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Abstract

Background: Exposure to particulate matter (PM) air pollution may be an important environmental factor leading
to exacerbations of inflammatory illnesses in the GI tract. PM can gain access to the gastrointestinal (GI) tract via
swallowing of air or secretions from the upper airways or mucociliary clearance of inhaled particles.

Methods: We measured PM-induced cell death and mitochondrial ROS generation in Caco-2 cells stably
expressing oxidant sensitive GFP localized to mitochondria in the absence or presence of an antioxidant. C57BL/6
mice were exposed to a very high dose of urban PM from Washington, DC (200 μg/mouse) or saline via gastric
gavage and small bowel and colonic tissue were harvested for histologic evaluation, and RNA isolation up to 48
hours. Permeability to 4kD dextran was measured at 48 hours.

Results: PM induced mitochondrial ROS generation and cell death in Caco-2 cells. PM also caused oxidant-
dependent NF-�B activation, disruption of tight junctions and increased permeability of Caco-2 monolayers. Mice
exposed to PM had increased intestinal permeability compared with PBS treated mice. In the small bowel,
colocalization of the tight junction protein, ZO-1 was lower in the PM treated animals. In the small bowel and
colon, PM exposed mice had higher levels of IL-6 mRNA and reduced levels of ZO-1 mRNA. Increased apoptosis
was observed in the colon of PM exposed mice.

Conclusions: Exposure to high doses of urban PM causes oxidant dependent GI epithelial cell death, disruption of
tight junction proteins, inflammation and increased permeability in the gut in vitro and in vivo. These PM-induced
changes may contribute to exacerbations of inflammatory disorders of the gut.

Background
In human populations, investigators have associated PM
exposure with an increasing number of adverse health
outcomes including all-cause mortality, cardiovascular
mortality, accelerated atherosclerosis in postmenopausal
women, loss of lung function in healthy adults, impaired
lung development in children, exacerbations of obstruc-
tive lung disease, pneumonia and increased risk of
venous thromboembolism [1-11]. Recently, Kaplan et al
reported that individuals younger than 23 years were
more likely to be diagnosed with Crohn’s disease if they
lived in regions with higher NO2 concentrations [12], a

marker of traffic related pollution that correlates with
the levels of PM and an independent group of investiga-
tors reported that exposure to PM was associated with
hospitalizations in patients with inflammatory bowel dis-
ease [13]. PM exposure has also been reported to
increase the risk of appendicitis,[14] the development of
gastroenteritis in children [15] and colorectal cancer
[16-19].
Many of the adverse health consequences of PM are

thought to be caused by the ability of PM to induce cel-
lular oxidative stress, which activates signaling pathways
that contribute to cytokine release and barrier dysfunc-
tion [20]. As the bulk of PM enters the body by inhala-
tion, investigators have used radiolabeled particles to
examine the fate of inhaled particles in rodents [21].
They found that the overwhelming majority of the
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particles (> 95%) are taken up by alveolar macrophages,
brought to the oropharynx by mucociliary clearance and
excreted in the feces [21].
PM may also enter the GI tract directly through swal-

lowed air or through the ingestion of foods such as
vegetables and fruits coated with PM. These findings
suggest that the steady state concentrations of PM in
the GI tract may be similar to those encountered in the
lung. In this paper, we sought to test the hypothesis that
PM exposure can induce oxidant dependent epithelial
dysfunction of the GI tract in mice. We tested our
hypothesis in cell based systems and in mice using a
very high dose of a well characterized urban PM.

Methods
Particulate Matter (PM)
We used an urban PM collected from ambient air in
Washington, DC (National Institute of Standards and
Technology Standard Reference Material, SRM 1649a).
The characteristics of PM have been previously
described [22,23].

Animals and administration of PM via gavage
The protocol for the use of mice was approved by the
Animal Care and Use Committee at Northwestern Uni-
versity and Rush University in Chicago, IL. We used
eight to twelve weeks old, (20-25 g), male, C57BL/6
mice (Jackson Laboratories). Mice were anesthetized
with isoflurane 2-3%. After adequate anesthesia is
achieved, the esophagus was intubated using a mouse
gastric gavage tube and 200 μg of PM suspended in
sterile PBS or PBS only (control) was administered via
gavage tube followed by 100 μl of air to clear the liquid
in the gavage tube. Particulate matter does not dispersed
well in aqueous solutions because it forms aggregates in
PBS or in culture media within several minutes. There-
fore, PM in PBS was vortexed immediately prior to
instillation [24]. After treatment, the gavage tube was
removed gently and the animals were placed in their
cages until harvesting of stomach, small bowel and
colon at 24 and 48 hours. Permeability experiments
were also performed at 48 hours.

