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Substantial data implicate the commensal flora as triggers for the initiation of enteric inflammation or
inflammatory disease relapse. We have shown that enteric epithelia under metabolic stress respond to non-
pathogenic bacteria by increases in epithelial paracellular permeability and bacterial translocation. Here we
assessed the structural basis of these findings. Confluent filter-grown monolayers of the human colonic T84
epithelial cell line were treated with 0.1 mM dinitrophenol (which uncouples oxidative phosphorylation) and
noninvasive, nonpathogenic Escherichia coli (strain HB101, 106 CFU) with or without pretreatment with
various pharmacological agents. At 24 h later, apoptosis, tight-junction protein expression, transepithelial
resistance (TER; a marker of paracellular permeability), and bacterial internalization and translocation were
assessed. Treatment with stabilizers of microtubules (i.e., colchicine), microfilaments (i.e., jasplakinolide) and
clathrin-coated pit endocytosis (i.e., phenylarsine oxide) all failed to block DNP�E. coli HB101-induced
reductions in TER but effectively prevented bacterial internalization and translocation. Neither the TER defect
nor the enhanced bacterial translocations were a consequence of increased apoptosis. These data show that
epithelial paracellular and transcellular (i.e., bacterial internalization) permeation pathways are controlled by
different mechanisms. Thus, epithelia under metabolic stress increase their endocytotic activity that can result
in a microtubule-, microfilament-dependent internalization and transcytosis of bacteria. We speculate that
similar events in vivo would allow excess unprocessed antigen and bacteria into the mucosa and could evoke
an inflammatory response by, for example, the activation of resident or recruited immune cells.

In many respects the human interaction with bacteria is one
of conflict. A voluminous literature illustrates how the patho-
gen affects host target cells and the host response to destroy or
eradicate the pathogen (23). In contrast, the human colon is
home to an immense and complex microflora of commensal
bacteria. Indeed, the presence of a normal microbiota is a
requirement for mucosal immune cell education and normal
gut physiology, such as short-chain fatty acid synthesis as an
energy source for the colonocyte (33, 35). However, evidence
now indicates that commensal bacteria and their products may
trigger or exacerbate chronic idiopathic intestinal inflamma-
tory diseases, such as Crohn’s disease (28). For instance, vir-
tually every rodent model of colitis, whether spontaneous or
chemically induced, is significantly less severe if the animals
are raised in germfree conditions (16, 38). Similarly, bowel rest
via surgically diverting the fecal stream and antibiotic treat-
ment can lead to symptomatic relief in some patients with
Crohn’s disease (26, 37).

A common feature of gut inflammation is increased epithe-
lial permeability, both paracellular (i.e., the pathway between
adjacent cells) and transcellular (i.e., material crosses apical
and basolateral plasmalemmas) permeability (40, 42). Whether
a decrease in barrier function is a cause or effect of intestinal

inflammation remains a point of debate. Nevertheless, in-
creased access of bacteria and their products to the mucosa
and submucosa and the resident immune cells therein would
be expected to elicit immune activity with potentially proin-
flammatory consequences. Maintenance of the epithelial bar-
rier is an energy-dependent process, and we, and others, have
noted swollen and irregular mitochondria in the epithelium of
resected tissues from some patients with inflammatory bowel
disease (IBD) (12, 30, 41). Thus, we hypothesized that de-
ranged energy metabolism in the epithelium that could be
evoked by a variety of insults, including infection (13, 18, 20),
ischemia (47), or medications (45), could result in decreased
barrier function and enhanced bacterial translocation. By using
dinitrophenol (DNP), a classic uncoupler of oxidative phos-
phorylation, we have shown that model epithelia under meta-
bolic stress do indeed respond to nonpathogenic, noninvasive
Escherichia coli strain HB101 by a decrease in transepithelial
resistance, increased bacterial internalization and transloca-
tion, and increased interleukin-8 synthesis (30).

In the present study we assessed the mechanism(s) of
DNP�E. coli HB101-evoked decreases in paracellular perme-
ability and increased bacterial translocation, focusing on de-
lineating the structural basis underlying these events. The data
show that epithelial paracellular permeability and bacterial
translocation are controlled by different mechanisms and that
viable bacteria cross the epithelium predominantly via a tran-
scellular route that is dependent on a functional enterocytic
cytoskeleton. These data indicate that when stressed (i.e.,
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when the energy balance is perturbed) enteric epithelial cells
have the potential to actively endocytose bystander commensal
bacteria, which proceed to cross the epithelial layer.

