
Ambient particulate matter affects occludin distribution and
increases alveolar transepithelial electrical conductance

Juan C Caraballo*, Cecilia Yshii*, Whitney Westphal*, Thomas Moninger†, and Alejandro P
Comellas*

*University of Iowa, Internal Medicine Department, Iowa City, Iowa
†University of Iowa, Central Microscopy Research Facility, Iowa City, Iowa

Summary at a glance
This work studies the effects of particulate matter and diesel exhaust particles on alveolar barrier
integrity in vitro. Our results show that these particles alter tight junction integrity, specifically the
Occludin and ZO-1 association. These effects are prevented by blocking of mitochondrial ROS
production, suggesting a central role of this organelle in the effects observed.

Background and objective—Inhaled particulate matter (PM) causes lung inflammation and
epithelial dysfunction. However, the direct effect of PM on alveolar epithelial barrier integrity is
not well understood. Our aim is to determine whether PM exposure affects the alveolar epithelial
cells (AEC) transepithelial electrical conductance (Gt) and tight junction (TJ) proteins.

Methods—Human AEC (A549) and primary rat AEC were exposed to PM of <10 μm in size
(PM10) and diesel exhaust particles (DEP), using titanium dioxide (TiO2) as a control for particle
size effects. Gt and permeability to fluorescein isothiocyanate-dextran (FITC-dextran) were
measured to assess barrier integrity. TJ integrity was evaluated by analyzing penetration of
Lanthanum nitrate (La3+) under transmission electron microscopy. Surface proteins were labeled
with biotin and analyzed by Western blot (WB). Immunofluorescence was performed to assess co-
localization of TJ proteins including occludin and zonula occludens-1 (ZO-1). PM induced
dissociation of occludin-ZO-1 was evaluated by co-immunoprecipitation.

Results—PM10 and DEP increased Gt and disrupted TJ after 3h of treatment. PM10 and DEP
induced occludin internalization from the plasma membrane into endosomal compartments and
dissociation of occludin from ZO-1. Overexpression of antioxidant enzymes Manganese
Superoxide Dismutase (MnSOD) and Catalase, prevented PM-induced Gt increase, occludin
reduction from the plasma membrane and its dissociation from ZO-1.

Conclusions—PM induces alveolar epithelial dysfunction in part via occludin reduction at the
plasma membrane and ZO-1 dissociation in AEC. Furthermore, these effects are prevented by
overexpression of two different antioxidant enzymes.
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Introduction
Strong epidemiological data links ambient particulate matter (PM) to morbidity and
mortality due to cardiopulmonary diseases1-3. Acute exposure to PM is associated with an
increase in daily mortality, asthma and COPD exacerbations4-7. Furthermore, exposure to
extraordinary high levels of PM, such as indoor air pollution from the use of biomass fuel8, 9

and during historic episodes of severe airborne pollution in Pennsylvania (1948) and London
(1952)10, affects significantly lung function and health. More recently, rescue workers at the
world trade center showed substantial loss in pulmonary function during the first year after
the event (2001)11, and Aldrich et al reported that this loss of pulmonary function was not
recovered after 7 years from the original event12.

The alveolar epithelium serves as a physical barrier and part of innate immunity against
inhaled particles and microorganisms13. Accordingly, alveolar epithelial dysfunction plays
an important role in the development of lung injury. However, there is a paucity of data
regarding the direct effects of PM on the integrity of the alveolar epithelial barrier. A
functional alveolar epithelial barrier requires the formation of intercellular interactions via
cell adhesion proteins14. These include E-cadherin and tight junctions (TJ). TJ are the most
apical junction and delineate the apical and basolateral surface of epithelial cells. It has been
reported that air pollutants alter Occludin distribution in airway epithelial cells15.

