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Abstract
Air pollution, via ambient PM2.5, is a big threat to public health since it associates with
increased hospitalisation, incidence rate and mortality of cardiopulmonary injury.
However, the potential mediators of pulmonary injury in PM2.5-induced cardiovas-
cular disorder are not fully understood. To investigate a potential cross talk between
lung and heart upon PM2.5 exposure, intratracheal instillation in vivo, organ cul-
ture ex vivo and human bronchial epithelial cells (Beas-2B) culture in vitro exper-
iments were performed respectively. The exposed supernatants of Beas-2B were
collected to treat primary neonatal rat cardiomyocytes (NRCMs). Upon intratra-
cheal instillation, subacute PM2.5 exposure caused cardiac dysfunction, which was
time-dependent secondary to lung injury in mice, thereby demonstrating a cross-
talk between lungs and heart potentially mediated via small extracellular vesicles
(sEV). We isolated sEV from PM2.5-exposed mice serum and Beas-2B supernatants
to analyse the change of sEV subpopulations in response to PM2.5. Single parti-
cle interferometric reflectance imaging sensing analysis (SP-IRIS) demonstrated that
PM2.5 increased CD63/CD81/CD9 positive particles. Our results indicated that res-
piratory system-derived sEV containing miR-421 contributed to cardiac dysfunction
post-PM2.5 exposure. Inhibition of miR-421 by AAV9-miR421-sponge could signif-
icantly reverse PM2.5-induced cardiac dysfunction in mice. We identified that car-
diac angiotensin converting enzyme 2 (ACE2) was a downstream target of sEV-
miR421, and induced myocardial cell apoptosis and cardiac dysfunction. In addi-
tion, we observed that GW4869 (an inhibitor of sEV release) or diminazene acetu-
rate (DIZE, an activator of ACE2) treatment could attenuate PM2.5-induced cardiac
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dysfunction in vivo. Taken together, our results suggest that PM2.5 exposure promotes
sEV-linkedmiR421 release after lung injury and hereby contributes to PM2.5-induced
cardiac dysfunction via suppressing ACE2.
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 INTRODUCTION

Ambient fine particulate matter (PM2.5, aerodynamic diametre ≤2.5μm) became a leading cause of air pollution in the past few
years. With the improvement of air quality, the continuous pollution weather gradually decreases, although the sudden acute
pollution occurs in northern China in winter (Li et al., 2021; Zhang et al., 2019). Few studies have examined, however, the effect
and biological mechanism of PM2.5 exposure upon relatively short-term pollution. The damage of short-term PM2.5-exposure
to human body should not be ignored. Increasing evidence demonstrated that acute or subacute PM2.5 exposure could increase
the hospitalisation rate and mortality of all related diseases (Atkinson et al., 2014), especially cardiovascular diseases (CVD)
(Dominici et al., 2006). In short term, the increase of atmosphere PM2.5 concentration is positively correlatedwith totalmortality,
especially cardiovascular and respiratory disease mortality (Liu et al., 2019). In addition, animal experiments showed that short-
term and subacute PM2.5 exposure leads to cardiac dysfunction, including myocardial cells apoptosis (Gao et al., 2020) and right
ventricular hypertrophy (Yue et al., 2019), etc. However, the molecular mechanism of cardiac dysfunction induced by subacute
respiratory exposure to PM2.5 is not fully clear. Moreover, the effect of pulmonary injury on PM2.5-induced cardiac dysfunction
is not understood.
Pulmonary disease or subclinical pulmonary dysfunction can affect cardiovascular function and are linked to the increased

risk of CVD such as hypertension (Jacobs et al., 2012) and atherosclerosis (Barr et al., 2012). It was found that respiratory tract
exposure to cigarette smoke and pollutants can cause cardiac dysfunction (Van Eeden et al., 2012), which is mainly associated
with blood oxygen deficiency, hypercapnia and intrathoracic pressure changes. A direct correlation between cardiac dysfunction
and lung injury exists (Barnes et al., 2015; Nishiyama et al., 2010), which may contribute to cardiac injury after exposure to air
pollution. The biological basis of the dialogue between lungs and heart contains three aspects, namely interconnection via gas
exchange, body fluids andmechanical interaction. However, PM2.5-tracing has not been solved, and there is no evidence demon-
strating that PM2.5 can deposit directly in blood vessels. Therefore, the above mechanism cannot fully answer the mechanism of
PM2.5 induced cardiovascular injury, and themolecular mechanism of PM2.5 inducedmyocardial injury and cardiac dysfunction
warrants further study.
Interestingly, a previous study demonstrates that short-term particulatematter exposure-induced increase coagulation is asso-

ciated with extracellular vesicle-packaged miRNA release (Pergoli et al., 2017), which suggests extracellular vesicles (EVs) are
involved in PM-induced dysfunction. In addition, another study shows that glutaminase-containing EVs may serve as a poten-
tial mediator in PM2.5-induced neurotoxicity (Chen et al., 2020).
Small extracellular vesicles (sEV) are membrane enclosed nanoparticles, with a diametre of 40–200 nm, which can be released

by almost all kinds of cells and exist in multiple biofluids such as milk, urine, and saliva (Sluijter et al., 2018; Wang et al., 2020).
Increasing evidence demonstrates that EVs can delivery biological molecules including microRNAs (miRNAs, miRs), proteins
and lipids and facilitate intercellular communication, taking important roles inmultiple physiological and pathological processes
(Femminò et al., 2020; Kalluri & Lebleu, 2020; O’brien et al., 2020). However, the changes of extracellular subpopulations in
response to PM2.5 exposure as well as the role of sEV in respiratory PM2.5 exposure-induced cardiac dysfunction remains to be
elucidated. The mechanism of crosstalk between lungs and heart, mediated by sEV in response to PM2.5 is still not clearly. In the
present study, we utilised a subacute exposuremodel in vivo (by intratracheal instillation) and an acute model in vitro to evaluate
the role of respiratory system-released sEV in PM2.5 exposure-induced cardiac dysfunction. We also explored the mechanism of
sEV mediated crosstalk between lungs and heart in response to PM2.5 exposure.

 MATERIALS ANDMETHODS

. PM. collecting and analysis

PM2.5 particle used in the present study were collected at Tsinghua University, whose characterisation is similar to our previous
study (Wang et al., 2018). Briefly, PM2.5 were continuously collected using a sampler particle collector with a flux of 115 L/min and
thermo high flow sampler (1 m3/min). During this process, Teflon membranes (with a diametre of 90 mm) were used to collect
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particles. The collected PM2.5 were sterilised by Co-60 irradiation, and dissolved in deionised water, and vortexed for 0.5 min
prior to use.

. Animal experiments

Wild-type C57BL/6 Jmalemice, 8-week-old, were purchased fromCharles River labs (Beijing, China) and used for animal exper-
iments. All animal experiments in the present study were approved by the Ethics Committee of Shanghai University (approval
number: 2020-037).
To establish this subacute PM2.5 exposure model, mice received 2.5–3.6 mg/kg PM2.5 in 10 μl phosphate buffer saline (PBS)

via intratracheal instillation for 14 consecutive days (the first exposure day was labelled as day1 and the last exposure day was
labelled as day14), followed by echocardiography measurement at day15, day21, day28 and day35. Notably, there is no PM2.5
exposure from day15 to day35. Echocardiographic images were obtained with a Visualsonics high-resolution Veve 2100 system
as previously described (Wang et al., 2018). All mice were sacrificed at day36 and the lung and heart tissues were harvested.
Eight-week-oldwild-typemice received intraperitoneal injections of an inhibitor of extracellular vesicles (GW4869, 2.5mg/kg)

or dimethyl sulfoxide (DMSO) every 48 h (Xu et al., 2020) till day35. In addition, to investigate the effect of miR-421 knockdown
in PM2.5-induced cardiac dysfunction, we constructed adeno-associated virus 9 (AAV9)-miR421-sponge to knock down mmu-
miR421 in mice. Briefly, mice received AAV9-miR421-sponge and its control at a dose of 1012vg/mice via tail vein injection 1 day
before PM2.5 instillation.Asmentioned above, themice received echocardiographymeasurement at day35 and sacrificed at day36.
The lungs and heart tissue were harvested. As described privously (Evans et al., 2020), the mice received daily intraperitoneal
injections of Diminazene aceturate (DIZE, 15 mg/kg per day) or saline treatment for 30 days.