MATERIALS AND METHODS

Cell lines and bacteria. The human colon cancer-derived crypt-like T84 epi-
thelial cell line was maintained and cultured in a 1:1 (vol/vol) mixture of Dul-
becco-Vogt modified Eagle medium and Ham F-12 supplemented with 10% fetal
bovine serum as described previously (29, 30). E. coli strain HB101 was grown
and cultured in Luria-Bertani (LB) broth. Using negative staining and electron
microscopy (24), we compared E. coli HB101 to the known pathogen entero-
hemorrhagic E. coli (O157:H7 strain Cl-56), with only the latter bearing obvious
pili and sex pili (Fig. 1A). Bacteria were grown to mid-log growth phase, pelleted,
and resuspended in antibiotic-free T84 medium, and �106 CFU/ml was added to
the apical surface of T84 monolayers (to mimic in vivo exposure) grown on
transwell supports or plastic culture plates. DNP was added apically and simul-
taneously with the E. coli, and all drug treatments were added as a 1-h pretreat-
ment into the apical compartment of the culture wells (drugs were not removed
from the culture well by replacing with fresh medium). Epithelial monolayers
with or without bacteria (with or without pharmacological agents) were coincu-
bated in antibiotic-free medium at 37°C in 5% CO2 for up to 24 h.

Reagents and antibodies. The following drugs were purchased from Sigma
Chemical Co., St. Louis, MO: 2,4-dinitrophenol (DNP; inhibits oxidative phos-
phorylation; 0.1 mM) (30), benzyloxycarbonyl-Val-Ala-Asp fluoromethylketone
(Z-VAD-fmk; pan-caspase inhibitor; 10 to 100 �M) (8), chloramphenicol (blocks
bacterial protein synthesis; 20 �M), colchicine (inhibits tubulin polymerization;
0.1 �M), cytochalasin D (inhibits actin polymerization; 0.2 �M) (6), gentamicin,
methyl-�-cyclodextrin (M�CD; depletes plasma membrane cholesterol; 3 mM)
(21), phenylarsine oxide (PAO; inhibits clathrin-coated pit formation; 1 �M)
(21), and staurosporine (10 �M). Jasplakinolide (stabilizes filamentous [F]-actin;
0.05 and 0.1 �M) was from Molecular Probes, Eugene, OR (10).

Rabbit polyclonal anti-caspase-3 antibodies and anti-cleaved caspase-3 anti-
bodies were from Cell Signaling Technology, Beverly, MA. Rabbit polyclonal
antibodies against human claudin-1, claudin-2, occludin, zona occludens-1 (ZO-1),
and mouse monoclonal anti-claudin-4 were all purchased from Zymed Labora-
tories, Inc., San Francisco, CA.

Epithelial ATP levels, mitochondria enzymes and viability. ATP levels in naive
and DNP (0.1 mM) treated epithelial monolayers were assessed according to the
protocol of Crouch et al. (9), and the levels of cytochrome c oxidase were
assessed by an established methodology (36). Epithelial viability was assessed by
using exclusion of the vital dye trypan blue, measurement of released lactate
dehydrogenase (19), and Western blotting for intact and cleaved caspase-3
(see below).

Epithelial barrier function. (i) TER. T84 cells were seeded at 106 cells/ml onto
semipermeable filters supports (Costar, Inc., Cambridge, MA) and grown to
confluence as defined by transepithelial resistance (TER) of �600 �/cm2 and
after 5 to 7 days of culture were typically �1,000 �/cm2, as measured with a
voltmeter and matched electrodes (Millicell-ERS; Millipore, Bedford, MA).
TER, an accepted index of paracellular permeability (27), was recorded before
and 24 h after treatment and is expressed as the percentage of pretreatment
values (30).

(ii) HRP flux. Flux assays were conducted as described in detail elsewhere (3).
Briefly, 24 h after DNP�E. coli HB101 treatment, horseradish peroxidase (HRP;
10 �mol/liter) was added to the apical side of filter-grown T84 cell monolayers,
and samples (200 �l) were collected from the basal compartment of the culture
well 2 h later. Intact HRP was determined by kinetic enzymatic assay and is
presented as the percentage HRP recovered relative to the initial concentration
added to the apical compartment of the culture well.

(iii) Bacterial internalization assay. Semiconfluent monolayers of T84 cells
were grown in six-well plates and inoculated with E. coli HB101 with or without
DNP and incubated for 24 h at 37°C. A sample of bacterial culture was collected,
and the number of bacteria was determined by using the method Miles and Misra
(22). Epithelia were washed extensively and treated with gentamicin (200 �g/ml)
for 1 h and then rinsed with sterile phosphate-buffered saline (three times), lysed
with cold Triton X-100 (10 min at 4°C), and plated onto LB agar. The number
of internalized, viable bacteria was determined and is presented as a percentage
of the total number of bacteria after the 24-h growth period (in contrast to TER
measurement, bacterial internalization was assessed in �80% confluent mono-
layers, since we reasoned that the exposure of lateral epithelial cell membranes
would allow maximum opportunity for bacterial internalization and hence a
better baseline against which to judge the effects of the drug treatments).

(iv) Bacterial translocation. T84 cells were grown to confluence on 3.0-�m-
pore-size filters, transferred to antibiotic-free medium, and inoculated apically
with E. coli HB101 with or without DNP. Aliquots were collected from the
basolateral compartment 24 h later, and the presence of bacteria was determined
by growth of colonies on LB agar plates.