Histology
At 24 or 48 hours after treatment with PM, mice were
euthanized for collection of stomach, small bowel and
colon tissue. After harvesting, the tissues were fixed and
paraffin embedded and 5-μm sections were stained with
hematoxylin/eosin.

TUNEL staining of colonic sections
End labeling of exposed 3’-OH ends of DNA fragments
in paraffin-embedded tissue was done utilizing the
TUNEL AP In Situ Cell Death Detection Kit (Roche

Diagnostics Corp.) according to the manufacturer’s direc-
tions. After staining, 20 fields of colonic sections (400x)
were randomly chosen and nuclei and total nuclei were
counted using an automated program (Image J) [25].

Assessment of intestinal permeability in mice
GI permeability was measured based on the intestinal
permeability towards 4000Da-fluorescent-dextran- FITC
(DX-4000-FITC) (FD4000 Sigma-Aldrich, St. Louis, Mo,
USA) as described [26,27]. Briefly, mice were given DX-
4000-FITC by gavage (500 mg/kg body-weight, 125 mg/
ml). After 1 hour, 120 μl of blood were collected via
right atrial puncture. The blood was centrifuged at 4°C,
12000×g for 3 min. Plasma was diluted in an equal
volume of PBS (pH 7.4) and analyzed for DX-4000-
FITC concentration with a fluorescence spectrophot-
ometer at the excitation wavelength of 485 nm and the
emission wavelength of 535 nm. Standard curves were
obtained by diluting FITC-dextran in non-treated
plasma diluted with PBS (1:3 v/v).

Cell culture
Caco-2 cells (a human colon adenocarcinoma cell line)
(American Type Culture Collection, Manassas, VA)
were chosen for our studies because they form mono-
layers that morphologically resemble intestinal cells with
defined apical brush borders. Cells were cultured in
Dulbecco’s minimum essential medium at 37°C, 5%
CO2, 100% relative humidity. Cells were exposed to PM
diluted in media or control vehicle (media). To ensure
equal dispersion, the PM solution was vortexed with the
media before application to the cells. For barrier func-
tion experiments, Caco-2 cells were split at a ratio of
1:2 and seeded at a density of 200,000 cells/cm2 into 0.4
μM Biocoat Collagen I Cell Culture Inserts (0.3 cm2

growth surface; Becton Dickinson Labware, Bedford,
MA) and experiments were performed at least 3 weeks
post-confluence. The confluence of Caco-2 monolayers
was confirmed with transepithelial electrical resistance
(TEER) measurements as described below [28,29]. Only
monolayers of cells with TEER values greater than 250
Ω × cm2 (after subtraction of the bare filter inserts
[100-150 Ω × cm2]) were used for the experiments as
previously described by Turner et al and other investiga-
tors [28,30-33]. The confluent monolayers were exposed
to PM suspended in media or vehicle control (media
alone). To ensure equal dispersion, the PM solution was
vortexed with the media before application to the cells.

Measurement of transepithelial electrical resistance (TEER)
Transepithelial electrical resistance (TEER) was deter-
mined in polarized Caco-2 cell monolayers, cultured in
6-well plates, using a Millicell-ERS Resistance System
(Millipore, Bedford, MA) that includes a dual electrode
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volt-ohm-meter. TEER was calculated as TEER = (Rm-
Ri) × A, where Rm is transmembrane resistance; Ri,
intrinsic resistance of a cell-free media; and A, the sur-
face area of the membrane in cm2 [28,29,34]. The TEER
measurements were performed in serum free media.