. Cell culture and treatment

2.3.1 Beas-2B

As previously described (Wang et al., 2018), the human bronchial epithelial cell line Beas-2B was maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (PS). After
culture overnight, the cells were transfected by miR-421 inhibitor (purchased from Guangzhou RiboBio Co., Ltd. China) for 48
h followed by PM2.5 exposure for 24 h (PM2.5 were diluted in DMEM to final concentration of 50 μg/ml and equal volume of
PBS in DMEM was control). The culture medium was then collected and centrifugated at 3000 × g for 5 min at 4°C to obtain
the supernatants of PBS or PM2.5 exposed Beas-2B (labelled as SB-Ctr and SB-PM2.5, respectively), which can be used imme-
diately or stored at –20°C for use. For sEV blockade, the cells were pretreated with GW4869 (20 μM) for 12 h prior to PM2.5
exposure.

2.3.2 Neonatal rat cardiomyocytes (NRCMs)

Primary NRCMs were separated from neonatal rats as described previously (Bei et al., 2017). To investigate cell to cell crosstalk
between lungs and heart, mice serum-derived sEV, ex vivo fluids (Ex-Ctr or Ex-PM2.5) and cell supernatants of Beas-2B (SB-
Ctr or SB-PM2.5) were obtained respectively (Figure 1a). NRCMs were transfected by overexpressed human (h)-ACE2/vehicle
plasmid or ACE2-siRNA/scramble siRNA for 48 h followed by 24 h exposure to sEV, ex vivo fluids, and cell supernatants of
Beas-2B. For DIZE treatment, NRCMs were isolated and pretreated with 100 nm of DIZE for 48 h prior to SB-PM2.5 or SB-Ctr
exposure. To verify the role of inducible nitric oxide synthase (iNOS) in PM2.5-induced cardiomyocytes, 500 μMof NG-Nitro-L-
arginineMethyl Ester, Hydrochloride (L-NAME) was used to treat NRCMs for 30 min followed by SB-Ctr or SB-PM2.5 exposure
for 24 h.

2.3.3 Human umbilical vein endothelial cells (HUVEC)

HUVEC was maintained in DMEM supplemented with 10% FBS and 1% PS. To assess the effect of PM2.5 on endothelial injury,
HUVEC was cultured overnight followed by SB-Ctr or SB-PM2.5 exposure for 24 h and endothelial NOS (eNOS)/iNOS were
examined.
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. Ex vivo organ culture

After GW4869 injection and PM2.5 exposure, mice lung and bronchi were dissected and segmented into pieces. These segments
were cultured in DMEM (with 1% penicillin/streptomycin) and incubated at 95% carbon dioxide, 37◦C overnight (Manson et al.,
2020). Then, the segments were transferred to freshmedium and the ex vivo culture supernatants were collected after 48 h, stored
at –20◦C for use.

. Isolation of sEV frommice serum and cell supernatants

The blood was collected and then clotted for 30 min at room temperature. Centrifuging the serum at 10,000 × g for 10 min at
4◦C to remove any remaining insoluble material as described previously (Greenfield, 2017). The serum was immediately used
for sEV isolation.
To isolate sEV from mice serum, size exclusion chromatography (SEC) was used. Briefly, 500 μl pooled serum from three

independent mice were loaded in qEV original columns (35 nm, SP5102099, Izon), obtaining 1.5 ml per fraction. The fraction
was concentrated by Amicon Ultra-4 10KD centrifugal filters (Merck Millipore, #UFC801096) for 50 min at 4000 rpm.
For isolating sEV from Beas-2B cell supernatants, differential ultracentrifugation was used. Total 10 ml of cell super-

natants/sample underwent serial centrifugated at 500 × g for 10 min, 3000 for 10 min, 12,000 × g for 45 min and 100,000 ×
g for 70 min. The sEV pallets were suspended by 100 μl PBS for immediately use.

. Characterisation of EVs

For morphological observation, 10 μl of fresh sEV were prepared for Transmission electron microscope (TEM) imaging. The
TEM image was obtained using FEI Tecnai G2 F20 TEM (USA).
For size and concentration analysis, sEV was diluted in filtered PBS and examined by Zetaview (Particle Metrix, Germany).

For each sample, three cycles were performed (11 positions for each) under following settings: min brightness: 20, Max size:1000,
Min size:5, Sensitivity: 70.0, Frame rate: 30 and shutter: 70.
Protein markers of EVs (CD9, CD63, Tsg101) and negative marker (calnexin) were examined by western blotting. Briefly,

sEV was lysed with EV-specific lysis buffer (Umibio, #UR33101, Shanghai, China) as described previously (Zhou et al., 2021).
Bicinchoninic acid protein assay kit was used to assess the protein concentration of sEV and 10 μg of protein were used to
perform western blotting.

. Single particle interferometric reflectance imaging sensing analysis (SP-IRIS)

SP-IRIS measurement was performed as previously described (Arab et al., 2021). The EVs, derived from three independent
samples, were pooled and then divided into three pieces for subsequent analysis. Briefly, diluting 35 μl of EVs in incubation
buffer (IB) (1:1) and incubating them on ExoView R100 (NanoView Biosciences, Brighton, MA) chips at room temperature for
16 h. Notably, the chips were coated with antibodies against antihuman CD81, CD63 and CD9 respectively. Anti-mouse IgG was
used as negative control. Then, washing the chips with IB for 3 min × 4 at 500prm and incubated for next 1 h with fluorescent