Immunoblotting for caspase-3 and TJ proteins. Cells were pelleted and rinsed
in cold PBS and then lysed in 300 �l of ice-cold lysis buffer (20 mM Tris [pH 7.5],
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM NaVO3, and complete protease inhibitor cocktail [Roche,

FIG. 1. Low-dose DNP does not affect E. coli HB101 growth but
does reduce epithelial ATP content. (A) Comparison of E. coli HB101
to enterohemorrhagic E. coli, where only the latter was found to have
abundant pili (arrowhead) and sex pili (arrows). (B) Representative
bacterial growth curve (one experiment of three) showing that 0.1 mM
DNP does not affect E. coli growth. (C) The same dose of DNP results
in a significant decrease in T84 cell ATP levels by 4 h posttreatment
(n � three to five experiments/time point with two to three epithelial
preparations/experiment; ATP was normalized to time-matched naive
controls; ❋ , P � 0.05 compared to control as determined by ANOVA,
followed by pairwise Student t test comparisons).
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Indianapolis, IN]) for 30 min, with vortexing at 10-min intervals. Subsequently,
for the analyses of tight-junction (TJ) proteins, samples were sonicated (15
pulses, 2 to 3 s/pulse). Lysates were clarified by centrifugation (13,000 rpm for 10
min at 4°C), protein concentrations determined by using the Bio-Rad/Bradford
microplate assay (Bio-Rad, Hercules, CA), and samples were stored at �70°C.
Sodium dodecyl sulfate (SDS) loading buffer (2% SDS, 50 mM Tris-HCl, 100
mM dithiothreitol, 1% bromophenol blue, 5% glycerol) was added to each
sample (40 �g of protein), which were heated to 90 to 100°C for 5 min and then
loaded into SDS–10% polyacrylamide gel electrophoresis minigels (Bio-Rad).
Separated proteins were electroblotted to polyvinylidene difluoride membranes
(VWR, Mississauga, Ontario, Canada) and blocked in 5% nonfat Carnation
powdered milk-TBST for 1 h. The primary antibodies and concentrations used
were as follows: anti-�-actin (1:500), anti-ZO-1 (1:200), anti-occludin (1:500),
anti-claudin-1 (1:200), anti-claudin-2 (1:200), anti-claudin-4 (1:200), and anti-
caspase-3 (1:1,000). Blots were washed and incubated with secondary antibody-
HRP conjugates for 1 h (goat anti-rabbit or rabbit anti-mouse [both at 1:2,000;
Santa Cruz Biotechnology]) and then washed extensively and immunoreactive
proteins visualized by using enhanced chemiluminescence (ECL; Amersham
Pharmacia, Piscataway, NJ) and exposure of the membrane to Kodak XB-1 film
(Eastman Kodak Company, Rochester, NY). Equal protein loading was assessed
by total protein staining with Coomassie brilliant blue and subsequently (based
on pilot studies) stripping and reprobing the gel for claudin-4 expression (the
expression of this TJ protein was not affected by any of the experimental treat-
ments). Densitometry was performed on digitized images by using software
provided by the National Institutes of Health, Bethesda, MD.

Statistical analyses. TER and HRP flux data were compared by analysis of
variance (ANOVA), followed by post hoc pairwise statistical comparisons. Bac-
terial translocation data were compared by using the chi-square test with Yates’
correction. A level of statistical significant difference was set at P � 0.05. The
data are presented as the means 	 the standard error and the number (n) of
epithelial preparations.

RESULTS

We have shown that exposure of confluent T84 cell mono-
layers to DNP (0.1 mM) or E. coli HB101 (106 CFU/ml) alone
for �24 h had no or negligible effects on TER (30, 32), whereas
epithelia exposed to DNP�E. coli HB101 displayed a signifi-
cant drop in TER (30). In addition, with E. coli inoculation
only, bacteria were cultured from medium retrieved from the
basal compartment of the culture well 24 h after inoculation in
�30% of epithelial preparations, whereas E. coli traversed
every monolayer (i.e., 100%) concomitantly treated with DNP
(30). The drop in TER and enhanced bacterial translocation
observed when confluent T84 cell monolayers were exposed to
DNP�E. coli HB101 is the focus of this investigation, and thus
the majority of studies involve four treatment groups: naive
controls, cells receiving pharmacological agent treatment only,
DNP plus E. coli HB101 (DNP�E. coli HB101; i.e., the posi-
tive control), and DNP�E. coli HB101�pharmacological
agent (i.e., test condition). The ability of all of the pharmaco-
logical agents alone to affect bacterial growth and TER was
tested. None of the pharmacological agents (at the specified
doses) affected growth of the bacteria and, likewise, with the
exception of cytochalasin D, none of the drugs evoked a con-
sistent or appreciable drop in TER. Since there is limited E.
coli translocation across naive T84 cell monolayers (30), we did
not explore the effect of the various pharmacological treat-
ments on E. coli transcytosis in the absence of DNP. Indeed, it
is unlikely that the drugs would promote E. coli transcytosis
since in the presence of DNP they actually block the enhanced
transcellular passage of E. coli HB101 (see below).