We hypothesize that PM induces an increase in ROS generation, leading to a reorganization
of TJ proteins and development of a dysfunctional alveolar epithelial barrier. In order to test
this, we set out to determine the effect of PM on primary rat and human AEC, measuring
transepithelial electrical conductance (Gt), an indicator of epithelial barrier integrity, and
cell adhesion proteins abundance at the plasma membrane.

Methods
A more detailed description is provided in the supplementary data section.

Particles and reagents
All reagents where purchased from Sigma-Aldrich (St Louis, MO) unless indicated
otherwise. Particulate matter <10μm diameter (PM10) and Diesel exhaust particles (DEP)
were purchased from National Institute of Standards and Technology (Gaithersburg, MD).
Particles were suspended in DMEM at room temperature and sonicated for 10 sec to avoid
aggregation.

Cells
Primary rat alveolar type II epithelial cells were isolated from male Sprague Dawley rats as
previously described16. Day of isolation is designated as Day 0, cells were used day 3 and 4.
Human alveolar epithelial cells (A549) were obtained from ATCC. ρ0 cells were generated
by incubating A549 cells in medium containing ethidium bromide (50ng/ml), sodium
pyruvate (1mM), and uridine (50μg/ml) for 4–6 weeks17. Use of animal was approved by
the Animal Care and Use Committee of the University of Iowa.

Transepithelial Electrical Conductance (Gt)
Transepithelial electrical resistance (Rt) was measured with Millicell Electrical Resistance
System (ERS) (Millipore Corporation, Bedford, MA) and Gt was calculated as the
reciprocal of Rt.
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Lanthanum nitrate
After treatment, cells were fixed and then incubated with a 1:1 solution of 0.2M Lanthanum
Nitrate and 0.2M Sym-Collidine with 2% Osmium tetroxide on the apical side. 0.2M Sym-
Collidine was maintained without Lanthanum nitrate in the basolateral side of the cells. The
cells were then dehydrated and embedded in resin. Sections were observed under
transmission electron microscope (TEM).

Adhesion of cells to E-Cadherin-Fc
E-cadherin dependent adhesion of cells to E-cadherin coated plates was assed as described
by Zabner et al18. Cells were labeled with Calcein-AM (5ng/ml) and incubated for 30min at
37°C. Cells were then harvested and plated on E-cadherin coated plates and allowed to bind
for 45min at 37°C. Cells were treated with PM10 for 3h and then wells were washed to
remove detached cells from the plate. Fluorescence was measured to assess the remaining
amount of cells attached to the plate.

Cell surface biotinylation
After treatments, cell surface proteins were labeled using 1mg/ml EZ-link NHS-SS-Biotin
(Pierce Chemical, Rockford, IL). Thereafter, cells were harvested and 100ug of cell lysate
proteins were incubated overnight at 4°C with streptavidin beads with end-over-end rotation.
Biotinylated proteins were eluted from the beads and analyzed with SDS-PAGE.

Adenovirus infection
Cells were infected with 20pfu/cell of adenovirus, empty or containing the plasmid of
interest (e.g. MnSOD (Ad5CMVMnSOD) and Catalase (Ad5CMVCat) (gifts from Dr. J.
Engelhardt, through University of Iowa, Viral Core))19,20. Inducible Bcl-xL adenovirus (gift
from Dr. Budinger GR, Northwestern University).

Immunofluorescence
After treatment, cells were fixed and immunofluorescence labeling was performed by
exposing cells to primary antibodies, using monoclonal anti-occludin and polyclonal anti-
ZO-1 (Invitrogen, Carlsbad, CA). Cells were then exposed to Cy3-coupled goat anti-rabbit
and FITC-coupled goat anti-mouse antibodies (Invitrogen). Cells were visualized under
confocal fluorescence microscope.

Statistics
Comparison between experimental groups was made with one way ANOVA test. The
unpaired Student t-test was used to test for significance. Statistical significance was set as p-
value <0.05. Data is shown as mean ± SE.