F IGURE  Cardiac dysfunction is secondary to lung injury and crosstalk occurred after PM2.5 exposure in vivo. (a) Schematic representation of
experimental design in vivo, ex vivo and in vitro. To make subacute PM2.5 exposure model, mice received PM2.5 or PBS exposure via intratracheal instillation
every day for 2 weeks (the first exposure day was labelled as day1 and the last exposure day was labelled as day14), followed by echocardiography measurement
at day15, day21, day28 and day35, respectively. For ex vivo culture, the PBS or PM2.5 exposed mice lung and bronchi were dissected and the segments were
cultured for 48 h. We then collected the ex vivo culture supernatants for use. For in vitro culture, the human bronchial epithelial cell line Beas-2B exposed to
PM2.5 for 48 h and collected the supernatants for centrifugation. Then the supernatants were collected for use. These supernatants were used to treat primary
neonatal rat cardiomyocytes for 24 h. (b) Qualification of cardiac ejection fraction (EF) and fraction shorting (FS) at day35 in mice. n = 16. (c) Representative
images obtained by western blot to show the protein expression of Bax, Bcl-2, cleaved caspase 3 and caspase 3 in heart tissues lysates of mice. (d) Qualification
of the ratio of Bax/Bcl-2 and cleaved caspase 3/total caspase 3. n = 6. (e) Western blot images of Bax, Bcl-2, cleaved caspase 3 and caspase 3 and (f) quantitation
results of these proteins in Ex-Ctr and Ex-PM2.5 exposed NRCMs. n = 6. (g) Protein expression of Bax, Bcl-2, cleaved caspase 3 and caspase 3 in SB-Ctr or
SB-PM2.5 exposed NRCMs, n = 6. (h) TEM images and marker proteins of mice serum-derived sEV. Scale bar = 100 nm (i) Concentration and size of
serum-derived sEV were tested by nanoparticle tracking analysis (Zetaview). (j) Representative images of TUNEL/α-actinin/Hoechst staining of PBS-sEV or
PM2.5-sEV exposed NRCMs. Scale bar = 50μm. (k) Quantitation of TUNEL positive NRCMs after PBS-sEV or PM2.5-sEV treatment. n = 5. Data were
represented as mean ± SD. **p < 0.01 and ***p < 0.001, from comparing PBS- and PM2.5-exposed groups, calculated by unpaired Student’s t-test (two-sided).
Ex-Ctr: ex-vivo culture supernatants of PBS-exposed mice lung and bronchi. Ex-PM2.5: ex vivo culture supernatants of PM2.5-exposed mice lung and bronchi.
SB-Ctr: Supernatants of PBS-exposed Beas-2B cells. SB-PM2.5: Supernatants of PM2.5-exposed Beas-2B cells. PBS-sEV: Small EVs derived from PBS-exposed
mice serum. PM2.5-sEV: Small EVs derived from PM2.5-exposed mice serum
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antibodies against CD81, CD63 and CD9 (1:1200) in blocking buffer (1:1 mixture of IB and blocking buffer). Subsequently, the
chips underwent washing with IB, wash buffer and rinse buffer and then immersed in rinse buffer for 5 s. After fully dry, the
chipswere imaged by ExoView scanner (NanoViewBiosciences, Brighton,MA). Finally, all datawere analysed usingNanoViewer
2.8.10 Software (NanoView Biosciences).

. TUNEL staining

Mice lung and heart tissues were harvested and fixed with 4% paraformaldehyde fix solution (PFA) for 48 h and embedded in
paraffin. Paraffin section of heart and lung (5 μm)were stained by TUNEL kit (A112-01/02/03, Vazyme, China) and followed by α-
actinin/Hoechst staining to assess cell apoptosis according to themanufacturer’s instructions. Immediately, immunofluorescence
staining with α-actinin antibody were performed to label cardiomyocytes. To assess NRCMs apoptosis in vitro, NRCMs were
fixed in 4% PFA for 20 min at room temperature and then incubated with 0.5% Triton X-100, followed by α-actinin immunos-
taining overnight and TUNEL/Hoechst staining.

. Plasmid and siRNA information

In the present study, micrOFF mmu-miR-421-3p inhibitor, ACE2 siRNA and negative control were purchased from RiboBio
Co., LTD (Guangzhou, China). Human-ACE2 overexpressed plasmid (pLENTI_hACE2_PURO) was a gift from Raffaele De
Francesco (Addgene plasmid #155295; http://n2t.net/addgene:155295; RRID: Addgene_155295). The empty backbone (pLenti-
puro) was a gift from Ie-Ming Shih (Addgene plasmid #39481; http://n2t.net/addgene:39481; RRID: Addgene_39481) (Guan
et al., 2011). The AAV system comprised of pAAV-MCS, AAV2/9 and deltaF6. Mouse miR-421-3p sponge (target sequence:
5′-GCGCCCAATTAATAGAGTTGAT-3′) and scramble control were cloned as previous described (Kimura et al., 2019).

. Statistical analysis

The data were reported as means ± standard deviation (SD) with the sample size. All statistical analysis were conducted using
GraphPad Prism 8 software. All the sample sizes (n) were shown in figure legends. p-value were determined by unpaired Student’s
t test (two sided) as well as one or two-way ANOVA with Tukey correction for comparisons between different groups when the
normality test is passed and variances are equal. Nonparametric analysis was used when variances were significantly different or
non-normal distribution. A p-values<0.05 were considered as statistically significant.

 RESULTS

. Subacute respiratory system exposure to PM. causes lung injury

To investigate the effect of subacute PM2.5 exposure on cardiac function, mice received PM2.5 via intratracheal instillation every
day for 14 days. Cell number and protein concentration in bronchoalveolar lavage fluid (BALF) and pulmonary TNF-α levels
were assayed to assess pulmonary inflammatory reaction after PM2.5 exposure. Intratracheal inhalation of PM2.5 for 14 days
causes a robust increase in cell number and protein concentration of BALF (Figure S1A and S1B), as well as TNF-α level (Figure
S1C) in lungs, demonstrating an inflammatory reaction that occurred in the lungs after subacute PM2.5 exposure. We assessed
reduced/oxidised glutathione (GSH and GSSG) in lungs to assess oxidative stress in response to PM2.5. After PM2.5 exposure, the
ratio of GSH/GSSG in lungs was reduced in PM2.5-exposed lungs compared to that of control (Figure S1D). We then performed
hematoxylin-eosin (H&E) staining, TUNEL staining and apoptotic protein analysis in exposed lungs. The diametre of collapsed
alveoli increased ∼2 folds after PM2.5 exposure (Figure S1E). TUNEL positive cells (Figure S1F) and relative Bax/Bcl-2, cleaved
caspase3/total caspase3 (Figure S1G) significantly increased after PM2.5 exposure. All these data demonstrated that subacute
PM2.5 exposure via respiratory system caused lung inflammation, oxidative stress and an induction of local cell apoptosis.

. Cardiac dysfunction is secondary to lung injury after exposure to PM. in vivo

To confirm a subsequent cross talk between lung and heart induced by PM2.5, we designed experiments in vivo, ex vivo and in
vitro, respectively (details depicted in Figure 1a). After 14-day of PM2.5 exposure, serial echocardiographymeasurement at day15,
day21, day28 and day35 were performed to assess cardiac function inmice. The PM2.5-exposedmice exhibited a significant lower

http://n2t.net/addgene:155295
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ejection fraction (EF) and fractional shortening (FS) than that of controls, which was pronounced between PM2.5 and control
group at day35 (Figure 1b). As clearly visible in time, cardiac systolic function was gradually reduced in the PM2.5-exposed mice
(Figure S1H), which suggest prolonged time-effects after PM2.5 exposure.
To further investigate the potential effect of PM2.5-induced lung injury on the heart, cardiac apoptosis protein markers were

assessed at day36. As shown in Figure 1c and d, respiratory exposure to PM2.5 significantly increased the ratio of Bax/Bcl-2, and
cleaved caspase 3/total caspase 3 in mice heart (Figure 1c and d).

To evaluate whether cardiac dysfunction is related to PM2.5-induced lung injury, we isolated PM2.5- or PBS-exposed lung
and bronchi to culture ex vivo and collected these exposed ex vivo fluids to treat NRCMs subsequently. The PM2.5-exposed ex-
vivo fluids (Ex-PM2.5) contribute to an elevated Bax/Bcl-2 and cleaved caspase3/total caspase3 in NRCMs compared to Ex-Ctr
exposed group. (Figure 1e and f).

