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ABSTRACT

Exposure to particulate matter (PM) associated with air pollution remains a major public health concern, as it
has been linked to significant increase in cardiopulmonary morbidity and mortality. Lung endothelial cell (EC)
dysfunction is one of the hallmarks of cardiovascular events of lung exposure to PM. However, the role of PM in
acute lung injury (ALI) exacerbation and delayed recovery remains incompletely understood. This study tested a
hypothesis that PM augments lung injury and EC barrier dysfunction via microtubule-dependent mechanisms.
Our data demonstrate that in pulmonary EC PM caused time- and dose-dependent remodeling of actin cytos-
keleton and considerable destabilization of the microtubule (MT) network. These events led to the weakening of
cell junctions and formation of actin stress fibers, resulting in disruption of lung EC monolayer and increased
permeability. PM also caused ROS-dependent activation of MT-specific deacetylase, HDAC6. Suppression of
HDACS6 activity by pharmacological inhibitors or siRNA-based depletion of HDAC6 abolished PM-induced EC
permeability increase, which was accompanied by reduced activation of stress kinase signaling, inhibition of Rho
cascade, decreased IL-6 production and suppressed activation of its downstream target STAT3. Pretreatment of
pulmonary EC with IL-6 inhibitor led to inhibition of STAT3 activity and decreased PM-induced hyper-perme-
ability. Because one of the major activators of Rho-GTPase, GEF—H1, is localized on the MT, we examined its
involvement in PM-caused EC barrier compromise. Inhibition of GEF-H1 activation significantly attenuated PM-
induced permeability increase. Moreover, combined inhibition of IL-6 and GEF-H1 signaling exhibited additive
protective effect. Taken together, these results demonstrate a critical involvement of MT-associated signaling in
the PM-induced exacerbation of lung EC barrier compromise and inflammatory response.

1. Introduction

mitochondrial reactive oxygen species (ROS) release plays a critical role
in the development of these pathological cascades [8,9]. Moreover, PM

Particulate matter (PM) air pollution has now been well recognized
as a major global environmental health concern which contributes to
3.3 million premature deaths per year worldwide [1]. Multiple epide-
miological studies have established that exposure to PM is a trigger for
many cardiovascular and respiratory disorders such as ischemic heart
disease, chronic obstructive pulmonary disease, acute lower respiratory
illness and lung cancer [2-4]. In regards to the mechanisms of PM-
induced cardiopulmonary pathologies, the studies have shown that PM
accelerates inflammation-mediated thrombosis [5-7]. PM-induced

may also alter the expression of inflammatory molecules through
complex pathways including DNA methylation-mediated epigenetic
modification and changes in microRNAs expression [10-12].

Both in vitro as well as in vivo findings have provided evidence that
PM induces lung injury and inflammation via endothelial dysfunction
[13-15]. Endothelial cells (EC) are the key components of lung barrier
and any compromise to EC barrier integrity leads to vascular leak and
inflammation. It has long been suggested that EC could be the target of
PM exposure, but underlying mechanisms of PM-induced EC
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Fig. 1. PM induces EC barrier disruption by activation of Rho and IL-6 production. A - HPAEC monolayers were treated with indicated concentrations of PM
(5-50 pg/cm2) and transendothelial resistance across the monolayers was measured over time. Bar graph depicts comparative measurements of TER performed in EC
monolayers stimulated with various PM doses after 1 h and 6 h of treatment; n = 5; *p < 0.05. Data are expressed as mean * SD. B - PM-treated (20 pg/cm2) EC
were subjected to Rho-GTP pulldown assay using Rhotekin beads. The total Rho protein in cell lysates was used as a normalization control. The levels of: C - phospho-
MYPT1, phospho-MLC; and D - phospho-STAT3 were detected by Western blotting with corresponding antibodies. Bar graphs depict quantitative densitometry
analysis of western blot experiments; n = 5; **p < 0.05. Data are expressed as mean *+ SD. E - Cells seeded on 96-well plates coated with biotinylated gelatin were
pre-treated with JAK inhibitor (5uM) or Rho inhibitor Y27632 (2 uM) for 30 min followed by treatment with PM (20 ug/cm?) or IL-6/IL-6 soluble receptor (20/
40 ng/mL) for 6 h and Thrombin (0.2 U/mL) for 10 min. At the end, FITC-avidin (25 ug/mL) was added for 3 min, unbound FITC-avidin was washed out, and FITC
fluorescence was determined; n = 4, *p < 0.05. Data are expressed as mean * SD. F - The levels of IL-6 in the conditioned medium were determined by ELISA after
6 h of exposure to PM. Normalized data are presented as mean *+ SD; n = 4, *p < 0.05.

dysfunction are less understood. Nevertheless, IL-6 and Rho-mediated
disruption of EC barrier function by PM has been reported [16,17].