Measurement of the apparent permeability coefficient
(Papp) of fluorescein sulfonic acid (FSA)
Barrier permeability was determined using Caco-2 cells
grown to confluence on 6.5-mm/0.4 μm 24-well tissue
culture plate inserts (Transwell, Corning) as we have
previously described [35,36]. The measurements were
performed in serum free media. Permeability of insert
Caco-2 monolayers was evaluated by measurements of
the apparent permeability coefficient (Papp) of the fluor-
escent marker fluorescein-5-(and-6)-sulfonic acid triso-
dium salt (FSA, 200 μg/ml, 478 Da) (Invitrogen) in the
apical to basolateral direction [33]. Fluorescent signals
from samples were measured using a fluorescence mul-
tiplate reader (FSA excitation, 485 nm; FSA emission,
530 nm). The Papp was calculated by the following for-
mula: Papp (cm/sec) = (dQ/dt)/(Co × A), where dQ/dt
is the permeability rate (mol/s); Co is the initial concen-
tration in the donor compartment (mol/ml) and A is
the surface area of the monolayer (0.33 cm2).

Assessment of cell death
Cell death was assessed using a commercially available
photometric immunoassay that detects histone-asso-
ciated DNA fragments (Roche Diagnostics, Indianapolis,
IN) according to the manufacturer’s directions, as we
have previously described [37].

Generation of Caco-2 cells stably expressing
mitochondrially localized oxidant sensitive GFP (mito-Ro-
GFP) probes
An adenoviral vector encoding Ro-GFP with a mitochon-
drial localization sequence (mito-Ro-GFP) was generated
as described previously and commercially amplified
(ViraQuest, Iowa City, IA) [37,38]. A lentiviral vector
encoding the mito-Ro-GFP probe with a mitochondrial
localization sequence was created using the ViraPower
lentiviral transformation kit according to the manufac-
turer’s directions (Invitrogen) as previously described
[37]. Expression of the probe was confirmed by examin-
ing the cells using fluorescence microscopy. Appropriate
localization of the probe to the mitochondria was con-
firmed by co-staining with the mitochondrial probe
MitoTracker (10 μM) (Invitrogen, Carlsbad, CA).

Generation of Caco-2 cells lacking mitochondrial DNA (r0

Caco-2 cells)
The r0 Caco-2 cells were generated by incubating Caco-
2 cells in medium containing ethidium bromide (100

ng/ml), sodium pyruvate (1 mm), and uridine (100 μg/
ml) for 3-5 weeks. The lack of DNA encoding cyto-
chrome oxidase subunit IV was confirmed by PCR using
the primer sequences described previously [37,39,40].
Cells depleted of mitochondrial DNA, or r0 cells, lack
13 proteins critical for normal electron transport.
Although r0 cells contain petite mitochondria, they can-
not support normal oxidative phosphorylation and must
survive and replicate using ATP derived solely from gly-
colysis. Without a functional electron transport chain,
r0 cells cannot generate ATP from electron transport
and their mitochondria are incapable of generating reac-
tive oxygen species [40,41].

Measurement of Reactive Oxygen Species
We employed an oxidant-sensitive ratiometric probe
(Ro-GFP) that was originally described by Hanson and
co-workers who validated its responsiveness to a variety
of intracellular oxidants both ex vivo and in living cells
[42,43]. We generated Caco-2 cells stably expressing the
mito-Ro-GFP probe and measured the oxidation state
of the probe using flow cytometry as we have previously
described [37]. Briefly, the cells were removed from the
plate using trypsin, and equal aliquots of the resulting
suspension were transferred to tubes containing med-
ium alone or medium containing 1 mM dithiothreitol
or 1 mM t-butyl hydroperoxide (t-BOOH). After 10
min, the ratio of fluorescence (emission of 535 nm) at
excitations of 405 and 488 nm was measured in 5,000
cells/condition using a DakoCytomation CyAn high
speed multilaser droplet cell sorter. The oxidation state
of the cells was calculated as follows: (value after treat-
ment - value after dithiothreitol (completely reduced
state))/(value after t-BOOH (completely oxided state) -
value after dithiothreitol (completely reduced state))
[37,38]. In some experiments, we also treated cells with
EUK-134 (20 μM) (Cayman Chemicals, Ann Arbor,
MI), which is a combined superoxide dismutase and
catalase mimetic that has been shown to prolong the
lifespan of the nematode Caenorhabditis elegans and to
prevent alveolar epithelial cell death during injurious
stimuli [44,45].