Epithelial cells are important for respiratory function in lungs and several chronic pulmonary diseases have a common patho-
biology basis of epithelial repair dysfunction (Guillot et al., 2013; Spella et al., 2017). To investigate whether post PM2.5-exposure
induced cardiac dysfunction is associated with epithelial cells, we utilised human bronchial epithelial cells (Beas-2B) and exposed
them to PM2.5 in vitro and collected the supernatant followed by centrifugation at 3000 × g for 5 min. Subsequently, we exposed
NRCMswith the supernatants of PM2.5 or PBS exposed Beas-2B cells for 24 h and assessed cell apoptosis (labelled with SB-PM2.5
and SB-Ctr, respectively). SB-PM2.5 exposure caused increases in Bax/Bcl-2 and cleaved caspase3/total caspase3 compared to SB-
Ctr (Figure 1g). All these data demonstrated that subacute PM2.5-exposure induced cardiac dysfunction could be mediated via a
damage to lung epithelium.
During long-term PM2.5 exposure, oxidative and inflammatory reaction were identified asmediators of cardiac dysfunction or

cardiomyocytes apoptosis (Newby et al., 2015; Pope et al., 2016). To investigate whether inflammatory mediators affected cardiac
function in our model, inflammatory factors (TNFα, IL-1β, IL-6) were assessed in mice at day36. Within the respiratory system,
short-term exposure of PM2.5 slightly but not significantly changed cardiac inflammatory factors (Figure S2A), suggesting an
inflammatory-independent pathway occurred in PM2.5-induced cardiac dysfunction.
To further investigate the potential cross talk between lungs and heart, we separated sEV from mice serum and used these

sEV to evaluate the effect of lung injury on cardiomyocytes apoptosis in vitro. sEV characterisation demonstrated a typical cup-
shaped structure (Figure 1h), with an average diametre of 95 ± 5 nm in both groups (Figure 1i). The presence of typical protein
markers such as CD9, CD63, Tsg101, Alix and negative marker (calnexin) were shown in Figure 1h. Approximately 40 μg of total
sEV protein was supplemented to the FBS-free culture medium of NRCMs for 48 h. NRCMs were subjected to TUNEL staining
after sEV treatment. PM2.5-sEV exposure significantly increased the number of TUNEL positive cardiomyocytes compared to
PBS-sEV (Figure 1j and k), indicating PM2.5-sEV exacerbated NRCMs apoptosis.

Together, these results demonstrated that subacute PM2.5 exposure induced cardiac dysfunction was connected to lung injury,
which is time dependent. Moreover, a potential crosstalk mediated by EVs may exist between lungs and heart in response to
PM2.5 exposure.

. PM. exposure promotes EVs secretion via altering extracellular subpopulations

We speculated that EVs may be involved in the crosstalk between lungs and heart upon PM2.5 exposure. To confirm this hypoth-
esis, we isolated EVs from PM2.5-exposed Beas-2B supernatants and measured these EVs through SP-IRIS. The enriched EVs,
SB-Ctr-EVs and SB-PM2.5-EVs, both displayed a cup-shaped morphology by TEM (Figure 2a). Interestingly, SP-IRIS analysis
indicated that PM2.5 exposure promotes EVs secretion via increasing the number of CD63-positive, CD-81 positive and CD-9
positive EVs compared to control group (Figure 2b). Protein markers such as CD63, CD9, Tsg101, Alix and negative marker Cal-
nexin were shown by western blot (Figure 2c). Similar size (60 ± 4 nm) of SB-Ctr-EVs and SB-PM2.5-EVs were displayed by SP-
IRIS (Figure 2d). Immuno-colocalisation imaging indicated that PM2.5 exposure did increase the number of CD63/CD81/CD9
colocalisation EVs compared to control group (Figure 2e). These data demonstrated that PM2.5 exposure significantly increased
CD63, CD81 and CD9 positive nanoparticles in vitro.

. GW improves sub-acute PM.-induced cardiac dysfunction in vivo

To validate whether small EVsmediated PM2.5-induced cross talk between lungs and heart, GW4869, an inhibitor of sEV release,
was used. GW4869 injection significantly reversed PM2.5-induced EF and FS reduction (Figure 3a and b), demonstrating that
inhibition of sEV attenuates PM2.5-induced cardiac dysfunction. Mice heart slices were used for TUNEL staining/α-actinin
immunostaining/Hoechst staining to evaluate cardiomyocytes apoptosis in PM2.5-exposed mice. Post-PM2.5 exposure caused
an increase in TUNEL positive cardiomyocytes in the slices and GW4869 injection significantly reversed PM2.5-induced car-
diomyocytes apoptosis (Figure 3c). Western blotting results indicated that subacute PM2.5 exposure caused cardiac apoptosis via
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F IGURE  PM2.5 exposure alters extracellular particle subpopulations. (a) The morphology of SB-ctr and SB-PM2.5 derived EVs were displayed by TEM
imaging. Scale bar = 50 nm. (b) Number of EV-marker captured subpopulations (derived from PM2.5-exposed Beas-2B cell supernatant) were analysed by
Single-Particle Interferometric Reflectance Imaging Sensor (SP-IRIS). (c) Protein marker such as CD63, CD9, Tsg101, Alix and negative marker (calnexin) were
assessed by western blot. (d) Size distribution and (e) immune-colocation of EVs were performed by SP-IRIS. The chips were coated with antibodies against
anti-human CD81, CD63, CD9, respectively. Anti-mouse IgG is the negative control. Fluorescent antibodies against CD81, CD63 and CD9 were used for
colocation. Data were represented as mean ± SD. n = 3. ***p < 0.001 from comparing Ctr- and PM2.5-exposed groups. SB-Ctr-EVs: EVs derived from Beas-2B
cell supernatants after exposure to PBS. SB -PM2.5 -EVs: EVs derived from Beas-2B cell supernatants after exposure to PM2.5 for 24 h. SB-Ctr: Supernatants of
PBS-exposed Beas-2B cells. SB-PM2.5: Supernatants of PM2.5-exposed Beas-2B cells
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elevating the ratio of Bax/Bcl-2, cleaved caspase 3/total caspase 3, while GW4869 attenuated cardiac apoptosis via suppressing
Bax/Bcl-2 and cleaved caspase 3/total caspase 3 (Figure 3d and e).

Together, inhibition of sEV release by GW4869 could attenuate PM2.5-induced cardiac dysfunction and cardiomyocyte apop-
tosis in vivo, suggesting a mediating effect of sEV on cardiac dysfunction post PM2.5 exposure.

. GW attenuates acute PM.-induced cardiomyocyte apoptosis in vitro

To confirm the effect of pulmonary-derived sEV on cardiomyocytes apoptosis, we isolated lung, tracheal and bronchus from
PM2.5-exposed orGW4869-treatedmice and cultured them ex vivo. NRCMswere exposed to ex vivo supernatant and underwent
TUNEL staining. Intraperitoneal injection of GW4869 significantly attenuated Ex-PM2.5 induced NRCMs apoptosis (Figure 3f).
In line with the result of TUNEL staining, western blotting results showed that GW4869 treatment repressed Ex-PM2.5 induced
Bax/Bcl-2 increase in NRCMs (Figure 3g). These data revealed that inhibition of sEV release by GW4869 could reverse the
pulmonary injury-induced cardiomyocytes apoptosis. In line with the results ex vivo, SB-PM2.5 exposure also promoted the
apoptosis of NRCMs and GW4869 treatment attenuated SB-PM2.5-induced NRCMs apoptosis, including a reversal in TUNEL
positive NRCMs numbers (Figure 3h) and Bax/Bcl-2 ratio (Figure 3i).