In the recent years, microtubules (MT) have been identified as key
regulators of endothelial permeability, but the role of MT in PM-caused
EC permeability remains virtually unknown. MT cytoskeleton plays a
critical role in the control of cell division and intracellular trafficking of

organelles and proteins. Increasing evidences suggest that MT also play
an active role in the regulation of endothelial permeability via cross-
talk with actin cytoskeleton [18,19]. MT cycle between polymerized
and depolymerized states and this dynamics is controlled by post-
translational modifications of tubulin such as acetylation of tubulin,
which confers MT stability [20,21]. A growing body of evidence
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Fig. 2. PM causes MT destabilization. A - Cells were treated with vehicle, PM (20 ug/cm2 6h), or MT destabilizing agent nocodazole (Noc, 0.5 uM, 30 min) and MT
fractionation was performed as described in Methods. Equal total protein amounts from both soluble (depolymerized, D) and pellet (polymerized, P) cellular fractions
were run for Western blotting to detect a-tubulin. Bar graphs depict quantitative densitometry analysis of polymerized a-tubulin bands in western blot experiments;
n=>5; **p < 0.05. Data are expressed as mean * SD. B - HPAECs were treated with vehicle or PM (20 ug/cm? 6h). The cells were then subjected for im-
munofluorescence staining with antibody to acetylated tubulin. Results are representative of three independent experiments. C - Cells were treated with 20 pg/cm? of
PM for 1h or 6 h, and cell lysates were analyzed by Western blotting to detect acetylated a-tubulin. Probing for total a-tubulin was used as a normalization control.
Bar graphs depict quantitative densitometry analysis of western blot experiments; n = 3; **p < 0.05. Data are expressed as mean + SD. D - HPAECs were pre-
treated with vehicle or N-acetyl cysteine (NAC, 1 mM, 30 min) followed by stimulation with vehicle or PM (20 ug/cm?, 6h). The cells were then subjected for
immunofluorescence staining with a-tubulin antibody. Results are representative of three independent experiments. E - Cells pretreated with vehicle or NAC (1 mM,
30 min) were challenged with PM (20 ug/cm?, 6 h) and acetylated a-tubulin was analyzed by Western blotting with acetylated a-tubulin antibody. Probing for total
a-tubulin was used as a normalization control. Bar graphs depict quantitative densitometry analysis of western blot experiments; n = 3; **p < 0.05. Data are
expressed as mean = SD.

suggests that MT destabilization induced by various agonists impairs from Lonza (Allendale, NJ) and used at passages 5-8. All experiments
endothelial function by the activation of Rho pathway [22-27]. Fur- were performed in EGM growth medium (Lonza) containing 2% fetal
thermore, tubulin deacetylation by histone deacetylase 6 (HDAC6) is bovine serum unless otherwise specified. Antibodies to B-actin, o and
described as an essential mechanism of MT destabilization [28]. HDACs acetylated tubulin were purchased from Sigma (St. Louis, MO); dipho-
are a group of enzymes that deacetylate lysine residues from histones as spho-MLC, phospho-STAT3, NFkB, HDAC6, GEF-H1 and HRP-linked
well as non-histones proteins and HDAC6 falls under class IIb which is anti-mouse and anti-rabbit IgG antibodies were from Cell Signaling
primarily localized in cytosol, where it deacetylates tubulin within the (Beverly, MA). N-acetyl cysteine was from Sigma (St. Louis, MO). Texas
MT structures leading to MT destabilization [29,30]. Red phalloidin and Alexa Flour 488 conjugated secondary antibodies

In this study, we sought to determine the role of MT-associated were obtained from Molecular Probes (Eugene, OR). JAK inhibitor I

signaling pathway in mediating PM-induced endothelial dysfunction. (Cat# 420099), Rho kinase inhibitor Y-27632 (Cat# 688000) and
More precisely, we tested the hypothesis that oxidant stress-caused MT Tubastatin A (Cat# 382187) were received from EMD Millipore

destabilization via upregulation of HDAC6 activity leads to MT desta- (Billerica, MA). All other biochemical reagents were from Sigma unless
bilization accompanied by Rho-GTPase activation that ultimately re- otherwise specified. Particulate matter: we used an urban PM collected
sults in endothelial permeability and inflammation. from ambient air in Washington, DC (National Institute of Standards

and Technology standard reference material, SRM 1649b). The char-
2. Materials and methods acteristics of PM have been described by National Institute of Standards

and Technology. (SRM 1649b: Urban Dust/Organics. US Department of
2.1. Cell culture and reagents Commerce: https://www-s.nist.gov/srmors/view_detail.cfm?srm =