Results
PM induces alveolar epithelial dysfunction independently of cell death/injury

We determined whether PM disrupts the alveolar epithelial barrier by examining the effect
of PM10 on 4kDa FITC-Dextran permeability and Gt in primary rat AEC. Gt is an indicator
of ion flux through the epithelium, hence of barrier integrity. Unlike human AEC, primary
rat AEC are capable of forming TJ when cultured, making it possible to assess Gt. Primary
rat AEC were plated on inserts and permeability to FITC-Dextran was measured by
determining the basolateral/apical ratio (B/A) of fluorescence at different time points. As
shown in Figure 1A, PM10 increased the permeability to FITC-dextran after 24h of
exposure. In addition, exposure to PM10 (50μg/cm2) increased Gt in a time-dependent
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manner, becoming statistically significant after 2h of treatment (Fig. 1B). Our dose of
suspension particles is comparable to that used by previous authors that have studied other
effects of PM on lung epithelial cells21-23, and could be equivalent to lower doses when
exposed in air-liquid interface24.

Death of conforming cells of a monolayer can lead to disruption of the epithelial barrier. PM
induces p53 expression and apoptosis of AEC at 24 hours25. We examined the role of cell
death in PM-induced changes in permeability and Gt. Cell death, measured by LDH release
and propidium iodide fluorescence, was not significantly different after 3h of PM10 and DEP
treatment when compared to TiO2 and control (data not shown), suggesting that changes in
Gt observed at 3h are not a consequence of cell death. Furthermore, we infected AEC with
adenovirus with B-cell lymphoma-extra large (Bcl-xL) gene, in order to prevent apoptosis26

(Supplementary data Fig. 1S). As shown in Figure 1C, overexpression of Bcl-xL prevented
the PM-induced increase of FITC-dextran permeability after 24h of treatment but failed to
prevent PM-induced increase of Gt at 3h (Fig. 1D).

To further study paracellular permeability, La3+ movement through the TJ was evaluated in
primary rat AEC using transmission electron microscopy (TEM) as described by Flynn et
al27. La3+ is an electron dense element with a radius of 0.4nm and TJ are impermeable to it
under normal conditions. Since TiO2 is an inert particle, it was used as a control in these
experiments to discern whether particles themselves have an effect on paracellular
permeability in primary rat AEC. DEP form part of PM10 and are able to reach the alveolar
space due to their small size. Consequently, we decided to test the effect of DEP on the
alveolar epithelial barrier as well. As shown in Figure 1E, exposure to PM10 and DEP for 3h
caused La3+ to pass through the intercellular space, while AEC treated with TiO2 remained
impermeable to the tracer.

PM decreases membrane occludin, but it does not affect other tight or adherens junction
proteins

The effect of PM10 on several cell adhesion proteins was examined. After 3h of treatment,
surface proteins were analyzed by western blot (WB) and immunofluorescence (IF) staining.
PM10 did not affect the abundance at the plasma membrane of E-Cadherin, or Claudin 5, 3
& 18 (see supplementary Fig. 2S).

Although there was no change observed in the amount of surface E-cadherin in AEC, we
decided to assess the effect of PM on physical adhesion of E-cadherin, since the integrity of
the adherens junctions can influence the integrity of the TJ28, 29. Adherens junction adhesion
was determined as previously described by Zabner et al18 (see methods). As shown in
Figure 2A, PM10 did not affect the adhesion of cells to E-cadherin coated plates, while
treatment with ethylenediaminetetraacetic acid (EDTA), a calcium chelator, or pretreatment
of plates with an E-cadherin blocking antibody (RR1), significantly reduced the proportion
of cells that remained attached to the plate. Accordingly, PM neither affects the quantity of
E-Cadherin on the membrane nor the capacity of this protein to form homologous
associations.