Immunoblotting determination of nitration and oxidation
of tubulin to assess cytoskeleton
Oxidation and nitration of the tubulin backbone of
microtubules were assessed by measuring protein car-
bonyl and nitrotyrosine formation, respectively [46].
Carbonylation and nitrotyrosination of tubulin were
determined in a similar manner as the quantitative
blotting of tubulin. To avoid unwanted oxidation of
tubulin samples, all buffers contained 0.5 mM dithio-
threitol and 20 mM 4,5-dihydroxy-1,3-benzene sulfonic
acid (Sigma).
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Immunofluorescent staining and high-resolution laser
scanning confocal microscopy of the actin cytoskeleton
Integrity of actin cytoskeleton integrity in monolayers of
Caco-2 cells was determined as previously described
[47]. Cells were subsequently processed by incubation
with fluorescein isothiocyanate (FITC)-conjugated phal-
loidin (specific for F-actin staining, Sigma, St. Louis,
MO), 1:40 dilution for 1 h at 37°C. Desired areas of
monolayers were processed using the image processing
with Zeiss Axiovision and NIH Image J software.

Analysis of NF-�B activation
NF-�B (p65 and p50 subunit) activation was assessed by
ELISA as we have previously described [35,48]. The NF-
�B activity test is based on a validated ELISA principle
in which NF-�B is captured by a double stranded oligo-
nucleotide probe containing the consensus-binding
sequence for either NF-�B p65 or p50 subunits [49].
The results were quantified by a chromogenic reaction,
which was then read for absorbance at 450 nm by a Sei-
vers NOA 280 microplate analyzer (Sievers, CO) [49].

Immunofluorescence staining of zonula occludens-1 (ZO-
1) and occludin for tight junction morphology
Immunofluorescence staining for ZO-1 and occludin
was performed in Caco-2 cells and fresh frozen mouse
small bowel tissue sections using primary anti-ZO-1
antibody (Zymed) (1:200 dilution) or for anti-occludin
antibody (Zymed) (1:100 dilution) for1 hour at 37°C fol-
lowed by incubation with a secondary antibody (fluores-
cein isothiocyanate-conjugated goat anti-mouse; Sigma-
Aldrich, St. Louis, MO; 1:50 dilution) for 1 hour at
room temperature. Imaged areas of monolayers were
processed using Zeiss Axiovision and NIH Image J
image processing software.

Evaluation of tight junction disruption
Caco-2 cells were stained for ZO-1 and the slides were
examined for their overall morphology, orientation, and
disruption as we previously described [35,50]. To avoid
bias, the slides were coded so that the examiner was
blinded to the experimental protocol. After the scoring
was complete, the slides were decoded for analysis.
Briefly, the “ZO-1 integrity” in Caco-2 cells was consid-
ered abnormal or injured based on one or more of the
following criteria: fragmentation, kinking, disruption of
actin cortex, or detachment from membrane areas
(areas of cell-to-cell contact). We examined 200 cells
per slide (well) by LSCM microscopy, and the percen-
tage (%) of cells displaying normal ZO-1 or abnormal
ZO-1 was determined (e.g., 90 cells [displaying injured
ZO-1] divided by 200 is equal to 45% abnormal ZO-1
or 55% normal ZO-1). Overall, at least 1,200 cells per
group (200 × 6 slides) were examined in four different

fields by LSCM and the percentage of cells displaying
normal ZO-1 was then determined per treatment group.

Statistics
Differences between groups were explored using analysis
of variance. When the analysis of variance indicated a
significant difference, individual differences were
explored using t tests with a Dunnett correction for
multiple comparisons against control conditions. All of
the analyses were performed using GraphPad Prism ver-
sion 4.00 for Windows (GraphPad Software, San Diego,
CA).

Results
Particulate matter induces a dose-dependent ROS
generation and cell death in colonic epithelial cells
We previously reported that exposure of alveolar epithe-
lial cells to PM10 collected from Düsseldorf, Germany
induced the generation of ROS [51]. To determine
whether PM can induce ROS generation in the GI tract
epithelia, we treated Caco-2 cells stably expressing mito-
chondrial oxidant sensitive GFP (mito-Ro-GFP) with
vehicle (media) or different concentrations of urban PM
from Washington, D.C. Four hours later, we assessed
PM-induced ROS production by measuring the oxida-
tion of the probe. Treatment with t-butyl hydroperoxide
was used as a positive control. Exposure of Caco-2 cells
to PM caused a dose-dependent ROS generation from
the mitochondria (Figure 1A). To determine whether
PM can induce cell death in the GI tract epithelia, we
treated Caco-2 cells with vehicle (media) or different
concentrations of PM for 24 hours and measured apop-
totic cell death (DNA fragmentation). Exposure of
Caco-2 cells to PM caused a dose-dependent increase in
the percentage of TUNEL positive cells (Figure 1B).