1649B). The product is stable at normal temperatures and pressure.
Human pulmonary artery endothelial cells (HPAECs) were obtained Certificate Date: 12/17/2015. Expiration Date: 7/31/2030.
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2.2. Measurements of transendothelial electrical resistance

The cellular barrier properties were analyzed by measurements of
transendothelial electrical resistance (TER) across confluent human
pulmonary endothelial monolayers grown on gold electrodes using an
electrical cell-substrate impedance sensing system (Applied Biophysics,
Troy, NY) as previously described [27].
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2.3. EC permeability assay for macromolecules

Endothelial permeability to macromolecules was monitored by ex-
press permeability testing assay (XPerT) developed by our group [31]
and now available from Millipore (Vascular Permeability Imaging
Assay, cat. 17-10,398). The quantitative XPerT assay was performed in
96-well plates by measuring the fluorescence intensity of FITC in Victor
X5 plate reader (PerkinElmer Life Sciences).
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Fig. 3. PM-induced EC barrier disruption is mediated via HDAC6 activation. Cells were treated with indicated concentrations of PM (A) or stimulated with 20 ug/
cm?PM with or without NAC (1 mM, 30 min) pretreatment for indicated periods of time (B), and HDAC6 activity assay was carried out as described in Methods;
n = 3, *p < 0.05. C - TER was monitored across HPAECs monolayers challenged with PM in the presence or absence of HDAC6 inhibitor, Tubastatin (TubA, 5 uM or
10 uM). Bar graph depicts TER measurements performed in EC monolayers stimulated with PM with and without TubA pretreatment after 6 h of PM exposure; n = 3;
*p < 0.05. Data are expressed as mean + SD. D - Cell lysates prepared from EC exposed to PM (6 h) with or without TubA pretreatment were analyzed by Western
blotting with acetylated a-tubulin antibody. Bar graphs depict quantitative densitometry analysis of western blot experiments; n = 3; **p < 0.05. Data are ex-
pressed as mean * SD. E - Immunofluorescence analysis of microtubule cytoskeleton in EC exposed to PM with or without TubA pretreatment was performed using
a-tubulin antibody. Results are representative of three independent experiments. F - Cells seeded on biotinylated gelatin-coated plates were pretreated with NAC (0.5,
1 mM) or TubA (5, 10 uM) for 30 min followed by PM challenge for 6 h. After incubation with FITC-avidin for 3 min, excess FITC was washed and fluorescence
intensity of immobilized FITC-avidin was analyzed using microplate reader; n = 5, *p < 0.05. G - Pulmonary EC with or without TubA pretreatment (10 uM, 30 min)
were stimulated with PM (20 pg/cm?, 6 h) and subjected for immunofluorescence staining to visualize F-actin with Texas Red phalloidin. Paracellular gaps are
marked by arrows. Results are representative of three independent experiments. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

2.4. Immunofluorescent staining and image analysis

Following agonist stimulation, EC were fixed in 3.7% formaldehyde
solution and permeabilized with 0.1% Triton X-100 in PBS. Incubation
with antibody of interest was performed in blocking solution (2% BSA
in PBS) for 1h at room temperature followed by staining with Alexa
488-conjugated secondary antibodies. Actin filaments were stained
with Texas Red-conjugated phalloidin. After immunostaining, the
images were captured using an inverted microscope Nikon Eclipse
TE300 connected to SPOT RT monochrome digital camera and image
processor (Diagnostic Instruments, Sterling Heights, MI). The images
were processed with Adobe Photoshop 7.0 (Adobe Systems, San Jose,
CA).

2.5. siRNA transfections

Pre-designed HDAC6 and GEF-H1 siRNAs were purchased from
Ambion (Austin, TX) and transfection in EC was done as described
previously [32]. Non-specific RNA (Dharmacon, Lafayette, CO) was
used as a control. Cells were used for experiments after 72h post-
transfection or harvested for western blot verification of specific protein
depletion.

2.6. Immunoblotting

At the end of agonist stimulation, cells were and lysed with cold
TBS-NP40 lysis buffer (20 mM Tris pH 7.4, 150 mM NacCl, 1% NP40)
supplemented with protease and phosphatase inhibitor cocktails
(Roche, Indianapolis, IN). Cell lysates were separated by SDS-PAGE,
transferred to polyvinylidene fluoride (PVDF) membrane, and probed
with specific antibodies. Equal protein loading was verified by re-
probing membranes with antibody to (-actin, a-tubulin or specific
protein of interest. The membranes were developed using an enhanced
chemiluminescence substrate (Thermo Fisher, Waltham, MA).