Figure 1A shows that the E. coli HB101 used in the present
study was morphologically distinct from enterohemorrhagic E.
coli, a bacterium known to directly reduce TER (31), by the

absence of abundant pili. Figure 1B confirms that the low dose
of DNP used (i.e., 0.1 mM) did not adversely affect the growth
of the E. coli HB101. However, the same dose of DNP did
effectively reduce epithelial ATP levels (Fig. 1C), and mea-
surement of mitochondria-associated cytochrome c oxidase at
24 h posttreatment confirmed perturbation of mitochondrial
function: control � 0.69 	 0.04 versus DNP (0.1 mM) � 0.5 	
0.01 nM/min/mg of protein (n � 3; P � 0.05). These data
corroborate our early findings of DNP-induced mitochondrial
dysfunction based on the 3-(4,5-dimethyl-thiazol-2-yl)-2,5-di-
phenyltetrazoliumbromide (MTT) assay (30).

Changes in pH or nutrient depletion in the medium could
explain the altered epithelial function, but this proved not to be
the case. Thus, pH values were not significantly different when
the culture medium from E. coli HB101 or DNP�E. coli
HB101 for 24 h were compared: all ranged from 7.0 to 7.2.
Increasing the fetal bovine serum concentration to 20% (vol/vol)
did not ablate the effect of DNP�E coli HB101, and lowering
serum levels to 0.5% in the presence of E. coli HB101 only did
not significantly reduce TER values (n � 3).

Increased epithelial permeability and bacterial transloca-
tion in DNP�E. coli HB101-treated T84 cells is not due to
apoptosis. The increase in epithelial permeability (i.e., the
drop in TER), and bacterial translocation could be a conse-
quence of increased T84 cell death in the presence of the
DNP�E. coli HB101. Trypan blue exclusion revealed no ob-
vious differences in T84 cell viability between the treatments
(data not shown). Similarly, DNP�E. coli HB101 treatment
did not result in increased lactate dehydrogenase release into
the culture medium: control � 127 	 20 U/liter, DNP only �
133 	 21 U/liter, E. coli only � 156 	 23 U/liter, and DNP�
E. coli HB101 � 135 	 21 U/liter (n � 6). Western blotting for
intact and cleaved caspase-3 revealed no evidence of increased
apoptosis in the DNP�E. coli HB101-treated epithelia com-
pared to the other groups (n � 3; Fig. 2 [inset]) and use of the
pan-caspase inhibitor, Z-VAD-fmk (10 to 100 �M), affected
neither the DNP�E. coli HB101-induced drop in TER nor the
increase in bacterial translocation (Fig. 2) (Z-VAD-fmk alone
[10 to 100 �M] affected neither TER nor E. coli translocation).

DNP and E. coli HB101-induced drop in TER is not abro-
gated by microtubule or microfilament stabilization. Entero-
cytic paracellular permeability is largely controlled by the
intercellular TJs that are connected to the cytoskeleton. Inter-
ference with normal assembly and disassembly of microtubules
with colchicine resulted in a small recovery of TER (�10 to
15%); others have shown that microtubule architecture can
contribute to paracellular permeability (2), whereas the agents
that prevent actin rearrangements, cytochalasin D and jas-
plakinolide, did not prevent the drop in TER evoked by 24 h of
culture with DNP�E. coli HB101 (Fig. 3). None of the drugs
affected the growth of E. coli HB101 (n � two to three growth
curves; data not shown).

DNP and E. coli HB101-induced drop in TER is associated
with reduced occludin and zona occludens (ZO)-1 but not
claudin expression. Reduced TER implies increased “open-
ness” of the TJs or altered TJ structure. Analysis of protein
extracts 12-h post-DNP�E. coli HB101 revealed no consistent
alteration in TJ protein expression, despite the small but sta-
tistically significant reduction in TER previously observed at
this time point (30). There was a tendency for ZO-1 levels to be
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slightly reduced in the cotreated epithelia, but this was not a
statistically significant change (data not shown). However, Fig. 4A
shows that DNP or E. coli HB101 alone had variable effects on
the expression of epithelial actin, the TJ protein, occludin, and
the TJ-associated protein, ZO-1, but again these failed to
reach statistical significance compared to expression levels in
control naive T84 cell monolayers. However, the expression of
all three proteins was consistently and statistically significantly
reduced in T84 cells treated 24 h previously with DNP�E. coli
HB101 (Fig. 4; n � 4 to 6), although not strikingly different
from the cells treated with E. coli only. Analysis of the same

protein extracts or stripping and reprobing of the previous
blots showed no consistent changes in the levels of the TJ
proteins claudin-1, -2, or -4 (Fig. 4; n � 2 to 5). Coomassie
brilliant blue staining of the gels indicated equal protein load-
ing (data not shown).