The generation of mitochondrial ROS is required for PM-
induced cell death in colonic epithelial cells
We treated Caco-2 cells stably expressing mitochondrial
oxidant sensitive GFP (mito-Ro-GFP) with vehicle
(media) or different concentrations of PM from
Washington, D.C in the absence or presence of the
combined superoxide dismutase and catalase mimetic,
EUK -134 (20 μM), which was added to the media 1
hour before exposure. We then measured oxidation of
the mitochondrially localized probe 4 hours later and
apoptotic cell death 24 hours later. Both PM-induced
ROS generation and cell death were attenuated in cells
treated with (EUK-134) therapy (Figure 2A,B).
To determine whether mitochondrially generated ROS

are required for PM-induced cell death, we generated
Caco-2 cells lacking mitochondrial DNA (r0 Caco-2
cells). Wild type and r0 Caco-2 cells were infected with
an adenovirus encoding the mito-Ro-GFP, and the
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oxidation of the probe was measured at 4 hours after
treatment with PM (25 μg/cm2) suspended in media or
control vehicle (media) using flow cytometry. Compared
to wild-type cells, r0 Caco-2 cells produced minimal
ROS in response to PM (Figure 2C). We treated wild-
type and r0 Caco-2 cells with PM and measured cell
death 24 hours later. Compared with wild-type cells,
PM-induced cell death was attenuated in the r0 Caco-2
cells (Figure 2D).

Exposure to PM causes oxidant-dependent NF-�B
activation and increased permeability in Caco-2 cell
monolayers
As oxidant stress in the gut oxidation has been asso-
ciated with activation of the nuclear transcription factor,

NF-�B [52], we measured NF-�B in Caco-2 cells
exposed to either PM or vehicle (PBS). Exposure to PM
caused a dose-dependent increase in NF-�B activity,
which was prevented by, EUK-134 (Figure 3A).
Intestinal barrier disruption has been implicated in

several intestinal and systemic disorders and has been
associated with ROS generation, NF-�B activation
and cell death [50,53]. We treated Caco-2 cells with
either vehicle (media) or different concentrations of
PM and assessed the permeability of the monolayer
by measuring the transepithelial electrical resistance
(TEER) (Figure 3B) and the apparent permeability
coefficient (Papp) of fluorescein sulfonic acid (FSA)
in the apical to basolateral direction (Figure 3C and
3D). Exposure to PM caused an increase in perme-
ability (Figure 3).

Exposure to particulate matter causes nitration and
oxidation injury and disruption of the microtubule
cytoskeleton of intestinal cell monolayers
We assessed the effect of PM induced ROS generation
on the cytoskeleton by measuring the amount of nitra-
tion (nitrotyrosination) and oxidation (carbonylation)
of tubulin in Caco-2 cells as previously described [46].
Oxidant (H2O2, 0.5 mM) alone resulted in substantial
levels of nitration (nitro and oxidation of the tubulin
cytoskeleton (Figure 4A and 4B)). Exposure to Caco-2
cells to PM caused nitration and oxidation of the tubu-
lin cytoskeleton, which was evident even at the lowest
dose of PM (0.5 μg/cm2). High-resolution laser scan-
ning confocal microscopic evaluation of Caco-2 mono-
layers confirmed that intestinal cells exhibited
abnormal architecture of the microtubule cytoskeleton
after treatment with PM. The changes seen at highest
dose of PM (50 μg/cm2) were similar to those seen
from cell monolayers that are challenged with H2O2

(Figure 4C).

Exposure of Caco-2 cells to particulate matter causes
disruption of tight junctions
To determine whether PM-induced increased permeabil-
ity in monolayers of Caco-2 cells is associated with
changes in their tight junctions, we stained monolayers
of Caco-2 cells for ZO-1, a tight junction protein. Caco-
2 cells exposed to PM had discontinuity and irregularity
of ZO-1 distribution at the intercellular junctions sug-
gesting the loss of tension in intestinal cells. ZO-1 was
rearranged from an uninterrupted band along cell bor-
ders into radially oriented sporadic aggregates (Figure
5A). The severity of tight junction disruption estimated
from blinded analysis of ZO-1 stained sections for their
overall morphology, orientation, and disruption was
increased in PM compared with control treated Caco-2
cells (Figure 5B).