2.7. MT fractionation assay

MT-enriched fractions were isolated as previously described [27].
After agonist stimulation, cells were incubated with extraction buffer
containing PEM (100 mM Pipes pH 6.75, 1 mM EGTA, 1 mM MgS04),
0.5% NP-40, protease and phosphatase inhibitor cocktail for 10 min at
room temperature. The cytosolic fraction containing soluble tubulin
was collected at room temperature by centrifugation at 12000 rpm for
15 min. The attached cells containing polymerized MT were collected
and used for analysis of MT pool. Equal amounts of the soluble cytosolic
fractions (free tubulin, depolymerized MT) and insoluble pellet (poly-
merized MT) were run on SDS-PAGE and probed with a-Tubulin.

2.8. Rho and GEF-H1 pulldown assays

The active RhoA and GEF-H1 were affinity precipitated from the cell
lysates using purified Rhotekin and RhoA mutant (G17A) beads,

respectively. The amount of activated RhoA and GEF-H1 were quanti-
fied after normalizing to total respective proteins.

2.9. Measurement of HDAC activity

HDACS6 activity was determined using a fluorogenic HDAC6 assay
kit available from BPS Bioscience (San Diego, CA) following the man-
ufacturer's instructions. Briefly, cell lysates diluted in assay buffer were
mixed with the substrate followed by the addition of developer and
measurement of the fluorescence values in a spectrofluorometer at ex-
citation 380 nm and emission 460 nm.

2.10. Measurement of IL-6

IL-6 levels in conditioned medium from control and stimulated
pulmonary EC were determined by ELISA (R&D Systems, Minneapolis,
MN) following manufacturer's protocol. Absorbance was read at 450 nm
within 30 min in microplate reader (Thermomax; Molecular Devices,
Menlo Park, CA).

2.11. Statistical analysis

Results are expressed as means = SD of three to five independent
experiments. Stimulated samples were compared with controls by un-
paired Student's t-test. For multiple-group comparisons, one-way ana-
lysis of variance (ANOVA) followed by the post hoc Fisher's test were
used. P < 0.05 was considered statistically significant.

3. Results

Multiple signaling pathways are involved in mediating barrier disruptive
effects of PM on pulmonary vascular EC. First, we examined whether PM
causes EC barrier disruption in our experimental settings. On measuring
TER values, our results showed that PM induces dose-dependent per-
meability increase in HPAECs in the 5-50 ug/cm?PM treatment range
(Fig. 1A).The extensive studies have now established that activation of
Rho is the central pathway to mediate barrier disruptive effects of
various agonists [33]. Thus, we tested whether PM-induced EC barrier
disruption involves activation of the Rho pathway. The results de-
monstrate that PM robustly activates Rho within 5-30 min after PM
addition (Fig. 1B). Rho activates its downstream effector Rho-asso-
ciated kinase (ROCK), which increases the levels of phosphorylated
myosin light chain (MLC) either by direct phosphorylation of MLC or by
phosphorylation of myosin phosphatase (MYPT) leading to suppression
of MYPT enzymatic activity, ultimately leading to the actomyosin
contraction, stress fiber formation, and EC dysfunction [34]. In agree-
ment with this notion, exposure of pulmonary EC to PM increased the
levels of phospho-MYPT and phospho-MCL (Fig. 1C). These results are
also consistent with a recent study which showed Rho-dependent dis-
ruption of EC barrier by PM [16].

Since earlier studies have suggested that endothelial dysfunction in
PM-induced disorders is accompanied by inflammation [13-15], we
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Fig. 4. Inhibition of HDAC6 attenuates PM-induced
MT destabilization and Rho activation. Cells were
pretreated with 10 uM of TubA for 30 min followed
by PM stimulation (20 ug/cmz, 15min). A - GEF-H1
pulldown assay was performed to capture active
GEF-H1 with immobilized RhoG17A protein beads. B
- Rho-GTP pulldown assay was performed using
Rhotekin beads. Total GEF-H1 and Rho proteins in
respective groups were used as normalization con-
trols. C - Rho-GTP pulldown assay of pulmonary EC
transfected with non-specific (nsRNA) or GEF-H1-
specific siRNA (siGEF-H1) and stimulated with PM
(20 ug/cmz, 15min). D - Western blot analysis of
phospho-MLC levels. Cells were treated as above.
Efficiency of GEF-H1 knockdown was confirmed by
western blot with GEF-H1 antibody. Western blot
analysis of RhoA in total cell lysates and membrane
reprobing for a-tubulin was used as normalization
controls. E - Cells were pretreated with HDAC6 in-
hibitor TubA (10 uM), Rho kinase inhibitor Y27632
(2uM) or ROS inhibitor NAC (1 mM) for 30 min
followed by PM challenge (20pug/cm? 6h) and
analysis of MLC phosphorylation by Western blot. F -
Cells were transfected with non-specific or siRNA
specific to HDAC6 (siHDAC6) followed by stimula-
tion with PM (20 ug/cmz, 6h). Phospho-MLC levels
were detected in cell lysates by Western blot with
phospho-MLC antibody. Membrane reprobing with
a-tubulin and HDAC6 antibodies was performed to
verify equal loading and HDAC6 knockdown, re-
spectively. Corresponding bar graphs depict quanti-
tative densitometry analysis of western blot experi-
ments; n = 3; **p < 0.05. Data are expressed as
mean * SD.