FIG. 2. Increased apoptosis does not account for the drop in TER
or the increased bacterial translocation induced by exposure to DNP
and E. coli HB101. (A) Cotreatment with the pan-caspase inhibitor,
Z-VAD-fmk (Z-VAD), did not prevent the drop in TER (presented as
a percentage of the pretreatment value for each individual monolayer,
i.e., TER was measured before and after treatment on all monolayers)
observed 24 h after exposure to DNP (0.1 mM) and E. coli HB101 (106

CFU) (mean 	 the standard error of the mean [SEM]; ❋ , P � 0.05
compared to control; n � 6 to 18 monolayers from six separate exper-
iments; starting TER range � 1,200 to 3,000 �/cm2). The inset shows
a representative immunoblot (n � 3) showing no enhanced caspase-3
cleavage in the DNP�E. coli HB101-treated T84 cells and that
Z-VAD-fmk was active since it blocked staurosporine-induced
caspase-3 cleavage from the 39-kDa form (upper band) to the 19- and
17-kDa fragments (lower bands). Lanes: 1, staurosporine (10 �M); 2,
staurosporine (10 �M) plus Z-VAD-fmk (100 �M); 3, naive; 4,
DNP�E. coli HB101; 5, DNP�E. coli HB101�Z-VAD-fmk; 6, stau-
rosporine (1 �M). (B) The bacterial translocation across T84 cell
monolayers is not prevented by Z-VAD-fmk exposure (numbers inside
bars indicate number of T84 cell monolayers positive for bacterial
translocation compared to the total number of epithelial preparations
observed).

FIG. 3. Blockade of cytoskeleton changes in the enterocyte has
little impact on DNP and E. coli HB101-induced reductions in TER.
(A) Interference with microtubule assembly and rearrangement with
colchicine results in a small but statistically significant inhibition of the
DNP (0.1 mM)�E. coli (106 CFU)-induced decrease in TER at 24 h
posttreatment (❋ , P � 0.05 compared to control; #, P � 0.05 com-
pared to vehicle only; n � 12 monolayers from four experiments). (B
and C) In contrast, the microfilament stabilizers, cytochalasin D or
jasplakinolide, did not prevent the drop in TER; in fact, cytochalasin D
alone significantly reduced TER across control epithelia (mean 	 the
SEM; n � 4 to 12 monolayers from three to four separate experiments;
starting TER range � 620 to 3,000 �/cm2; ❋ , P � 0.05 compared to
control).
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Interference with the enterocyte cytoskeleton reduces E. coli
HB101 internalization and epithelial translocation. Colchicine
cotreatment resulted in lower levels of intracellular E. coli
compared to those of cells treated with DNP�E. coli HB101
only (Fig. 5A). The level of extracellular bacteria was not
different between the two conditions. Corroborating these
data, bacterial translocation into the basal compartment of the
culture well occurred in all of the epithelial monolayers treated
with DNP�E. coli HB101 but in only �25% (i.e., levels seen
with E. coli HB101 treatment only) of the epithelial prepara-
tions cotreated with colchicine (Fig. 5B). Moreover, the trans-
epithelial flux of HRP was significantly reduced by colchicine
(Table 1), suggesting that increased bacterial translocation
could be due to increased nonspecific endocytosis in the con-
comitantly stressed (i.e., DNP-treated) epithelia. Many patho-
genic bacteria affect epithelial signaling pathways, and so we
cannot unequivocally exclude the possibility that a specific
bacterium-induced change in an epithelial signaling pathway
leads to the enhanced bacterial uptake and translocation.

Comparable observations were made with agents that either
stabilize or prevent microfilament rearrangements. Figure 6
shows that cotreatment with jasplakinolide significantly re-
duced E. coli HB101 internalization and that translocation was
reduced to �33%. Also, HRP fluxes were reduced in DNP�E.
coli�jasplakinolide treatment epithelial monolayers compared

FIG. 4. Exposure to E. coli HB101 with or without DNP results in
altered expression of TJ proteins. (A) Representative immunoblots
show the reduced expression of TJ proteins 24 h after culture with
DNP (0.1 mM) and E. coli HB101 (106 CFU/ml). Expression of clau-
din-1, -2, and -4 was not consistently altered (n � 2 to 5). Equal
amounts of protein were loaded, and the blots were reprobed for
claudin-4 (whose expression was unaltered by any treatment), and total
protein staining of the gels (not shown). (B) Densitometric analysis
(arbitrary units) reveals that although exposure to DNP or E. coli alone
can reduce the expression of specific TJ proteins, such reductions were
only statistically significant for actin (n � 4), occludin (n � 6), and
ZO-1 (n � 6) when the epithelial were exposed to DNP and E. coli (❋ ,
P � 0.05 compared to control naive T84 cell preparations as deter-
mined by ANOVA).