As shown in Figure 2B, exposure to PM10 significantly decreased occludin abundance at the
plasma membrane after two hours of treatment. Exposure to PM10 and DEP for 3h reduced
occludin abundance at the plasma membrane, in primary rat AEC as well as in human AEC
(A549) (Fig. 2C). Despite this the latter cannot form adequate TJ in culture. However, total
abundance of occludin is not altered by any of the treatments, as shown in Figure 2D.
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Occludin is incorporated into endosomal compartments after exposure to PM
Endosomal compartment was separated by sucrose gradient30. This fraction was then
analyzed by WB in order to determine whether reduced surface occludin correlates with an
increase in the endosome. Chloroquine pretreatment was required in order to inhibit
lysosomal degradation of occludin and allow its accumulation in endosomal compartments.
As shown in Figure 3A, occludin increased in the endosomal compartment of pretreated
human AEC exposed to PM10 for 3h. Chloroquine treatment alone did not affect the PM-
induced Gt increase (Fig. 3B), nor PM-induced decrease in plasma membrane occludin
abundance in AEC (Supplementary Fig. 3S).

PM-induced Gt increase and reduction of occludin abundance at the plasma membrane is
prevented by overexpression of antioxidant enzymes

Mitochondrial ROS production plays an important role in the PM-induced effects on AEC,
such as cell death, nuclear factor kappa-B (NF-κB) activation, and inflammation22,31. We
investigated the role of the mitochondria on the effects of PM10 on occludin abundance at
the plasma membrane in A549-rho-0 (ρ0) cells, which lack the necessary enzymatic
machinery to generate mitochondrial ROS29,32. As shown in Figure 4A, PM10 exposure for
9 hours substantially decreased the occludin abundance at the plasma membrane, while ρ0
cells did not show any reduction. Furthermore, we infected cells with adenovirus containing
plasmids with genes for MnSOD and Catalase, antioxidant enzymes localized respectively
in the mitochondria and cytosol (Supplementary Fig. 4S). Overexpression of these enzymes
prevented PM-induced Gt increase (Figure 4B), and reduction of occludin abundance at the
plasma membrane in AEC (Figure 5A and 5B). These results suggest a role of mitochondrial
ROS in PM-induced Gt increase and occludin reduction at the plasma membrane in AEC.

PM induced occludin and ZO-1 dissociation is prevented by overexpression of MnSOD and
Catalase

Occludin is bound to cytoskeleton primarily by its association with ZO-1, representing an
important component of TJ architecture. Primary rat AEC were grown on inserts and treated
with TiO2, PM10 and DEP for 3h; confocal microscopy was then performed. As shown in
Figure 6, treatments with PM10 and DEP but not TiO2 reduced the colocalization of
occludin and ZO-1. The effect of PM on the association between ZO-1 and occludin was
also determined by co-immunoprecipitation. As shown in Figure 7A, PM10 and DEP
decrease the association between these two proteins, compared with control and TiO2
treatments. In addition, Overexpression of MnSOD or Catalase prevented this effect (Fig.
7B).

Discussion
Our results show that PM induces an increase in Gt, a reduction of occludin abundance at
the plasma membrane and its dissociation from ZO-1, without affecting other TJ proteins
such as claudins or the adherens junction, E-cadherin. Also, we determined that PM-induced
Gt increase within 3h is not a consequence of PM-induced cell death/injury in AEC.
Furthermore, we show that the mitochondria is required for PM-induced occludin reduction
at the plasma membrane, and overexpression of Manganese Superoxide Dismutase
(MnSOD) and Catalase prevent the PM-induced Gt increase, as well as occludin reduction at
the plasma membrane and occludin-ZO-1 dissociation in AEC.

PM with a diameter less than 10μm can penetrate the airways, but only smaller particles
with an aerodynamic diameter of less than 2.5μm (PM2.5) are capable to reach the alveolar
space and potentially be responsible for injuring the alveolar epithelium. DEP has this size
range and represents an important fraction of PM2.5

33. Consistent with this, our results show
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that DEP and PM10 had similar effects on AEC, causing disruption of TJ and the alveolar
barrier. Conversely, TiO2, an inert particle, does not share any of the effects of PM10 or
DEP, suggesting that the composition of these particles, rather than the size, is responsible
for the observed effects in AEC.

