiac and lung inflammation. Conse-
quently, we have investigated the role of PM2.5 exposure on LV func-
tion, lung inflammation, and RV hypertrophy in a group of mice with
existing LV failure.

2. Methods
Detailed methods are available in the online-only Data Supplement.
3. Animals and experimental design

Male Balb/c mice at the age of ~5 weeks were purchased from the
Shanghai Sippr-BK Laboratory Animal Co. Ltd, Shanghai. Mice were
subjected to a TAC procedure or sham surgery after at least 7 days
adaptation at the research laboratory. Two weeks after TAC, LV ejection
fraction (EF) of these mice was determined and the mice were divided
into different experimental groups to assure similar initial LV dys-
function.

After the division of the groups, mice were either treated with the
local polluted PM2.5 air for 10 h each day for 3 weeks in the research
facility at the Haidian district of Beijing or with filtered clean air in the
same laboratory. Specifically, the exposure systems include two sepa-
rate chambers. In the filtered air chamber, a high efficiency particulate
air filter (Shanghai Liancheng Purification Equipment CO., LTD,
Shanghai) was placed in the inlet valve to remove all the microparticles.

In the PM2.5 chamber, a swirler was installed to remove particulate
matter with an aerodynamic diameter greater than 2.5 p. as described
previously [17,18]. Echocardiography was performed 5 weeks after
TAC using a Visualsonics Vevo 2100 system as previously described [1].
Samples were collected for further biological analysis. The experi-
mental studies were approved by the Institutional Animal Care and Use
Committee at Tongji University. All experiments are carried out in ac-
cordance with the National Institutes of Health guide for the care and
use of Laboratory animals (NIH Publications No. 8023, revised 1978).

4. Statistics

Two-way ANOVA followed by a Bonferroni correction post-hoc test
was used to test for differences among more than 2 groups. Student's t-
test was used to test for differences between 2 groups. Non-parametric
test (Mann-Whitney or Kruskal-Wallis) followed by the Bonferroni post
hoc correction was performed. All pairwise p-values are two-sided. The
null hypothesis was rejected at P < 0.05.

5. Results

5.1. The general findings related to PM2.5 exposure in normal control and
heart failure mice

To best mimic human exposure, mice were exposed to ambient
airborne PM2.5 from the Beijing Zhongguancun District (the local
Campus of the University of Chinese Academy of Sciences;
N39°57’39.83”E116°20710.97”). As illustrated in Fig. 1A, the PM2.5
exposure was initiated two weeks after the surgery and the exposure
duration was 10h per day for 3 weeks (from April 30" to May 21,
2017) Based on the data obtained from http://www.pm25.com and
http://www.zhb.gov.cn, the daily average PM2.5 concentrations of
Beijing and the local monitoring station during the study period are
presented in Fig. 1B. The linear distance between the Wanliu Station
and the study site is ~ 3.2 km. The mean airborne PM2.5 concentration
during the study period in Beijing city and at the local Wanliu mon-
itoring station was ~74ug/m® (Fig. S1). Since the mice were only
exposed to the polluted air for 10h per day, the average PM2.5 con-
centration exposed to these mice during the 3 week period was
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Fig. 2. Moderate PM2.5 exposure did not affect LV hypertrophy in mice with existing LV dysfunction but enhanced the increase of the ratio of lung weight
to tibial length. Data were collected from sham and TAC mice exposed to either filtered air (FA) or PM2.5. The ratios of LV weight, LA weight, lung weight and RV
weight to tibial length of the mice are shown (A-D). Representative images and quantitative data show the RV cardiomyocyte size of mice, as determined by FITC-
conjugated wheat germ agglutinin (WGA) staining (E,F). *P < 0.05 between corresponding groups.**P < 0.01 between corresponding groups. n = 5-6 per group for

E-F.

~30.8 ug/m>/day (Fig. 1B). The average PM2.5 concentration on day-5
was ~ 180 pg/m°®/day (Fig. 1B).

5.2. Short term PM2.5 exposure did not exacerbate LV dysfunction in mice
with existing LV failure

While TAC caused significant reductions of LV ejection fraction and
LV fractional shortening in HF mice, PM2.5 exposure had no detectable
effects on LV ejection fraction, LV fractional shortening, LV end-dia-
stolic diameter and LV end-systolic diameter in either sham mice or
mice with existing HF (Fig. 1C-F, Fig. S2), indicating that short term
PM2.5 did not exacerbate LV failure in these mice.