FIG. 5. Interference with microtubule assembly reduces both E.
coli HB101 internalization and translocation in DNP-cotreated ep-
ithelia. (A) Colchicine (0.1 �M) treatment of T84 cell monolayers
exposed to DNP (0.1 mM) and E. coli (106 CFU) significantly
reduces bacterial internalization (mean 	 the SEM; n � 4 to 12
monolayers from three to four separate experiments; ❋ , P � 0.05
compared to DNP�E. coli as determined by a Student t test).
(B) The reduced internalization of the E. coli is accompanied by
reduced translocation into the basal compartment of the culture
well (numbers inside the bars indicate the number of T84 cell
monolayers positive for bacterial translocation compared to total
number of epithelial preparations observed; ❋ , P � 0.05 compared
to DNP and E. coli as determined by a chi-squared test).

TABLE 1. Enhanced transepithelial flux of HRP is blocked
by microtubule and microfilament stabilizationa

Conditions n % HPR (10�2)
(mean 	 SEM)

Control 12 0.21 	 0.06
Control � colchicine 3 0.05 	 0.01�
DNP � E. coli 12 0.46 	 0.08�
Colchicine � DNP � E. coli 9 0.33 	 0.07
Jasplakinolide � DNP � E. coli 3 0.17 	 0.04

a The mean % HPR recovered from basal culture wells relative to the apical
concentration is given. n, Number of monolayers from one to four experiments.
�, P � 0.05 compared to control. DNP was used at 0.1 mM, E. coli HB101 was
used at 106 CFU inocula, and colchicine and jasplakinolide were used at 0.1 �M.

196 NAZLI ET AL. INFECT. IMMUN.



to those exposed to DNP�E. coli for 24 h (similar observations
were made with cytochalasin D [data not shown]).

Pharmacological blockade of endocytotic pathways reduces
E. coli HB101 internalization and epithelial translocation. The
findings that metabolic stress in the context of nonpathogenic
bacteria resulted in enhanced bacterial internalization led us to
consider that blocking endocytosis would reduce bacterial in-
ternalization and subsequent translocation. Using M�CD and

PAO to reduce membrane cholesterol levels and clathrin-
coated pit formation, respectively, two related processes (34,
46), we observed no statistically significant amelioration of the
DNP�E. coli HB101-induced drop in TER (Fig. 7A). In con-
trast, cotreatment with either drug resulted in inhibition of
bacterial internalization (M�CD reduced internalization by
85% compared to that in T84 cells treated with DNP�E. coli
only (n � six monolayers), and PAO reduced bacterial inter-

FIG. 6. Interference with microfilament assembly reduces both E. coli HB101 internalization and translocation in DNP-cotreated epithelia.
(A) Jasplakinolide treatment of T84 cell monolayers exposed to DNP (0.1 mM) and E. coli (106 CFU) significantly reduces bacterial internalization
(mean 	 the SEM; n � 4 to 12 monolayers from three to four separate experiments; ❋ , P � 0.05 compared to DNP and E. coli only [i.e., zero
jasplakinolide]). (B) The reduced internalization of the E. coli is accompanied by reduced translocation into the basal compartment of the culture
well (numbers inside the bars indicate the number of T84 cell monolayers positive for bacterial translocation compared to the total number of
epithelial preparations observed). The inset shows a representative plate showing the lack of bacterial colony growth from medium obtained from
the basolateral culture well of epithelia treated with jasplakinolide (J) or cytochalasin D (Cyto D; 0.2 �
). Each spot is from a separate epithelial
monolayer.
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nalization by �45% [n � nine monolayers]). Either pharma-
cological agent reduced translocation to �40% compared to
100% in DNP�E. coli HB101-treated epithelial monolayers
(Fig. 7B). Neither M�CD nor PAO affected bacterial growth
(n � two to three growth curves), and bacterial counts from
aliquots of culture medium taken from the apical side of the
epithelial monolayers 24 h after culture with DNP�E. coli
HB101 with or without M�CD or PAO were not significantly
different (data not shown).

Inhibition of bacterial protein synthesis ameliorates re-
duced TER. In our earlier study (30), we showed that viable
bacteria were a requirement to observe the DNP�E. coli-induced
drop in TER. Expanding on this finding, bacterial protein synthe-
sis was inhibited with chloramphenicol (20 �g/ml). Two experi-

mental protocols were used. The drop in TER that occurs 24 h
after treatment with DNP�E. coli HB101 did not occur when
chloramphenicol was present in the culture medium, clearly im-
plicating bacterial protein synthesis as a requirement for the ep-
ithelial paracellular permeability defect (Fig. 8A). In contrast to
the complete inhibition of the TER defect, chloramphenicol
treatment was less effective in preventing the enhanced bacterial
translocation (Fig. 8B). Also, ANOVA analysis of HRP flux
across chloramphenicol-treated epithelia revealed that this rate
was not significantly different from epithelia treated with
DNP�E. coli HB101 only, but it was also not significantly differ-
ent from the flux rates across control, noninfected epithelia: con-
trol � 0.045 	 0.02, DNP�E. coli HB101 � 0.101 	 0.036,
DNP�E. coli HB101�chloramphenicol � 0.064 	 0.03% of api-