Figure 1 Particulate matter induces dose-dependent ROS
generation and cell death in colonic epithelial cells. (A) Caco-2
cells stably expressing an oxidant-sensitive GFP probe (mito-Ro-GFP,
lentivirus) were treated with control vehicle (media) or different
doses of PM. The percentage oxidation of the probe was measured
using flow cytometry 4 hours later. The t-butyl hydroperoxide (t-
BOOH) was used as a positive control. (B) Caco-2 cells were treated
as described above and cell death (DNA fragmentation via enzyme-
linked immunosorbent assay) was measured 24 hours later. (*P <
0.05 PM compared with PBS, n ≥ 4).
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Exposure to PM causes increased gut permeability and
inflammation and colonic epithelial cell death in mice
To determine whether PM exposure affects GI epithelia
in vivo, we treated mice with PM administered via
gavage and harvested the stomach and colon 48 hours
later. Exposure to PM did not cause any detectable his-
tologic changes in the GI tract (Figure 6). However,
compared to PBS treated animals, mice exposed to PM
exhibited an increase in IL-6 mRNA in the small bowel
and colon suggesting that PM induces an inflammatory
response in the gut (Figure 7A).
We measured the permeability of the gut permeability

to a 4kD dextran (Figure 7B) 48 hours after the

administration of PM or PBS via gavage. PM exposure
was associated with a significant increase in permeabil-
ity. We then counted the number of TUNEL-positive
nuclei observed in colonic sections obtained 48 hours
after treatment with PM or PBS. Treatment with PM
was associated with an increase in the number of
TUNEL positive nuclei (Figure 7C). Forty-eight hours
after treatment with PM, we observed a significant
reduction in the mRNA encoding ZO-1 measured by
qRT-PCR in the small bowel and colon (Figure 7D).
The ZO-1 protein expression in the small bowel did not
change significantly after PM treatment (Figure 7E).
Examination of ZO-1 and occludin stained sections of

Figure 2 The generation of mitochondrial ROS is required for PM-induced cell death in colonic epithelial cells. (A) ROS production and
(B) cell death were measured 4 and 24 hours, respectively, after treatment of Caco-2 cells stably expressing mitochondrial oxidant sensitive GFP
(mito-Ro-GFP) with control (media) or PM in the absence or presence of the combined superoxide dismutase and catalase mimetic, EUK -134 (20
μM). (C) ROS production and (D) cell death were measured at 4 and 24 hours, respectively, after treatment of wild-type Caco-2 cells and Caco-2
cells lacking mitochondrial DNA (r0 CaCo-2 cells) with vehicle (media) or PM. The t-butyl hydroperoxide (t-BOOH) was used as a positive control.
(P < 0.05 *PM compared with PBS, **EUK-134 compared with vehicle, n ≥ 4).
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Figure 3 Exposure of Caco-2 cells to PM causes oxidant-dependent NF-�B activation and increased permeability. (A) NF-�B activation
was measured in Caco-2 cells treated with vehicle (PBS) or different doses of PM in the absence or the presence of the combined superoxide
dismutase and catalase mimetic, EUK -134 (20 μM). NF-�B activation was presented as % activation compared to H2O2 (positive control). To
evaluate the permeability of the Caco-2 monolayer, cells were treated with either vehicle (media) or different concentrations of PM and (B)
transepithelial electrical resistance (TEER) was measured over time. (C) TEER values compared to control (as percent control) at 2 hours are
shown. (D) We also measured the apparent permeability co-efficient (Papp) of fluorescein sulfonic acid (FSA) in the apical to basolateral direction
across the Caco-2 cells. (E) Percent change in Papp values at 2 hours is shown. (P < 0.05 *PM compared with PBS, **EUK-134 compared with
vehicle, n ≥ 4).
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small bowel tissue was altered in the PM compared with
the PBS treated mice (Figure 7F).