inflammation [35,36]. Our results show that PM exposure induced
phosphorylation of JAK substrate, STAT3, as early as 1 h and persisted
for at least 6 h (Fig. 1D). To further evaluate a role of contractile and
inflammatory signaling pathways in PM-induced EC permeability, we
performed quantitative permeability assay to

test effects of
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pharmacological inhibitors of Rho GTPase and JAK signaling on EC
permeability caused by PM and contractile agonist thrombin (Fig. 1E).
Co-treatment with either a RhoA kinase inhibitor Y-27632 (2 uM), or a
JAK kinase inhibitor (5uM) significantly attenuated EC permeability
induced by PM. Co-treatment with submaximal dose of thrombin
(0.2U/mL) further augmented EC barrier dysfunction caused by PM
(20 pg/cm?). The specificity and potency of inhibitors was verified by
using known activators thrombin and IL-6 of Rho and JAK pathways,
respectively. Detection of IL-6 levels in conditioned medium by ELISA
assay showed that PM treatment stimulated the release of IL-6 in pul-
monary EC in a concentration dependent fashion (Fig. 1F).

3.1. PM causes MT destabilization

Lately, there is a growing appreciation that MT dynamics plays a
crucial role in the regulation of EC barrier [19]. Various EC barrier
disruptive agonists, such as edemagenic agent thrombin or proin-
flammatory cytokine tumor necrosis factor-a (TNFa) cause MT desta-
bilization, suggesting a key role of MT integrity during endothelial
hyperpermeability and inflammation induced by these agonists
[25,27]. We found that PM treatment of lung EC results in MT desta-
bilization as evidenced by dissolution of peripheral MT network
(Fig. 2A). Given that oxidant stress is involved in both PM-induced EC
pathology as well as MT-mediated EC dysfunction [24,37,38], we tested
whether PM destabilizes MT via ROS release.

To monitor PM-induced MT disassembly, we performed MT frac-
tionation assay by isolating depolymerized and polymerized MT frac-
tions as described in Methods. We observed a marked decrease in the
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Fig. 5. HDACG inhibition suppresses PM-induced IL-
6 increase and STAT3 activation. A - Human pul-
monary EC were pre-treated with HDAC6 inhibitor
TubA (10 uM), JAK inhibitor I (5uM) or Rho in-
hibitor Y27632 (2puM) for 30min followed by
treatment with PM (20 ug/cmz, 1h). Western blot
assay using phospho-STAT3 antibody was performed
to detect phospho-STAT3 levels. B - Cells transfected
with non-specific or HDAC6-specific siRNA were
stimulated with PM (20 pg/cm?, 1h), and phospho-
STAT3 levels were evaluated by western blot assay
was performed to determine phospho-STAT3 levels.
HDAC6 knockdown was confirmed by probing with
HDAC6 antibody and a-Tubulin served as loading
control. Bar graphs depict quantitative densitometry
analysis of western blot experiments; n = 3;
**p < 0.05. Data are expressed as mean * SD. C -
IL-6 levels in the EC conditioned medium after 6-h
stimulation with PM were detected by ELISA assay.
Data are presented as mean = S.D.; n =6,
*p < 0.05.

&

PM
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pool of polymerized MT following PM treatment (Fig. 2A). A well-
known MT destabilizer Nocadozole was used as a positive control. We
also evaluated another parameter of MT stability, tubulin acetylation.
EC treatment with PM dramatically reduced the network of acetylated
MT as shown by immunofluorescence staining of EC with antibody to
acetylated tubulin after 6 h of PM treatment (Fig. 2B). PM-induced
decrease in acetylated tubulin levels was further confirmed by western
blotting. PM reduced the acetylated tubulin immunoreactivity in a
time-dependent manner (Fig. 2C). Arrangement of MT cytoskeleton in
control and PM-challenged EC was further evaluated by immuno-
fluorescence staining with a-tubulin antibody (Fig. 2D). Pretreatment
of lung EC with ROS scavenger N-acetyl cysteine (NAC, 1 mM) sup-
pressed the PM-induced MT disassembly. Protective effects of NAC
against PM-induced MT disassembly were associated with NAC-induced
suppression of the PM-induced decline of the pool of acetylated tubulin
(Fig. 2E).