FIG. 7. Pharmacological blockade of endocytosis reduces E. coli HB101 translocation but not reduced TER in DNP-cotreated epithelia.
(A) Neither M�CD (which depletes membrane cholesterol) nor PAO (which inhibits clathrin-coated pit formation) prevents the DNP (0.1 mM)-
and E. coli HB101 (106 CFU)-induced decrease in TER at 24 h posttreatment (mean 	 the SEM; n � 6 to 24 monolayers from three to eight
separate experiments; starting TER range � 720 to 2,400 �/cm2; ❋ , P � 0.05 compared to control). (B) However, the increased bacterial
translocation was reduced by both M�CD and PAO (numbers inside bars indicate the number of T84 cell monolayers positive for bacterial
translocation compared to total number of epithelial preparations observed; #, P � 0.1; ❋ , P � 0.05 compared to DNP and E. coli as determined
by chi-squared test). The inset presents a representative plate showing the lack of bacterial colony growth from medium obtained from the
basolateral culture well of epithelia treated with increasing doses of PAO. Each spot is from a separate epithelial monolayer.
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cal HRP (n � 6; mean 	 the standard deviation; the control and
DNP�E. coli HB101-treated groups are not statistically differ-
ent). In a final series of experiments, E. coli HB101 cells were
treated with chloramphenicol for 24 h and then rinsed and added
to confluent T84 cell monolayers along with DNP (i.e., no chlor-
amphenicol present during the experiment) for 24 h. Inhibition of
bacterial protein synthesis prior to the addition of DNP had no
sustained effect and prevented neither the DNP�E. coli-induced
drop in TER nor the increased bacterial translocation (Fig. 8).

DISCUSSION

The interaction of enteric bacterial pathogens and their tox-
ins or products with enterocytes is yielding intriguing insights
into the microbial pathogenesis of disease (17). By compari-
son, the interplay of commensal microflora with the gut epi-
thelium has been, until recently, largely overlooked, presum-
ably because of the perceived lack of involvement of these

bacteria in disease, which is an outdated notion, particularly in
the context of idiopathic gut disease (11). We have shown that
gut-derived epithelia exposed to DNP and a noninvasive, non-
pathogenic E. coli displayed decreased barrier function: both
paracellular and transcellular permeability were increased
(30). The present study assessed this barrier defect and reveals
differences in the regulation of transcellular and paracellular
permeability. In addition, and complementing studies of para-
cellular permeability (25, 32, 39), our data underscore the
importance of appropriate control of epithelial transcellular
permeability to health and disease. In fact, transcellular pas-
sage was the predominant route by which viable bacteria
crossed an intact epithelial monolayer in this model system.

Generally, bacterial pathogens that navigate the intestinal
epithelial barrier do so either via host microfilament or micro-
tubule-dependent transcytosis (5, 6, 48) or by rearrangement of
the epithelial TJs (4). Decreased barrier function occurs in
patients with Crohn’s disease and increased bacterial adher-
ence of the normal microflora is observed on gut tissues from
these patients (11, 42, 49). Previous studies have shown that
nonpathogenic bacteria can increase gut paracellular perme-
ability (14, 15). These findings highlight the disease-promoting
potential of the commensal microflora, particularly in the con-
text of another perturbation in gut function (e.g., reduced
integrity of the intestinal barrier). The simplest explanation for
the decrease in epithelial barrier function elicited by DNP�E.
coli HB101 exposure is decreased epithelial cell viability. There
is evidence to support and refute small increases in epithelial
cell death as a factor contributing to reduced barrier function
induced by proinflammatory cytokines (1, 7, 51). However,
analyses did not identify apoptosis, or necrosis, as the cause of
the increased epithelial permeability evoked by DNP�E. coli
HB101 in our model system.

Decreased TER is indicative of altered TJ structure or func-
tion. Our previous study showed focal derangements of epi-
thelial perijunctional F-actin in DNP�E. coli HB101-treated
T84 monolayers (30). Corroborating this finding, immunoblot
analyses now reveal decreased expressions of actin, ZO-1, and
occludin that were statistically significant in DNP�E. coli
HB101-treated epithelia at 24 h posttreatment. Diminished
expression of these TJ components was observed to a lesser
degree in epithelia exposed to E. coli HB101 or DNP alone,
and yet neither agent elicited a significant drop in TER (30,
32). We have shown that 12 h post-DNP�E. coli HB101 treat-
ment there can be a 20 to 30% drop in TER (30); however, this
is not associated with a consistent reduction in expression of
any of the TJ proteins examined. These findings illustrate the
complexity of regulation of epithelial paracellular permeability
and imply redundancy within the structure of the TJ, such that
reduced expression of any individual TJ protein need not nec-
essarily cause massive impairment of the paracellular pathway.
The data indicate that for commensal bacteria to evoke a
significant decrease in epithelial barrier function requires an
additional perturbation in the enterocyte. The cumulative ef-
fect of reduced actin, ZO-1, and occludin in epithelial mono-
layers exposed to DNP�E. coli HB101 likely accounts for the
consistent 50 to 60% drop in TER. Pharmacological agents
used to prevent rearrangements of the enterocyte cytoskeleton
or block endocytosis did not ameliorate the decreased TER
induced by DNP�E. coli HB101. These findings suggest a