. Respiratory system derived sEV packaging miR- mediates cardiomyocytes apoptosis and
cardiac dysfunction post PM. exposure

To determine which sEV-linked mediators may cause cardiomyocytes apoptosis post-PM2.5 exposure, we explored literature
and public sequencing data systematically based on biological function, circulating and EVs-packed abundance of exogenous
microRNAs. We identified a well conserved, PM2.5-associated EVs-miRNA (miR-421, 1.26 ± 0.32, p = 0.0003 of PM2.5 com-
pared to control), based on previous reports (Rodosthenous et al., 2016; Shu et al., 2015) that played important roles in regulating
smoke-associated lung injury (Izzotti et al., 2011) and hypoxia-associated cardiac infarction (Liu et al., 2020; Wang et al., 2015).
As shown in Figure S3, subacute respiratory exposure to PM2.5 increased the content of miR-421 (mmu-miR421-3p) in heart
tissue and serum-derived sEV (Figure S3A–S3B). To determine whether the increasing miR-421 in the heart are associated with
the respiratory system, we further detected miR-421 level in PM2.5-exposed Beas-2B cells and supernatants-derived sEV, respec-
tively. Interestingly, our data showed that PM2.5 exposure did not alter the content of pri-miR-421 in Beas-2B cells (Figure S3C),
while reduced cellular miR-421 in Beas-2B (Figure 4a) and caused an increase in sEV-packed miR-421 (Figure 4b). Then, we
used GW4869 to treat Beas-2B cells prior to PM2.5 exposure to block sEV secretion and then collected the supernatants to
treat NRCMs. SB-PM2.5 increased miR-421 level in NRCMs whereas GW4869 pretreatment reversed PM2.5-induced miR-421
increases (Figure 4c), suggesting that inhibiting small EVs could block PM2.5-induced cardiacmiR-421 increase in vitro. Together,
these data demonstrated that PM2.5 exposure could promote the release of miR-421 from epithelial cells to the extracellular space
through sEV, which may cause cardiomyocytes apoptosis.
To investigate whether miR-421 linked EVs mediated cardiac dysfunction post-PM2.5 exposure, we designed functional defi-

ciency experiments in vivo and in vitro. Especially, we constructed AAV9-miR421-sponge to inhibit cardiac miR-421 inmice and
investigated the role of miR-421 in PM2.5-induced cardiac dysfunction. Briefly, mice received AAV9-miR421-sponge and its con-
trol at a dose of 1012vg/mice via tail vein injection 1 day before PM2.5 instillation (Figure 4d). The knockdown efficiency of AAV-
miR421-sponge was more than 60% (Figure 4e). Compared to AAV9-Ctr group, AAV9-miR421-sponge significantly reversed
EF (from 50% to 61%) and FS after PM2.5 exposure (Figure 4f). Consistently, AAV9-miR421-sponge reduced the number of

F IGURE  GW4869 improves acute PM2.5-induced cardiac dysfunction in vivo and in vitro. (a) Representative images of echocardiography
measurement at day35 in PM2.5 or PM2.5+GW4869 treated mice. Quantitation of (b) Ejection fraction and fractional shortening (n = 16–18) and (c) TUNEL
positive cardiomyocytes (CMs) (n = 5) in heart sections. Scale bar = 50μm. (d) Protein expression of Bax, Bcl-2, cleaved caspase 3 and total caspase 3 by
western blot and (e) relative quantitation results of the ratio of Bax/Bcl-2, cleaved caspase 3/caspase 3 in mice heart tissues. n = 6. (f) Representative images of
TUNEL/α-actinin/Hoechst staining in NRCMs after exposure to Ex-Ctr, Ex-PM2.5 or Ex-(PM2.5+GW4869) for 24 h and the quantitation results of TUNEL
positive NRCMs. Scale bar = 50μm. n = 5. (g) Protein expression of Bax and Bcl-2 after Ex-Ctr, Ex-PM2.5 and Ex-(PM2.5+GW4869) treatment were assessed
by western blot in NRCMs. n = 6. (h) TUNEL/α-actinin/Hoechst staining in NRCMs after exposure to SB-Ctr, SB-GW4869, SB-PM2.5 or
SB-(PM2.5+GW4869) for 24 h and TUNEL positive NRCMs were quantitated. n = 5. (i) Protein expression of Bax and Bcl-2 were assessed by western blot in
NRCMs after exposure to SB-Ctr, SB-GW4869, SB-PM2.5 or SB-(PM2.5+GW4869) for 24 h. n = 6. Data were represented as mean ± SD. *p < 0.05, **p < 0.01
and ***p < 0.001, respectively, from comparing control- and PM2.5-exposed groups. p-values were calculated by one way (b, f, g) or two-way ANOVA (c, e, h
and i) with Tukey correction for multiple comparisons. Ex-Ctr: ex vivo culture supernatants of PBS-exposed mice lung and bronchi. Ex-PM2.5: ex vivo culture
supernatants of PM2.5-exposed mice lung and bronchi. Ex-(GW+PM2.5): GW4869 were administrated to mice for 2 hours prior to exposure to PM2.5.
Separating the lungs and bronchi from these mice at day15 for 48 h and then collected the supernatants. SB-Ctr: Supernatants of PBS-exposed Beas-2B cells.
SB-PM2.5: Supernatants of PM2.5-exposed Beas-2B cells. SB-GW4869: Supernatants of GW4869 treated Beas-2B cells. SB-(GW+PM2.5): Beas-2B cells were
pretreated with GW4869 and then exposed to PM2.5 for 24 h. Collecting the supernatants for use
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TUNEL positive cardiomyocytes (Figure 4g) and Bax/Bcl-2 ratio (Figure 4h), suggesting a protective role of miR421 knockdown
in PM2.5-inuced cardiomyocyte apoptosis.

To assess the potential therapeutical effect of pulmonary miR-421 inhibition in vitro, we suppressed miR-421 in Beas-2B cells
prior to PM2.5 exposure and then collected the supernatants to treat NRCMs. Inhibition of miR-421 in Beas-2B cells attenuated
SB-PM2.5 induced NRCMs apoptosis, including a reduced TUNEL positive NRCMs (Figure 4i) and a reduced ratio of Bax/Bcl-2
(Figure 4j) in SB-miR-421-inhibitor-PM2.5 group compared to SB-NC-PM2.5.

These data demonstrated that pulmonary PM2.5 exposure caused cardiac dysfunction by promoting sEV-miR421 transfer to
cardiomyocytes. Inhibition of pulmonary-derived sEV-miR-421 via GW4869 or AAV9-miR421-sponge could attenuate PM2.5-
induced cardiac dysfunction and cardiomyocytes apoptosis.

. sEV-miR suppresses ACE in heart and cardiomyocytes

To explore the downstreammediators of sEV-miR421 function, we used bioinformatics prediction throughmiRDB database and
based our selection on subsequent literature searches. Among potential target genes, angiotensin converting enzyme 2 (ACE2)
is well-known to be associated with cardiovascular homeostasis. Especially, miR-421 inhibits the expression of ACE2 in primary
fibroblasts frompatient’ hearts with coronary artery bypass surgery (Lambert et al., 2014). Based on the bioinformatics prediction
results (Figure 5a), we performed luciferase reporter assays in 293T containing theACE2 3′-UTRormutant controls. Transfection
with miR-421 mimics but not their negative controls caused a significant decrease in luciferase expression. In addition, miR-421
mimics inhibited the luciferase expression in ACE2 3′-UTR but not its mutant control, providing direct evidence that ACE2 3′-
UTR is the binding site of miR-421 (Figure 5b). Subacute respiratory PM2.5 exposure significantly suppressed the expression of
ACE2 in mice hearts and GW4869 reversed the ACE2 levels in vivo (Figure 5c) and ex vivo (Figure 5d). Inhibition of sEV release
from Beas-2B cells by GW4869 blocked SB-PM2.5 induced ACE2 reduction in vitro (Figure 5e). We then suppressed cellular
miR-421 by using miR-421 inhibitor in Beas-2B cells and collected the supernatants for subsequent NRCMs exposure. Inhibition
of miR-421 in Beas-2B reversed SB-PM2.5 induced ACE2 reduction (Figure 5f). In addition, we performed functional reversal
experiment by inhibiting the expression of ACE2 inNRCMs, prior to exposing to SB-PM2.5 (at the existence of miR-421 inhibitor
or NC). Inhibition of miR-421 in Beas-2B reversed SB-PM2.5-induced cardiomyocytes apoptosis and ACE2 downregulation.
However, inhibition of the expression of ACE2 blocked the protective roles of miR-421 silence on SB-PM2.5-induced NRCMs
apoptosis (Figure 5g).
All these data suggested that cardiac ACE2 was a downstream target of pulmonary sEV-miR-421, which plays crucial roles in