3.2. PM-caused EC barrier disruption is mediated by oxidative stress-
induced HDAC6 activation

Because our results suggested a major role of MT in PM-induced EC
dysfunction, we further investigated the cellular and molecular me-
chanisms involved in this process. HDAC6-mediated deacetylation of
tubulin is a known mechanism of MT destabilization leading to en-
dothelial barrier dysfunction [28,39,40]. Our results show that PM in-
creased HDACG6 activity in pulmonary EC in a concentration-dependent
manner (Fig. 3A). PM-induced elevation in HDAC6 activity was time
dependent and consistent with development of PM-induced EC barrier
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Fig. 6. Proposed mechanisms of PM-induced EC dysfunction via MT destabili-
zation. PM induces ROS generation leading to oxidative HDAC6 activation
which in turn destabilizes MT by deacetylation of a-tubulin within stable mi-
crotubules. MT depolymerization causes release of MT-bound GEF-H1 and
subsequent activation of the Rho pathway. Simultaneously, PM-induced HDAC6
activation via positive feedback regulation of ROS production stimulates IL-6
expression and activation of JAK-STAT3 pathway of EC inflammation and
barrier dysfunction. Both these signaling events ultimately result in increased
EC permeability and inflammation.

dysfunction and was also dependent on oxidative stress, since the cell
treatment with antioxidant NAC attenuated PM-induced HDAC6 ac-
tivity at various time points (Fig. 3B). Next, we performed permeability
assays to confirm the role of HDAC6 in PM-induced EC barrier dis-
ruption. Pretreatment with Tubastatin A (TubA), a pharmacological
inhibitor specific to HDAC6, mitigated the TER drop in PM-challenged
EC in a concentration-dependent manner, indicating improved barrier
function (Fig. 3C). The efficacy of TubA to suppress HDAC6 activity was
verified by western blot analysis of acetylated tubulin levels in total cell
lysates from PM- and PM/TubA-treated EC (Inset, Fig. 3D). Immuno-
fluorescence analysis of MT structure using staining with a-tubulin
antibody showed that, as a result of HDAC6 inhibition, co-treatment of
PM-challenged EC with TubA prevented PM-induced MT remodeling
and preserved peripheral MT structure in the pulmonary EC (Fig. 3E).

MT disassembly stimulates actin stress fiber formation, EC con-
traction, and formation of the intercellular gaps via stimulation of the
RhoA GTPase by its activator, RhoA-specific guanine nucleotide ex-
change factor GEF—H1, released from the microtubules [27,41]. Both
NAC and TubA efficiently reduced PM-induced EC permeability for
FITC-dextran tracer, strongly suggesting the involvement of ROS-
HDACS signaling axis in MT destabilization and EC dysfunction caused
by PM (Fig. 3F). In agreement with MT-dependent mechanism in PM-
induced F-actin remodeling leading to EC barrier dysfunction, PM in-
duced actin stress fibers and gap formation, which was attenuated by
cell pretreatment with HDAC6 inhibitor (Fig. 3G).
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3.3. Inhibition of HDAC6 attenuates PM-induced MT destabilization and
suppresses Rho pathway

The studies from our group have illustrated that release of Rho
activator GEF-H1 from destabilized MT induces EC permeability
[42,43]. To investigate whether similar mechanism exists in PM-in-
duced EC permeability via MT destabilization, we performed GEF-H1
pulldown assay by capturing active GEF-H1 bound to RhoG17A mutant
protein beads. The data show that PM treatment activates GEF-H1 in
pulmonary EC, and this effect is attenuated by the HDAC6 inhibitor
TubA (Fig. 4A). Consistently, TubA inhibited PM-induced activation of
Rho (Fig. 4B). We employed more direct approach of siRNA-mediated
depletion of endogenous GEF-H1 in EC to test the role of GEF-H1 in
exacerbation PM-induced EC permeability. Knockdown of GEF-H1
caused inhibition of PM-induced Rho activation and subsequent de-
crease in phospho-MLC levels (Fig. 4C and D). To further confirm that
all of these aforementioned signaling pathways are involved in PM-in-
duced EC dysfunction, we analyzed PM-enhanced phospho-MLC protein
expression in the presence of inhibitors of oxidative stress, RhoA, or
HDACS6. The results show a marked decrease in phospho-MLC levels in
PM-challenged cells pretreated with ROS and HDAC6 inhibitors, and
complete inhibition of MLC phosphorylation caused by Rho kinase in-
hibitor (Fig. 4E). SiRNA-induced knockdown of HDAC6 also decreased
PM-induced MLC phosphorylation in pulmonary EC (Fig. 4F).