PM2.5 exposure did not exacerbate TAC-induced LV hypertrophy as
evidenced by the similar LV weight (Table S2), and its ratio tibial length
in mice with or without PM2.5 exposure (Fig. 2A). PM2.5 exposure had
no effect on LV hypertrophy in sham-operated mice as evidenced by the
similar LV weight (Table S2), and its ratio to tibial length (Fig. 2A).
However, PM2.5 exposure significantly exacerbated TAC-induced in-
creases of LA weight, lung weight, RV weight, and their ratios to tibial
length (Fig. 2B and C). PM2.5 exposure did cause a small but significant
increase of the ratio of LV weight to bodyweight as compared with HF
mice without PM2.5 exposure (Table S2, Fig. S3), an outcome likely due
to the reduced bodyweight in mice after PM2.5 exposure. PM2.5 ex-
posure also significantly exacerbated TAC-induced increases of the ra-
tios of LV weight, lung weight and RV weight to bodyweight (Fig. S3).

5.3. Short term PM2.5 exposure exacerbated RV hypertrophy in mice with
existing LV failure

PM2.5 exposure caused significantly more RV hypertrophy as
compared with HF mice treated with the filtered air (Fig. 2D). Fur-
thermore, PM2.5 exposure caused significant RV cardiomyocyte hy-
pertrophy as compared with HF mice treated with the filtered air
(Fig. 2E and F).

5.4. PM2.5 exposure profoundly exacerbated lung vascular remodeling and
lung fibrosis in mice with existing LV failure

Since RV hypertrophy occurs after lung vascular muscularization
and fibrosis [1], to understand the exacerbated RV hypertrophy in HF

mice after PM2.5, we determined lung fibrosis and lung vessel mus-
cularization in HF mice with or without PM2.5 exposure. Masson's
trichrome stain showed that lung fibrosis increased 9.68-fold in HF
mice as compared to that in control mice, and PM2.5 exposure sig-
nificantly exacerbated lung fibrosis in mice with existing LV failure
(Fig. 3A, C). Lung fully muscularized vessels (vessels in which > 75%
of the vessel ring is circled by smooth muscle cells), and partially
muscularized vessels (vessels with 25%-75% of the vessel ring circled
by smooth muscle cells), and total muscularized vessels (including both
fully and partially muscularized vessels) were all significantly increased
in HF mice as compared to control sham mice (Fig. 3B, D, E). PM2.5
exposure significantly exacerbated the lung vessel muscularization in
mice as evidenced by the increased number of muscularized vessels
(including both fully and partially muscularized vessels) in the HF mice
(Fig. 3D and E), and decreasing the number of nonmuscularized small
vessels (vessels with less than 25% of the vessel ring circled by smooth
muscle cells) in these HF mice. Moreover, PM2.5 exposure resulted in
1.5 fold increase of lung mRNA level of transforming growth factor-$
(TGF-f3) in HF mice (Fig. 3F).

5.5. PM2.5 exposure profoundly exacerbated lung inflammation in mice
with existing LV failure

Since our previous study demonstrated that inflammation regulates
lung vascular remodeling, fibrosis and RV hypertrophy in mice with
existing LV failure, we examined the relative lung leukocyte infiltration
in sham-operated and HF mice with or without PM2.5 exposure. We
found that PM2.5 exposure caused a small but significant increase of
lung CD45" leukocytes in sham mice, while lung macrophage in-
filtration was not significantly increased (Fig. 4A and B). Lung CD45™*
leukocytes and macrophages were significantly increased in HF mice
with or without PM2.5 exposure, but the increases in both CD45"
leukocytes and macrophages were significantly greater in HF mice after
PM2.5 exposure (Fig. 4A and B). In addition, we found that lung mRNA
contents of pro-inflammatory cytokines, such as monocyte chemoat-
tractant protein-1 (MCP-1), interleukin-1f3 (IL-1p) and tumor necrosis
factor a (TNFa), were all significantly increased in control HF mice,
while PM2.5 exposure significantly exacerbated lung pro-inflammatory
cytokines in mice with existing LV failure (Fig. 4C-E). HF caused sig-
nificant increases of lung IL-10 mRNA in HF mice. PM2.5 exposure
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Fig. 3. PM2.5 exposure significantly exacerbated lung fibrosis and lung vessel remodeling in mice with existing LV dysfunction. Data were collected from
sham and TAC mice exposed to filtered air (FA) or PM2.5. Representative images and quantitative data of Masson's Trichrome staining (A, C), and smooth muscle a-
actin (B, D, E). Quantitative RT-PCR results of TGF( in lung lysates (F). *P < 0.05 between corresponding groups.**P < 0.01 between corresponding groups. n = 5 per

group for C-E, n = 3 per group for F.

resulted in a significantly greater increase of lung IL-10 mRNA in HF
mice (Fig. 4F). Together, these data demonstrated that PM2.5 exposure
promotes lung inflammation in HF mice.