Discussion
Exposure to air pollution is associated with well-known
health effects on the cardiovascular and respiratory sys-
tems [54-56]. While less known, there also are several

reports linking exposure to air pollution to adverse
health effects in the GI tract [12-19]. Consistent with
our findings in lung epithelial cells, we observed that
Caco-2 cells exposed to PM generated ROS from the
mitochondria, which were required for the activation of
NF-�B and the development of apoptotic cell death in
vitro. In confluent monolayers of Caco-2 cells, we found
that PM reduced the TER of the monolayer and caused
disruption of the architecture of the tight junctions. In
mice exposed to PM by oral gavage, we found evidence
of increased IL-6 transcription, disruption of small

Figure 4 Exposure to particulate matter causes nitration and
oxidation of tubulin and disruption of tight junctions in
intestinal cell monolayers. The effect of PM on tubulin (A)
nitration (nitrotyrosination) and (B) oxidation (carbonylation) in
Caco-2 cell monolayers are shown. H2O2 (0.5 mM) was used as a
positive control. (C) Images from high-resolution laser scanning
confocal microscopic evaluation of intestinal cell monolayers stained
for F-actin are shown.

Figure 5 Exposure of monolayers of Caco-2 cells to PM causes
increased permeability and disruption of tight junctions. Caco-
2 cells were treated with either PBS (vehicle) or different
concentrations of PM and we (A) stained the cell monolayers for
ZO-1, a tight junction protein and (B) measured mean tight
junction disruption Intestinal sections from the animals were
subjected to a blinded analysis of tight junction disruption.
Representative images from 4 independent experiments are shown
and each bar represents the mean of 20 observations.
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bowel tight junctions, increased numbers of TUNEL
positive nuclei and increased gut permeability to FITC
labeled dextran.
We found that colonic epithelial cells generate signifi-

cant amounts of mitochondrially derived ROS and
undergo apoptosis in response to PM exposure in vitro.
Cells depleted of mitochondrial DNA (r0 Caco-2 cells)
were resistant to PM induced apoptosis. r0 cells lack the
13 proteins encoded in the mitochondrial genome,

which are required for normal electron transport. As a
result, these cells are deficient in oxidative phosphoryla-
tion and cannot produce mitochondrial ROS. However,
as most of the mitochondrial proteome is encoded by
nuclear genes, these cells still contain mitochondria,
maintain a mitochondrial membrane potential supported
by glycolysis and undergo apoptosis normally. We
reported a similar dependence of PM-induced signaling
and apoptosis in alveolar epithelial cells and other inves-
tigators have highlighted the importance of mitochond-
rially derived ROS in the cellular response to PM
[22,37,51]. Inflammation the GI tract during diseases
such as inflammatory bowel disease is associated with
increased local ROS generation and activation of NF-�B
[57-61]. We observed that the administration of PM to
Caco-2 cells resulted in the oxidant dependent activa-
tion of NF-�B. The importance of these findings is high-
lighted by our observation that the administration of
PM by oral gavage increased the transcription of an NF-
�B target gene IL-6 in the small bowel and colon.
We observed that the administration of PM to Caco-2

monolayers reduced the transepithelial resistance of the
monolayers and caused a disruption in the organization
of the tight junctions. In vivo, the administration of PM
was associated with decreased transcription of the tight
junction proteins ZO-1 and occludin and histologic evi-
dence of alterations in tight junction structure. There
was also an increase in the number of apoptotic cells in
the small bowel from these animals. Our data do not
allow us to determine whether PM-induced alterations
in tight junctions, apoptosis or other mechanisms are
responsible for the resulting increase in gut permeabil-
ity. However, this finding is important as chances in gut
permeability are thought to play a pathogenic role in
many gastrointestinal disorders including alcoholic liver
disease, inflammatory bowel disease and celiac disease
[57,61,62].
While the lungs are the primary organs exposed to

ambient PM; a significant portion of PM exposure can
be deposited in the upper airway and also get access to
the GI tract via direct entrance due to swallowing of air
or indirectly via swallowing of the PM deposited in the
upper airway. Furthermore, most of the inhaled PM is
transported via mucociliary system from the lung to the
upper airway and then swallowed. Our data support the
recent reports, which showed an epidemiologic link
between acute, short-term exposure to air pollution and
inflammation in the gut. We speculate that PM-induced
ROS generation, NF-�B activation and activation of
inflammation may be responsible for exacerbations of
inflammatory conditions in the gut such as inflamma-
tory bowel disease.
Urban PM is a complex mixture of solid and particles