mediating PM2.5-induced cardiomyocytes apoptosis and cardiac dysfunction.
To validate the role of ACE2 in PM2.5-sEV mediated cardiac dysfunction, siRNAs were transfected in NRCMs to inhibit the

expression of ACE2. Inhibition of ACE2 robustly increased TUNEL positive NRCMs (Figure S4A and S4B) and the ratio of
Bax/Bcl-2 (Figure S4C) in basal states, while no longer a deterioration in the Ex-PM2.5 group was visible (Figure S4A–S4C).
Furthermore, silence of ACE2 also caused an increase in TUNEL positive NRCMs (Figure S4D–S4E) and Bax/Bcl-2 ratio (Figure
S4F) in the SB-Ctr group, while no differences in SB-PM2.5 exposed group was present. All these data suggested that ACE2
deficiency could cause cardiomyocytes apoptosis in basal state, whose deficiencymay contribute to PM2.5-induced cardiomyocyte
apoptosis.

F IGURE  Respiratory system derived sEV packaging miR-421 mediates cardiomyocytes apoptosis after PM2.5 exposure. Relative content of hsa-miR-421
in (a) Beas-2B cells, (b) small EVs derived from the supernatants of Beas-2B and (c) NRCMs. n = 5–6. 5S and U6 were used as internal control of cellular
miR-421 and sEV-contained miR-421, respectively. (d) Schematic representation of experimental design in vivo. To investigate the effect of miR-421 in
PM2.5-induced cardiac dysfunction in vivo, AAV9-miR421-sponge and its control (AAV9-Ctr) were utilised to inject into mice followed by PM2.5 exposure.
Echocardiography (Echo) measurement were performed at day35. (e) The knockdown efficiency of mmu-miR421-3p in heart was examined by Realtime PCR
and 5S was used as the control. n = 6. (f) The ejection fraction and fractional shortening of heart at day35 were shown. n = 7,7,12,12. (g) Quantitation of
TUNEL positive cardiomyocytes were analysed in AAV9-Ctr or AAV9-miR421-sponge injected mice heart with or without PM2.5 exposure. n = 6. (h) The
expression of ACE2 and Bax/Bcl-2 were examined in PM2.5-exposed AAV9-Ctr or AAV9-miR421-sponge injected mice heart. n = 6. (i) The NRCMs were
exposed to SB-NC-Ctr, SB-miR-421inhibitor-Ctr, SB-(NC+PM2.5) or SB-(miR-421 inhibitor+PM2.5) for 24 h and then received TUNEL/α-actinin/Hoechst
staining (Scale bar = 50 μm) and TUNEL positive NRCMs were quantitated. n = 5. (j) The protein expression of Bax and Bcl-2 were assessed by western blot
and quantitated by Image J. n = 6. Data were represented as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001, respectively. p-values were calculated by
unpaired Student’s t-test (b, h), one-way ANOVA (a, c), two-way ANOVA with Tukey correction (e, f, g, i and j) for multiple comparisons. SB-Ctr: Supernatants
of PBS-exposed Beas-2B cells. SB-PM2.5: Supernatants of PM2.5-exposed Beas-2B cells. SB-NC-Ctr: Beas-2B cells were transfected with negative control siRNA
followed by exposure to fresh PBS/DMEM and the supernatants were collected. SB-miR421 inhibitor-Ctr: Beas-2B cells were transfected with miR-421
inhibitor followed by exposure to fresh PBS/DMEM and the supernatants were collected. SB-NC-PM2.5: Beas-2B cells were transfected with negative control
siRNA followed by exposure to PM2.5 for 24 h and the supernatants were collected. SB-miR421 inhibitor-PM2.5: Beas-2B cells were transfected with miR-421
inhibitor followed by exposure to PM2.5 for 24 h and the supernatants were collected
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. Overexpression of ACE attenuates PM.-induced cardiomyocytes apoptosis ex vivo and in
vitro

We increased the expression of ACE2 by transfecting overexpressing human ACE2 plasmids (OE-hACE2) or scramble controls
(Scr) intoNRCMs. Apoptosis assessment showed that overexpression of ACE2 could not alter the cell viability in basal conditions
comparing to scramble controls, while reducing TUNEL positive NRCMs (Figure 6a and b) and Bax/Bcl-2 ratio (Figure 6c) in
SB-PM2.5 group. In compliance with the in vitro results, overexpression of ACE2 attenuated Ex-PM2.5 induced increasing in
TUNEL positive NRCMs (Figure S5A and S5B), as well as the ratio of Bax/Bcl-2 (Figure S5C). Together, elevating the expression
of ACE2 could protect cardiomyocytes against PM2.5-induced cell apoptosis.

. DIZE inhibits respiratory PM. exposure-induced cardiac dysfunction and cardiomyocytes
apoptosis

To explore a potential therapeutical strategy for PM2.5-induced cardiomyocytes apoptosis and cardiac dysfunction, DIZE, an
established activator of ACE2, was injected in mice. The procedure of DIZE treatment as well as PM2.5 exposure in vivo was
shown as Figure S6A. Cardiac function was assessed by echocardiography measurement 30-day post injection of DIZE. DIZE
administration reversed the PM2.5-induced EF and FS reduction (Figure 6d), demonstrating an improvement of cardiac function
after DIZE treatment. TUNEL staining data displayed that DIZE administration caused a significant reduction in PM2.5-induced
cardiomyocytes apoptosis inmice hearts (Figure S6B). In compliancewith the TUNEL data, apoptotic-associated proteins assess-
ment indicated that DIZE caused an increase in ACE2 expression and reduced the ratio of Bax/Bcl-2 as well as cleaved-caspase
3/total caspase 3 in PM2.5-exposed mice (Figure 6e).
To further confirm the role of DIZE treatment in PM2.5-induced cardiomyocyte apoptosis, we also performed functional

experiments inNRCMs in vitro. In SB-PM2.5 exposedNRCMs, TUNEL staining showed thatDIZE treatment caused a significant
reduction in TUNEL-positive NRCMs (Figure S6C). Apoptotic protein assessment by western blot showed that DIZE could
upregulate ACE2 expression and suppress Bax/Bcl-2 and cleaved caspase 3/total caspase 3 after SB-PM2.5 exposure (Figure S6D),
which demonstrated a reduced cardiomyocytes apoptosis induced by DIZE treatment after PM2.5 exposure.
All together, DIZE treatment attenuated subacute PM2.5 exposure-induced cardiac dysfunction and cardiomyocytes apoptosis

via improving ACE2 expression, which may be a potential therapeutical strategy for air pollution related CVD.