3.4. HDACS inhibition rescues PM-induced IL-6 production and STAT3
activation

We also examined the role of HDAC6 in PM-induced inflammatory
signaling pathway mediated by IL-6 production and subsequent phos-
phorylation of STAT3. PM-caused increase in phospho-STAT3 levels
was markedly decreased in the cells pretreated with antioxidant NAC
and HDAC6 inhibitor TubA. Similarly, reduction of phospho-STAT3 to
basal levels was achieved by the inhibition of JAK, an upstream acti-
vator of STAT3 (Fig. 5A). An essential contribution of HDAC6 in PM-
caused induction of inflammatory signaling was further confirmed by
experiments with siRNA-mediated knockdown of HDAC6, where PM
failed to enhance STAT3 phosphorylation (Fig. 5B). Finally, genetic
inhibition of HDACS significantly attenuated levels of IL-6 released into
the culture medium by pulmonary EC challenged with PM (Fig. 5C).

4. Discussion

PM air pollution is continuously growing severe threat to human
health globally, which ranks fifth among mortality risk factors [44]. A
definite role of PM exposure in the development and progression of
various cardiovascular, respiratory illnesses, and to some extent cere-
brovascular diseases has now been well documented. ECs are vital for
maintaining intact lung function, since increased EC permeability leads
to a wide varieties of lung disorders including pulmonary edema, sepsis,
acute lung injury (ALI) and acute respiratory distress syndrome (ARDS)
[45,46]. A limited number of studies have suggested that ECs could be
the vulnerable target of PM exposure, but precise mechanisms of PM-
induced exacerbation of EC function remain largely unknown. In this
study, we investigated the molecular mechanisms of PM-induced EC
dysfunction. Our results revealed a novel role of MT dynamics regulated
by oxidative stress-mediated activation of HDAC6. These data provide
strong evidence that GEF-H1 release from destabilized MT and ensuing
Rho activation is the key mechanism of PM-induced EC permeability. At
the same time, PM-caused elevation of ROS levels leads to increased IL-
6 production by EC, which also impairs EC barrier function via cano-
nical JAK-STAT3 pathway (Fig. 6). To our knowledge, this is the first
study to allocate the role of HDAC6-dependent MT regulation of EC
barrier function in response to PM exposure.

The contribution of oxidative stress, Rho, and IL-6-dependent
pathways in PM-induced EC dysfunction has been reported [16,17,471],
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but the interplay between these signaling cascades and crucial media-
tors in the suggested mechanisms was lacking. The present study shows
that PM is another inducer of ROS production and oxidant stress, and
LPS and PM share the mechanism of EC barrier disruption via ROS-
dependent depolymerization of MT. The current study provides the
novel mechanistic information substantiating a central role of HDAC6
in PM-induced EC barrier failure via MT-dependent Rho activation.
Increase in generation of ROS appears to be an initial step of PM-in-
duced pathologic effects followed by stimulation of HDAC6 activity and
deacetylation of tubulin leading to MT destabilization. HDAC6 is a
unique deacetylase with cytosolic localization which targets tubulin
and participates in regulation of MT dynamics. Recently, HDAC6 has
gained attention with its new function in controlling vascular perme-
ability [28,39,40].

We have previously demonstrated that activation of ROS production
by bacterial lipopolysaccharide (LPS) decreased pools of polymerized
actin, acetylated tubulin, and reduced the peripheral microtubule net-
work. This effect was blocked by NAC [24]. PM exposure to EC in this
study induced a rapid and sustained activation of HDAC6 that was
dependent on redox signaling. The time frame of PM-induced early
activation of HDAC6 is consistent with activation of GEF-H1-RhoA
pathway and early increase in EC permeability. While we cannot ex-
clude other mechanisms of PM-induced RhoA activation at early time
points, our data strongly suggest a role for ROS-induced HDAC6 acti-
vation as an upstream event leading to activation of RhoA- and IL-6-
mediated mechanisms of PM-induced EC barrier dysfunction
(Figs. 2-5). We also acknowledge potential additional mechanisms
driving the EC barrier failure beyond 24 h of PM exposure, which may
involve activation of EC apoptosis, necroptosis, accelerated senescence,
etc.