Occludin internalization occurs in response to cytokines, bacteria, toxins and calcium
depletion34, 35. Trafficking of occludin as well as its interaction with other proteins, such as
ZO-1, is key in the regulation of TJ and paracellular permeability36. Our results are
consistent with other authors who have shown that occludin and its association with ZO-1,
regulate epithelial barrier integrity37-39. Since localization of occludin at the plasma
membrane is dependent on phosphorylation of different residues at its C terminal
domain37, 40 we speculate that kinases activated by an increase in ROS production, such as
PKC-zeta or MAPK41, 42, can mediate the effects of PM on TJ, causing its dissociation from
ZO-1 and the cytoskeleton, resulting in a loss of TJ integrity.

PM induces an inflammatory response in the lung as well as oxidative damage43. Oxidative
stress plays a central role in disruption of epithelial barriers, not only in the lung but in
blood-brain and in the intestinal barrier44,45. PM induces ROS generation in AEC, primarily
from complex III of the mitochondrial electron transport chain22. It has been reported that
redistribution of occludin and reorganization of TJ are induced by increased hydrogen
peroxide (H2O2) in endothelial cells42. ROS plays a role mediating PM-induce effects, since
cells are protected by overexpression of antioxidant enzymes and lack of mitochondrial ROS
in p0 cells as observed in figures 5 and 7.

PM induces apoptosis of AEC and activation of cell death pathways is required for PM-
induced increase in alveolar permeability25, 46. Accordingly, our results support the
hypothesis that PM-induced cell death seems to be associated to changes in permeability to
larger molecules after 24 hours of PM exposure, while increases in paracellular permeability
to ions occur earlier and are a consequence of TJ dysfunction and not cell death. These
results suggest that PM impairs the alveolar epithelial barrier by different mechanisms. The
implications of these results are related to previous reports that have shown that TJ
dysfunction is associated with the development of inflammation34. We consider that
strategies to prevent PM-induced lung inflammation should take into consideration, not only
the cell death machinery activated by air pollutants, but the effect of these particles on TJ
integrity in the alveolar epithelial barrier.