5.6. PM2.5 exposure increased VCAM1 and ICAM1 expressions in lung
tissues of HF mice

Adhesion molecules, vascular cell adhesion molecule 1 (VCAM1)
and intercellular cell adhesion molecule-1 (ICAM1), contribute to leu-
kocyte accumulation in various inflammatory conditions. To under-
stand whether VCAM1 and ICAM1 contribute to the increased lung
leukocyte infiltration in mice after PM2.5, we further determined the
lung VCAM1 and ICAM1 distribution and expression in each experi-
mental group. Immune staining showed that both VCAM1 and ICAM1
were broadly distributed in lung tissues, and the expression of VCAM1
and ICAM1 proteins were both increased in lung tissue in HF mice
exposed to PM2.5. PM2.5 exposure caused significant increases of lung
VCAM1 protein expression in both sham mice and in mice with existing
LV failure (Figs. S4A and B). PM2.5 exposure did not affect ICAM1
expression in sham mice, but significantly exacerbated its expression in
mice with existing LV failure (Figs. S4A and C). Consistent with the
increased lung VCAM1 expression in mice after PM2.5 exposure, real-
time PCR showed VCAM1 mRNA contents were increased in both sham
and HF mice as compared with corresponding control mice exposed to
the filtered air (Fig. S4D). PM2.5 exposure did not affect ICAM1 mRNA
content in sham mice, but significantly increased ICAM1 mRNA content
in HF mice (Fig. S4E).

5.7. PM2.5 exposure caused increases of lung oxidative stress in mice

Since air pollution often causes lung injury through increased

oxidative stress, we further determined the relative lung oxidative
stress in each experimental group. We first determined lung reactive
oxidative species (ROS) by dihydroethidium (DHE) staining. The result
demonstrated that PM2.5 exposure caused a significant increase of lung
ROS production in both sham and HF mice, while the increase was
greater in the HF mice (Fig. 5A; Fig. S5). HF mice showed a significantly
greater more increase of lung 3’-NT and 4-HNE as compared with the
corresponding sham group (Fig. 5B and C), but PM2.5 exposure caused
significantly greater increases of these lung oxidative stress markers 3’-
nitrotyrosine (3’-NT) and 4-hydroxynonenal (4-HNE) in both sham and
HF mice when compared with corresponding mice treated with filtered
air (Fig. 5B and C). Furthermore, PM2.5 exposure caused a significant
reduction of the ratio of reduced glutathione (GSH)-to-oxidized glu-
tathione (GSSG) in lung tissues in both sham and HF mice as compared
with corresponding sham and HF mice exposed to filtered air ( Fig. 5D).
Together, these data indicate that PM2.5 exposure causes a significant
increase in lung oxidative stress, and the increased oxidative stress
might contribute the lung inflammation and remodeling in HF mice.

6. Discussion

The major finding of our study is that a short PM2.5 exposure did
not affect LV hypertrophy and function, but caused a robust lung in-
flammation, vascular remodeling and fibrosis, as well as significant RV
hypertrophy in mice with existing LV failure. These data indicate that
PM2.5 synergizes to enhance the effect of LV failure on lung and RV as
summarized in Graphical abstract. These results may explain why HF
is exacerbated by air pollution. Given the fact that the air quality in
many cities during the winter or early spring months is much more
toxic than the tested air condition, if HF patients show a similar re-
sponse to PM2.5 exposure as the HF mice, these findings suggest that
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PM2.5 could be causing the death of many HF patients. Thus, pollution
control instituted by informed policy makers could be an important
intervention for HF patients.

Air pollution or PM2.5 has long been recognized as a major public
health risk, particular to the vulnerable populations such as patients
with preexisting cardiovascular or respiratory diseases. The World
Health Organization (WHO) reported that air pollution was responsible
for 4.2 million deaths in 2016. It was estimated that 58% of outdoor air
pollution-related premature deaths were because of ischemic heart
disease and strokes, and only 18% of deaths were because of chronic
obstructive pulmonary disease and respiratory infections (http://www.
who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-
and-health). Epidemiological studies have consistently demonstrated
that air pollution is associated with increased morbidity and mortality
related to cardiovascular diseases and respiratory diseases (chronic
obstructive pulmonary disease and asthma) [14,19,20]. Similarly, a 16-
year follow up study demonstrated that major cardiovascular risk in-
creased ~18% for every 10 ug/m> of PM2.5 in the air in USA [21].
PM2.5 air pollution was associated with an increased mortality and
incidence of myocardial infarction in the USA [22-24], and an in-
creased hospitalization and heart failure-related mortality related to
acute decompensated heart failure in USA [13]. It is estimated that a
mean reduction in PM2.5 of 3.9ug/m>® would prevent 7978 heart
failure hospitalizations and dramatically reduce the economic burden
to the society [13]. The current study further demonstrates that air
quality is a critical factor for overall HF progression through the ex-
acerbation of lung inflammation and RV remodeling.