ROS scavenger NAC markedly reduced HDAC6 activity and also
improved PM-caused EC barrier dysfunction to a similar degree with
that of HDAC6 specific pharmacological inhibitor Tubastatin A (Fig. 3).
Interestingly, our results also suggest an existence of positive feedback
loop of ROS generation following HDAC6 activation and this additional
ROS formation enhances IL-6 production by EC. This notion is sup-
ported by the results that both pharmacological and genetic inhibition
of HDAC6 attenuates PM-induced IL-6 production and concomitant
activation of STAT3 pathway (Fig. 5). These findings are also consistent
with the previous study, which had shown upregulation of ROS pro-
duction by HDAC6-induced stimulation of expression levels and enzy-
matic activity of NADPH oxidase, one of the key ROS-generating en-
zymes [48].

PM also activated Rho pathway of EC cytoskeletal remodeling and
increased permeability. This study further advances our understanding
of PM-induced activation of Rho signaling reported in recent study [16]
and provides comprehensive evidence of PM-induced Rho activation
via PM effects on MT dynamics. A consensus model of MT-mediated
Rho activation resulting from studies by our and other groups is that
release of MT-associated GEF-H1 activates Rho, which in turn, leads to
formation of actin stress fibers and cell contraction causing endothelial
permeability [42,49,50]. Our data suggest that MT-dependent activa-
tion of Rho pathway was preceded by ROS-mediated activation of
HDAC6, which promoted MT disassembly. Both, the substantial loss of
peripheral MT network and the decrease in the pool of acetylated MT
caused by PM were prevented by cell treatment with antioxidants NAC
and amifostine. The ablation of PM-induced Rho activation by inhibi-
tion of oxidative stress, HDAC6, or GEF-H1 clearly indicates a well-
coordinated sequence of events that dictate PM actions on EC. Based on
these findings, we propose a model whereby PM activates HDAC6 via
ROS generation, and increased HDAC6 activity destabilizes MT with the
release of GEF—H1, which activates Rho to ultimately cause alteration
of EC cytoskeleton.

Our findings demonstrate that in parallel with MT-dependent Rho
activation, PM activates IL-6 mediated canonical JAK-STAT3 pathway
to cause EC dysfunction. Again, the increased IL-6 production by EC in
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response to PM treatment is facilitated by excessive ROS formation. A
role of IL-6 in the development of PM-induced cardiopulmonary
pathologies [5,6] and EC dysfunction [17] is well recognized. In addi-
tion, PM exposure enhances IL-6 expression in lung epithelial cells and
macrophages [5,51], the cells which play essential roles in integral lung
function, together with EC. These findings are highly consistent with an
intriguing finding that PM causes the translocation of IL-6 from lung to
the circulation, thereby inducing systemic inflammation [52]. In line
with these reports, our findings highlight the crucial role of IL-6
mediated inflammatory pathways during PM-induced disorders. Our
data provide novel information about PM-induced signaling events
downstream of IL-6 and show that PM-induced JAK/STAT3 activation
is not only blocked by antioxidants and JAK inhibitor, but it is also
negatively regulated by inhibition of HDAC6. These findings suggest
that activation of HDAC6 might serve as a crosstalk between MT-in-
duced Rho activation and ROS-induced IL-6 production. Inhibition of
ROS signaling prevented PM-induced IL-6 release [53]. Interestingly,
IL-6 production by EC and other cell types may also be dependent on
Rho activation [54,55]. These data suggest an additional positive
feedback mechanism of RhoA and IL6 signaling amplification by PM
[54,55].

5. Conclusion

In conclusion, this study describes a novel ROS/HDAC6-mediated,
MT-associated signaling axis of PM-induced EC dysfunction. The pro-
posed mechanism is summarized in Fig. 6. PM triggers several me-
chanisms (cytosolic and mitochondrial) leading to ROS production.
HDACS6 is one of ROS targets; it becomes activated upon oxidation,
which leads to deacetylation of a-tubulin, destabilization and partial
disassembly of microtubules, and release of microtubule-bound Rho-
specific GEF, GEF—H1. Upon release from MT, GEF-H1 becomes acti-
vated and stimulates Rho-MYPT-MLC mechanism of EC contractile re-
sponse and permeability. Independently on MT regulation, activated
HDACS6 also stimulates inflammatory cytokine IL-6 generation via po-
sitive feedback stimulation of ROS production, which sets an additional
Jak/STAT3-dependent mechanism of EC inflammation and EC barrier
disruption. Inhibition of PM-induced pathologic ROS production or
suppression of HDAC6 activity mitigates PM-induced pulmonary EC
permeability and inflammation. Thus, the dual role of HDAC6 in MT-
dependent Rho activation as well as in ROS-mediated IL-6 production
underscores the potential of HDAC6 inhibitors for the treatment of lung
disorders associated with endothelial hyperpermeability and active
inflammation. Considering the growing severity and adverse effects of
PM air pollution on human health globally, identification of these
crucial signaling pathways may aid in the development of effective
therapeutics against PM-induced cardiopulmonary diseases.
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