. ACE suppresses iNOS expression after PM. exposure

Of note, since ACE2 is an important regulator of blood pressure (BP), we assessed systolic blood pressure (SBP) and diastolic
blood pressure (DBP) inmice. PM2.5 exposure caused a significant increase in SBP,DBP andmean BP compared to control group,
while DIZE administration attenuated PM2.5-induced high BP (Figure S7A), suggesting a possible involvement of endothelium.
Therefore, markers of endothelial injury such as endothelial nitric oxide synthase (eNOS) and iNOS was detected. Our data
showed that PM2.5 exposure did not alter the expression of cardiac eNOS (Figure S7B), while promoting the expression of cardiac
iNOS (Figure S7C). Same conclusion was drawn in HUVEC (Figure S7D and S7E). These data inspire us to assess the content

F IGURE  sEV-miR421 targets cardiac ACE2 and mediates PM2.5-induced cardiomyocytes apoptosis. (a) The bioinformatics prediction results for
downstream of miR-421 in human and mice through miRDB database. (b) To verify the binding site between miR-421 and ACE2, we constructed luciferase
reporter gene with higher luminescence in the ACE2 3′-UTR and then cotransfected with miR-421 mimic, which caused a significant decrease in the
expression of luciferase. However, miR-421 mimic has no effect on ACE2 3′-UTR mutant luciferase expression. n = 6. (c) The protein expression of ACE2 in
mice heart were assessed by western blot at day36. GW4869 were administrated to mice via intraperitoneal injection every other day. n = 6. The protein
expression of ACE2 in NRCMs after exposure to (d) Ex-Ctr, Ex-PM2.5 or Ex-(PM2.5+GW4869) as well as (e) SB-Ctr, SB-GW4869, SB-PM2.5 or
SB-(PM2.5+GW4869). n = 6. (f) Relative ACE2 expression in NRCMs after exposure to SB-NC-Ctr, SB-miR421 inhibitor-Ctr, SB-NC-PM2.5 or SB-miR421
inhibitor-PM2.5. n = 6. (g) Functional reverse experiment of miR-421 in vitro. NRCMs were transfected with si-ACE2 or negative control and then exposed to
SB-PM2.5 or SB-miR421 inhibitor-PM2.5 for 24 h. Subsequently, NRCMs apoptosis was assessed by TUNEL staining combined with α-actinin/Hoechst
staining. n = 5. Data were represented as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001, respectively. p-values were calculated by one-way ANOVA with
Tukey correction (d) or two-way ANOVA with Tukey correction (b, c, e, f and g) for multiple comparisons. Ex-Ctr: ex vivo culture supernatants of
PBS-exposed mice lung and bronchi. Ex-PM.: ex vivo culture supernatants of PM2.5-exposed mice lung and bronchi. Ex-(GW+PM.): GW4869 were
administrated to mice and then exposed to PM2.5. Separating the lungs and bronchi from these mice at day15 for 48 h and then collected the supernatants.
SB-Ctr: Supernatants of PBS-exposed Beas-2B cells. SB-PM2.5: Supernatants of PM2.5-exposed Beas-2B cells. SB-GW4869: Supernatants of GW4869 treated
Beas-2B cells. SB-(GW+PM2.5): Beas-2B cells were pretreated with GW4869 and then exposed to PM2.5 for 24 h. Collecting the supernatants and
centrifugating removal of pallets for use. SB-NC-Ctr: Beas-2B cells were transfected with negative control siRNA followed by exposure to fresh PBS/DMEM
and the supernatants were collected and centrifugated. SB-miR421 inhibitor-Ctr: Beas-2B cells were transfected with miR-421 inhibitor followed by exposure
to fresh PBS/DMEM and the supernatants were collected. SB-NC-PM2.5: Beas-2B cells were transfected with negative control siRNA followed by exposure to
PM2.5 for 24 h and the supernatants were collected. SB-miR421 inhibitor-PM2.5: Beas-2B cells were transfected with miR-421 inhibitor followed by exposure to
PM2.5 for 24 h and the supernatants were collected. Si-ACE2: ACE2-siRNA
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F IGURE  Upregulation of ACE2 attenuates PM2.5-induced cardiomyocytes apoptosis in vitro and in vivo. NRCMs were transfected with over
expressed-human ACE2 (OE-hACE2) or scramble control (Scr) followed by exposure to SB-Ctr or SB-PM2.5 for 24 h respectively and then received
TUNEL/α-actinin/Hoechst staining. (a) Representative images of TUNEL staining and (b) quantitation of TUNEL positive NRCMs. Scale bar = 50 μm. n = 5.
(c) NRCMs were transfected with OE-hACE2 or scramble control followed by exposure to SB-Ctr or SB-PM2.5 for 24 h respectively and relative expression of
Bax and Bcl-2 were assessed by western blot. n = 6. Diminazene aceturate (DIZE) was used to reveal the effect of ACE2 activation on PM2.5-induced cardiac
dysfunction. Cardiac function was examined by echocardiography at day35. (d) Representative images of cardiac function were obtained by echocardiography,
and cardiac ejection fraction and fraction shorting were quantified. n = 11. (e) The protein expression of ACE2, Bax, Bcl-2, cleaved caspase 3 and caspase 3 in
heart tissue lysates of mice. n = 6. Data were represented as mean ± SD. *p < 0.05, **p < 0.01 and ***p < 0.001. p-values were calculated by two-way ANOVA
with Tukey correction for multiple comparisons
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of iNOS in cardiomyocytes to figure out the original reason of cardiomyocyte apoptosis. As shown in Figure S8A, activation of
ACE2 by DIZE can inhibit the increase of cardiac iNOS after PM2.5 exposure. We further performed experiment to investigate
the regulatory effect between ACE2 and iNOS in NRCMs. Inhibition of iNOS by L-NAME did not alter the content of ACE2
under SB-PM2.5 condition (Figure S8B). Together, these data demonstrated that iNOSwas suppressed by ACE2, whose alteration
may mediate the toxicity of PM2.5 on endothelial cells and cardiomyocytes.

 DISCUSSION

Although previous evidence demonstrates that exposure to particulate pollution contributes to the development of CVD (Bai
et al., 2019; Hayes et al., 2020; Madrigano et al., 2013), the mechanistic basis of this process is not fully elucidated. In this study,
we observed cardiac dysfunction secondary to pulmonary damage after subacute exposure to ambient PM2.5, having a cardiac
deterioration that was time-dependent in vivo. Especially, we identified that pulmonary derived small EVs could transfer miR-
421 and target cardiac ACE2, which mediates PM2.5-induced cardiomyocytes apoptosis and cardiac dysfunction ex vivo and in
vitro. Furthermore, inhibition of EVs secretion, downregulation of miR-421 content or activation of ACE2 can attenuate PM2.5-
induced cardiomyocytes apoptosis and cardiac dysfunction, which would be potential therapeutical strategies for treating air
pollution related CVD.
Some epidemiology studies show that acute, short-term of PM2.5 exposure is associated with increased CVD hospitalisation

(Qiu et al., 2020), especially for heart failure admissions (Stafoggia et al., 2020). Cardiac troponin T assessment demonstrates that
acute PM exposure may elevate myocardial damage (Zhang et al., 2021). However, short-term air pollution exposure does not
influence arterial stiffness (Ljungman et al., 2018). To investigate the role of short-term PM2.5 exposure via respiratory system
on cardiac function, we established a PM2.5 exposure model at a short-term adjust upon previous research (Gao et al., 2020;
Liu et al., 2021). Surprisingly, we found that cardiac function gradually decreased post PM2.5 exposure with time preceding,
demonstrating a potential cross talk occurring between lungs and heart. To confirm the existence of an induced cross talk by
PM2.5, we further performed organ culture ex vivo and bronchial epithelial cells culture in vitro and then collect the supernatants
to treat cardiomyocytes. Ex vivo and in vitro experiments strengthen the hypothesis that cross talk from lungs to heart occurred
in response to PM2.5 exposure.
EVs are considered as important messengers in mediating intercellular communication, which plays crucial roles in several