In summary, our results support the hypothesis that PM triggers dissociation of occludin
from ZO-1 and alveolar epithelial barrier dysfunction and these effects are prevented by
overexpression of antioxidant enzymes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PM disrupts alveolar epithelial barrier
Panel A & B. Primary rat AEC were plated on inserts and at day 3 of isolation were treated
with PM10 (20μg/cm2). Permeability to 4 kDa FITC-dextran (A) and Gt (B) were measured
at different time points (1, 2, 3, 6, 9 & 24 hours). Panel C & D. 24 hours after infection of
AEC with adenovirus containing Bcl-xL plasmid, cells were treated with PM10 (20μg/cm2)
and permeability to FITC-dextran was measured at 24h (C) and Gt was determined at 3h
after treatment with PM10 (20μg/cm2) (D). Panel E. Primary rat AEC were treated for 3h
with 50μg/cm2 of TiO2, PM10 or DEP, they were then fixed and stained with La3+ on the
apical side of the insert and observed under transmission electron microscopy. Electron
dense La3+ penetrates the TJ (arrows) into the intercellular space after treatment with PM10
and DEP but not with TiO2. Graph represents mean ± SEM (n=3). * p<0.05 when compared
with control.
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Figure 2. PM reduces occludin abundance at the plasma membrane in AEC
Panel A. Human AEC were treated with calcein-AM and allowed to attach to a protein G
plate coated with E-cadherin-Fc chimera (schematic representation on the right). Cells were
treated with PM10 (20μg/cm2) for 3h; wells then were washed and fluorescence of
remaining cells was measured. Panel B. Human AEC were treated with PM10 (20μg/cm2)
for 1, 2 and 3 hours, surface proteins were then labeled with biotin and pulled down with
streptavidin beads, WB of these proteins is shown. Panel C. Human and primary rat AEC
were treated with 20μg/cm2 of TiO2, PM10 or DEP and surface protein were labeled with
biotin and pulled down with streptavidin beads and analyzed by WB. Panel D. Total cell
lysate of human and rat AEC were analyzed by WB after treatment with PM10 and DEP
(50μg/cm2). Representative blots and quantitative analysis of three independent experiments
are shown. Graph represents mean with dots representing each individual experiment. *
p<0.05 when compared with control.
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Figure 3. PM increases occludin abundance into the endosomal compartments in AEC
Panel A. AEC were treated with PM10 (20μg/cm2) for 3h in the presence or absence of
lysosome inhibitor chloroquine (100μM). Endosomal fraction was separated by sucrose
gradient and occludin abundance was analyzed by WB. Panel B. Incubation with
chloroquine (100μM) does not affect the PM-induced increase in AEC Gt. Shown are
representative blots and quantitative analysis of three independent experiments. Graph A
represents mean with dots representing each individual experiment and Graph B represents
mean ± SEM (n=3). * p<0.05 when compared with control.
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Figure 4. Mitochondrial ROS mediate PM-inducedGt increase and occludin reduction in AEC
Panel A. WT and ρ0 human AEC were treated with PM10 (20μg/cm2) for 3h, then, surface
proteins were labeled with biotin and pulled down with streptavidin beads and analyzed by
WB. Panel B. Primary rat AEC were infected with adenovirus containing Catalase and
MnSOD plasmids, 24h after infection, cells were treated with 20μg/cm2 of TiO2, PM10 or
DEP for 3h and Gt were measured. Shown are representative blots and quantitative analysis
of three independent experiments. Graph A represents mean with dots representing
individual experiments and Graph B represents mean ± SEM (n=3). * p<0.05 when
compared with control.
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Figure 5. Overexpression of MnSOD and Catalase prevent PM-induced occludin reduction at
the plasma membrane in AEC
Panel A & B. AEC were infected with empty adenovirus or adenovirus containing MnSOD
and Catalase plasmids. 24h later, cells were exposed to PM (50μg/cm2) for 3 h.
Overexpression of antioxidant enzymes prevent reduction of occludin at the plasma
membrane after treatment with PM10 and DEP in human (A) and primary rat (B) AEC.
Shown are representative blots and quantitative analysis of three independent experiments.
Graph represents mean with dots representing individual experiments. * p<0.05 when
compared with control.
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Figure 6. PM decreases colocalization of Occludin and ZO-1
Primary rat AEC treated with TiO2, PM10 or DEP (50μg/cm2) for 3h were then fixed with
anhydrous methanol and incubated with antibody against occludin (thin arrow) and ZO-1
(thick arrows), images were merged to assess colocalization (yellow arrows). Images are
representative of three independent experiments.
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Figure 7. PM causes dissociation of Occludin and ZO-1
Panel A. Co-immunoprecipitation of occludin after treatment with of TiO2, PM10 or DEP
(50μg/cm2) for 3h. Total cell lysate was incubated with polyclonal anti-occludin antibody
and pull down with protein G agarose beads. Pulled down proteins were analyzed by WB.
Panel B. AEC were infected with empty adenovirus or adenovirus containing MnSOD and
Catalase plasmids. 24h later, cells lysate were exposed to TiO2 or DEP (50μg/cm2) for 3h.
Co-immunoprecipitation of occludin was then performed. Total cell lysate was incubated
with polyclonal anti-occludin antibody and pull down with protein G agarose beads. Pulled
down proteins were analyzed by WB. Shown are representative blots and quantitative
analysis of three independent experiments. Graph represents mean with dots representing
individual experiments. * p<0.05 when compared with TiO2
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