Since PM2.5 exposure caused a profound lung inflammation, vas-
cular remodeling and the subsequent RV hypertrophy without directly
exacerbating LV dysfunction in HF mice, we postulate that the lung
inflammation/remodeling and subsequent RV dysfunction might be the
major culprit for the increased mortality rate in HF patients after air
pollution exposure [14]. While the mechanism by which PM2.5 air
pollution exacerbates lung remodeling in HF mice is not totally clear,
previous studies from others have demonstrated that PM2.5 exposure
resulted in increased lung and cardiac oxidative stress, increased lung
and systemic inflammation [17,25], reduced oxygen saturation [26],
and reduced vascular endothelial repair capacity [27]. A previous study
suggest that lung inflammation after PM2.5 exposure was via a TLR2/
TLR4/MyD88-signaling pathway [25]. Our data demonstrate that
PM2.5 exposure exacerbated HF progression through increased lung
oxidative stress, inflammation, and lung vascular remodeling. In the
context that previous studies demonstrated that PM2.5 exposure caused
mild LV dysfunction in adult mice [16,28,29], the unchanged LV
functions in both sham and HF mice after PM2.5 exposure were not
fully anticipated. The unchanged LV function in the current study might
relate to the fact that the PM2.5 exposure was only a short period at low
concentration.

In this study, since both CHF and PM2.5 exposure caused sig-
nificantly more reduction of bodyweight as compared with the corre-
sponding group (Table S2), and since the tibial lengths were compar-
able among 4 experimental groups, to avoid the unwanted influence of
different bodyweights in these groups, the ratios to tibial length were
used to determine the relative degree of LV hypertrophy in this study.
Since the LV weight and its ratio to tibial length was unchanged in HF
mice with PM2.5 exposure as compared with HF without PM2.5 ex-
posure, the small but significant increase of the ratio of LV weight to
bodyweight in HF mice with PM2.5 exposure is likely an outcome of the
reduced bodyweight in this group.

One mechanism to explain the increase in lung inflammation is
through the up-regulation of adhesion molecules, such as VCAM-1 and
ICAM1. We found that PM2.5 causes up-regulation of lung VCAM-1 and
ICAM1 in mice, both under basal conditions and in mice with existing
LV failure, but the increase was multiplicative in the presence of LV
failure. The dramatic increased lung inflammation after PM2.5 in HF
mice indicates that these mice are more vulnerable to PM2.5-induced

Redox Biology 22 (2019) 101161

lung inflammatory response. The significant synergistic increases in
lung oxidative stress, which we observed in the HF mice after PM2.5,
suggest that oxidative stress is likely to contribute to the lung in-
flammation, injury, fibrosis and vascular remodeling.

The current study has several limitations. First, the composition and
size of polluted air particles vary in different cities and seasons.
Consequently, the robust detrimental effects of air pollution observed in
the HF mice are likely be different when they are exposed to the pol-
luted air of different cities or of the same city in different seasons.
Nevertheless, the findings from the study still provide important in-
sights for the vulnerability of HF patients to air pollution. Second, RV
pressure was not determined in the current study. As the lung vessel
muscularization and RV hypertrophy are strongly correlated with RV
pressure, the severity of the pulmonary hypertension induced by the
overall lung remodeling and HF can be surmised from the degree of
lung vessel remodeling, lung inflammation, and RV hypertrophy in
each experimental group. Third, we only studied male mice in the
present study. However, increased lung weight, lung inflammation and
vascular remodeling and RV hypertrophy are commonly observed in
both male and female mice after HF, we anticipate that PM2.5 would
have similar negative impacts in HF progression in both male and fe-
male mice.

7. Conclusions

Our findings indicate that a short and moderate PM2.5 exposure is
sufficient to cause multiplicative lung inflammation, vascular re-
modeling and fibrosis, as well as significant RV hypertrophy in the mice
with existing LV failure. Since the air qualities in many cities during the
winter or early spring times are far worse than our tested conditions, if
heart failure patients show similar responses to PM2.5 exposure as the
heart failure mice, these findings suggest that air quality is a critical
factor for overall HF progression by regulating lung inflammation and
remodeling. Thus, improving air quality may save HF patients from a
dismal fate.
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