pathological processes. However, the effect of PM2.5 exposure on particle subpopulation changes is still unclear. Therefore, we
investigated extracellular subpopulation changes in response to PM2.5 in vitro through SP-IRIS and revealed that PM2.5 exposure
caused a significant increase in CD63, CD81 and CD9 colocalisation of small EVs compared to control groups, which may lay
a foundation for exploring PM2.5-associated EV subpopulations. Actually, further verification of the major cargo among these
subpopulations in vivo is still needed. Revealing the specific subpopulation of EV mediating cross talk is crucial to illuminate
the biological mechanism of PM2.5-induced toxicity in vivo, which will be significative. In the present study, since we reveal
that EVs containing miR-421 mediates lungs to heart cross talk after PM2.5 exposure, we performed GW4869 administration to
mice to explore the therapeutical effect. GW4869 administration attenuated PM2.5-induced cardiomyocyte apoptosis and cardiac
dysfunction, which may be a potential strategy for air pollution-related CVD treatment.
To date, multiple causes are considered be associated with high dose or long-term exposure to PM2.5-induced cardiac injury

such as oxidative stress (Gangwar et al., 2020;Wang et al., 2018) and inflammation (Abohashem et al., 2021). Prolonged exposure
to particulate pollution is identified to cause endothelial and systematic inflammation (Pope et al., 2016) and epigenetic changes
(Madrigano et al., 2011), which may contribute to cardiac injury. Although short-term PM2.5 exposure robustly increased pul-
monary inflammation and oxidative stress (Sun et al., 2020; Yue et al., 2019), little studies revealed the mechanism of cardiac
dysfunction after lung injury. Furthermore, it was reported that no changes of systemic inflammatory factors were observed in
previous study (Davel et al., 2012). Therefore, inflammatory reaction is complex in the toxicity of PM2.5, which needs specific
observation depends on different situation. In the present study, to confirm whether pulmonary inflammation and oxidative
stress are associated with short-term exposure of PM2.5-induced cardiac dysfunction, we assess inflammatory factors level in
heart tissues. We did not find significant differences between PM2.5-exposed and PBS exposed hearts, which may be a result
of an adaptive increase in nuclear factor E2-related factor 2 (Nrf2) and anti-inflammatory factors post PM2.5 exposure upon
previous studies in vivo (Xu et al., 2017) and in vitro (Deng et al., 2013; Wang et al., 2016).

ACE2, the homologue of angiotensin-converting enzyme, plays crucial roles in the renin-angiotensin system of the heart
(Donoghue et al., 2000). In the heart, ACE2 has been identified to be expressed in endothelial cells, smooth muscle cells and
cardiomyocytes (Burrell et al., 2005). Increasing evidence demonstrate that ACE2 plays essential roles in regulating cardiac func-
tion and whose disruption can cause cardiac contractility defect (Crackower et al., 2002). Therefore, increased expression or
enzyme activity of ACE2 are found effective in counteracting diseases including CVD. A previous study revealed that enhancing
ACE2 may be a novel therapy for patients with heart failure (Patel et al., 2016). In the present study, we found that activating
ACE2 by DIZE, an activator of ACE2, could protect the mice against PM2.5-induced cardiac dysfunction. In addition, we also
identified a regulator of ACE2, EV-containing miR-421, whose reduction attenuates PM2.5-induced cardiomyocytes apoptosis
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via post-transcriptional regulation of ACE2. The regulating mechanism of miR-421 on ACE2 in our study was consist with pre-
vious research (Lambert et al., 2014). Notably, inhibiting miR-421 flux via AAV9-miR421-sponge significantly improves cardiac
EF from 50% to 61% after PM2.5 exposure, suggesting a protective role of miR-421 knockdown.

Several studies indicate that PM2.5 exposure can cause an increase in iNOS or NO production (Chen et al., 2015; Guo et al.,
2019), whose increase is associated with PM2.5-induced vascular dysfunction (Long et al., 2020) and cell apoptosis (Wang et al.,
2016). Therefore, we investigated the regulatory relationship of ACE2 and iNOS in PM2.5-induced cardiomyocytes apoptosis in
vitro. We found that inhibition of iNOS did not alter the expression of ACE2, while DIZE can suppress the iNOS expression. It
matters important to examine the effect of L-NAME in PM2.5-induced cardiac injury in vivo in the future.

According to a previous study, short-term exposure to ultrafine PM is associated with blood pressure changes in adults (Van
Nunen et al., 2021). To confirm whether blood pressure is associated with ACE2-induced cardioprotection after PM2.5 exposure,
we assessed the BP after PM2.5 exposure inmice and revealed that activatingACE2 byDIZE can attenuate PM2.5-indcued SBP and
DBP increase, demonstrating BP-regulationmechanism induced by ACE2 is associated with PM2.5-induced cardiac dysfunction.
However, we cannot exclude the possibility that PM2.5-induced sEV mediates cross talk between other organs and the heart

post lung injury. Metabolic influence is also an important process involved in PM2.5-associated outcomings. Several evidence
showed that PM2.5 exposure could alter the concentration of metabolites in plasma (Breitner et al., 2016) and the composition
of gut microbiota (Liu et al., 2021). Further studies need to perform to investigate the cross talk between lung-gut microbiota-
heart in response to PM2.5. Previous evidence showed that PM2.5 exposure can alter pulmonary microbiome composition and
disturbedmetabolic pathways (Li et al., 2020). Therefore, whole body exposure system is better tomimic the inhalational toxicity
of PM2.5 compared to intratracheal instillation,which is a limitation of our present study.However, it is difficult to assess the actual
dose (not natural concentration) of particles inhaled into the respiratory system in whole body exposure system; Alternatively,
the majority of the inhalable microorganisms in Beijing’s PM2.5 and PM10 pollutants were soil-associated and nonpathogenic
to human (Cao et al., 2014) (>400 citations). Therefore, we utilized intratracheal instillation with exact dose to build subacute
PM2.5 exposure model. Our conclusion needs to be further verified through whole body exposure system in the future.
Of note,multiple cellsmay participate in PM2.5-induced cardiac dysfunction, includingmacrophage, epithelial and endothelial

cells, etc. The actual role of different cell population in PM2.5-induced cardiac injury needs to be further investigated. Here we
reveal that the respiratory system, especially bronchial epithelial cells derived sEV, contributes to cardiac dysfunction induced by
PM2.5 exposure. Especially, macrophages are known playing crucial role in PM2.5-induced lung inflamamtion (He et al., 2017),
while their role in mediating cross talk to cardiomyocytes are still unknown and deserves further investigation in the future. We
found that cell numbers in BALF, TNF-α and oxidative stress increased in PM2.5-exposed lung tissue, indicating macrophage,
neutrophils and epithelial cells involved in lung inflammation in our model. Nevertheless, different from lung tissue, we did not
find a significant increase of inflammatory reaction in heart tissues (Figure S2), indicating a way independent of inflammation
occurred in our model. Given the priority of endothelial cells in uptake EVs from the bloodstream, the effect of endothelial
cells during the cross talk should be investigated. Especially, whether the soluble component of PM2.5 particles directly influence
endothelial function in vivo and how long does PM2.5 particles last in pulmonary tissue are still challenging because of the
difficulty of PM2.5 tracking.
In conclusion, we revealed for the first time that cardiac dysfunction is secondary to pulmonary injury and is time-dependent

in short-term of PM2.5-exposed mice. These outcomings in response to PM2.5 seems to be mediated by sEV-induced crosstalk
between lung and heart. The respiratory system derived sEV contains miR-421 and suppresses cardiac ACE2 expression, which
causes cardiomyocytes apoptosis and cardiac dysfunction. Injection of GW4869 or DIZE can attenuate PM2.5-induced cardiac
dysfunction. Our study will help to understand the mechanism underlying ambient PM2.5 and CVD development and provide
potential new direction for therapeutical interventions for air pollution related disease therapy.
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