FIG. 8. Bacterial protein synthesis is important for the reduced
TER caused by DNP and E. coli. (A) Chloramphenicol (chloram.; 20
�g/ml) inhibition of bacterial protein synthesis prevents the increase in
paracellular permeability indicated by reduced TER 24 h exposure to
DNP (0.1 mM) and E. coli HB101 (106 CFU) (mean 	 the SEM; n �
nine monolayers from three experiments; ❋ , P � 0.05 compared to
control; starting TER range � 910 to 2,080 �/cm2). (B) The treatment
described for panel A did not ameliorate the increased bacterial trans-
location (numbers inside bars indicate the number of T84 cell mono-
layers positive for bacterial translocation compared to the total num-
ber of epithelial preparations observed). Pretreatment of bacteria with
chloramphenicol (“chloram.1”) for 24 h prior to use in coculture ex-
periments did not affect the subsequent DNP�E. coli-induced loss of
epithelial barrier function.

VOL. 74, 2006 METABOLIC STRESS AND BACTERIA TRANSLOCATION 199



direct effect on the production of TJ proteins or structure of
the TJ and not interference with the cytoskeleton, as has been
described for EPEC infection (32), or enhanced TJ protein
internalization (21). A subsequent challenge will be defining
the intracellular signaling pathways that are evoked or per-
turbed and lead to the altered TJ expression.

In contrast to TER, the increase in bacterial translocation
was significantly reduced by treatment with colchicine, jas-
plakinolide, or cytochalasin D, clearly indicating that like their
pathogenic “cousins,” the increased internalization and trans-
location of commensal bacteria across concomitantly stressed
epithelia is dependent on an intact and functional enterocyte
cytoskeleton (microtubules and microfilaments). Rapid move-
ment of large intact protein antigens across the epithelium has
been demonstrated in intestinal tissues from patients with IBD
(40). Use of pharmacological agents that interfere with the
host cytoskeleton indicated that the transcellular pathway is a
significant, if not the predominant, route by which the E. coli
traversed the epithelium in this model system. This postulate is
substantiated by the demonstration that blockade of endocy-
tosis with two different, but complementary, pharmacological
agents (i.e., with M�CD or PAO) (34, 46) significantly reduced
E. coli translocation across concomitantly stressed epithelia.
E. coli strain HB101 is a noninvasive organism, and this cou-
pled to the enhanced HRP flux across DNP�E. coli-treated
monolayers suggests active and nonspecific uptake by the en-
terocyte. However, the increased transcellular and paracellular
permeability is dependent on viable bacteria (30), an observa-
tion confirmed here with bacteria in which protein synthesis
was inhibited by chloramphenicol. Thus, the alteration in ep-
ithelial barrier function is the summation of input from the
bacteria and active epithelial involvement. The full apprecia-
tion of this relationship will require the unraveling of the
mobilization of enterocytic signaling pathways that govern ep-
ithelial paracellular and transcellular permeability and how
commensal organisms can affect these pathways in metaboli-
cally stressed and/or hypoxic epithelia.

We have shown that a model enteric epithelial cell line
under metabolic stress and exposed to noninvasive, nonpatho-
genic E. coli becomes responsive to the bacteria with a result-
ant reduction in barrier function; should similar events occur in
vivo they could have a significant impact on gut function (28,
43). Thus, we speculate that a defect in mitochondria in gut
epithelia could lead to excess amounts of lumen-derived anti-
genic material and microbes entering the mucosa. The subse-
quent activation of immune cells, such as macrophages, would
result in the production of proinflammatory mediators that
could feedback onto the epithelium and other cells, enhancing
the barrier defect and causing overt inflammation. In support
of this hypothesis we have shown that macrophages can mod-
ulate epithelial function (50) and that tumor necrosis factor
alpha can increase HRP endocytosis in ileal tissue from pa-
tients with Crohn’s disease (44), whereas others have also
implicated tumor necrosis factor alpha in the epithelial barrier
defect observed in IBD (51).

In conclusion, the present study shows that a defect in epi-
thelial energy balance (mimicked here by DNP treatment)
results in non-noxious, nonpathogenic bacteria being internal-
ized along with concomitant increases in epithelial transcellu-
lar and paracellular permeability (30). The data presented here

highlight the divergence in control of paracellular and trans-
cellular permeability pathways, with the latter route being a
major portal for commensal bacteria to cross the epithelial
mucosal barrier. As such, we contend that awareness of epi-
thelial transcytosis should feature more prominently in analy-
ses of gut homeostasis and pathophysiological reactions.
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41. Söderholm, J. D., G. Olaison, K. H. Peterson, L. E. Franzen, T. Lindmark,
M. Wiren, C. Tagesson, and R. Sjodahl. 2002. Augmented increase in tight
junction permeability by luminal stimuli in the non-inflamed ileum of
Crohn’s disease. Gut 50:307–313.
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