that primarily are formed during the combustion of

Figure 6 Exposure to PM does not cause histologic changes in
gastric, small bowel and colonic mucosa at 24 or 48 hours.
Wild-type cells were treated with either PBS (vehicle) or PM via
gastric gavage and histology (H&E staining) of gastric, small bowel
and colonic tissue was evaluated 48 hours after exposure.
Representative photomicroographs from a total of 5 animals/
treatment group are shown (x100 magnification).
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Figure 7 Exposure to PM causes increased gut permeability and inflammation and colonic epithelial cell death in mice. Wild-type mice
were treated with either PBS (vehicle) or PM via gastric gavage for measurement of (A) IL-6 mRNA (qRT-PCR) in small bowel and colonic
homogenates (24 and 48 hours after treatment) (n = 6/treatment group), (B) intestinal permeability to 4kD dextran (48 hours after treatment) (n
= 5/treatment group), (C) cell death (TUNEL-positive nuclei) in the colon (48 hours after treatment) (n = 4/treatment group), (D) ZO-1 mRNA
(qRT-PCR) in the small bowel and colon (n = 4/treatment group) and (E) ZO-1 protein expression in the small bowel (24 and 48 hours after
treatment) (n = 4/treatment group) and (F) tight junction disruption (ZO-1 and occludin localization) in the small bowel by immunofluorescence
(48 hours after treatment) (Representative images, n = 4/treatment/group). (P < 0.05 *PM compared with PBS).
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fossil fuels [63,62]. As the carbon core of the particle
cools, organic components (including quinones) and
transition metals (including iron and vanadium) con-
dense on the surface of the particles. The resulting par-
ticles are composed of a carbonaceous core, organic
components, sulfate, nitrate, ammonium, crustal mate-
rial and transition metals such as iron or vanadium.
Organic constituents in the particles, particularly qui-
nones, can undergo single electron transfer reactions
with intracellular electron acceptors, creating the oppor-
tunity for the transfer of an electron to molecular oxy-
gen to form a superoxide radical. In the presence of a
transition metal, the superoxide anion can be converted
to a hydroxyl radical through Fenton chemistry [63-67].
In addition, sulfates and nitrates may combine with
water to form acids which may modulate their toxicity.
An important limitation of our study is the dose of

PM that we employed for our in vivo experiments. PM
enters the lung via inhalation and larger particles are
deposited in the oropharynx and large airways, while
smaller particles gain access to the distal airspaces. A
very small fraction of PM may gains access to the sys-
temic circulation and affect systemic organs including
the gut. Semmler-Benke followed the fate of iridium
labeled carbon black nanoparticles administered via
inhalation to rats for 6 months after the exposure. Most
of the particles (> 90%) were taken up by alveolar
macrophages, cleared by mucociliary mechanisms and
excreted in the feces [21]. Because the GI tract is also
exposed to PM deposited in the oropharynx, PM that
has sedimented on unwashed fruits and vegetables and
PM contained in swallowed air, the total dose of PM to
which the gut is exposed is likely at least as large as that
seen by the lung. However, the more rapid transit time
of the mucous layer over the gut compared with the
lung mucosa may decrease the concentration of PM to
which the gut is exposed at any given time. Further-
more, the administration of PM may alter the transit
time of material through the gut.
In 2002, the U.S. EPA reported a range of maximal

city PM concentrations between 26 and 534 μg/m3 [54].
Many large cities in the world have much higher levels
of PM with annual averages of 200 to 600 μg/m3 and
peak concentrations frequently exceeding 1000 μg/m3

[68]. Using the highest value in U.S. and assuming a
minute ventilation of 6 L/min (~8.6 m3 over 24 hours)
for a healthy adult at rest, the total dose of PM inhaled
over 24 hours would be 4,614 μg. However, in other
“mega cities” of the world, the daily inhaled dose of par-
ticles may be as high as 20,000 μg [68,69]. Exposure of a
mouse (with a minute ventilation of 35-50 ml/min) to a
daily dose of 200 μg of PM corresponds to 24-30 mg of
PM exposure for a human [70]. This is about 6-8 times
higher than a US adult will be exposed in even the most

polluted city. Further study is required to determine
whether PM induces similar effects on GI function at
lower levels of exposure.

Conclusions
Exposure to high doses of PM causes oxidant dependent
GI epithelial cell death, disruption of tight junctional pro-
teins, inflammation and increased permeability in the gut
in vitro and in vivo. These PM-induced changes may be
responsible for exacerbations of inflammatory disorders
of the gut. More studies are warranted to better under-
stand the health effects of air pollution in the GI tract.
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