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Abstract
AIM: To study whether the inflammatory bowel disease 
(IBD) colon which exhibits varying severity and cytokine 
levels across its mucosa create varying types of transepithelial 
leak. 

METHODS: We examined the effects of tumor necrosis 
factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-1-β 
(IL1β) and hydrogen peroxide (H2O2) - singly and in 
combinations - on barrier function of CACO-2 cell layers. 
Our focus was on the type (not simply the magnitude) 
of transepithelial leak generated by these agents as 
measured by transepithelial electrical resistance (TER) 
and transepithelial flux of 14C-D-mannitol, 3H-Lactulose 
and 14C-Polyethylene glycol as radiolabeled probe 
molecules. The isoquinoline alkaloid, berberine, was 
then examined for its ability to reduce specific types of 
transepithelial leak. 

RESULTS: Exposure to TNF-α alone (200 ng/mL; 48 h) 
induced a 50% decrease in TER, i.e. , increased leak of 
Na+ and Cl- - with only a marginal but statistically signifi
cant increase in transepithelial leak of 14C-mannitol (Jm). 
Exposure to TNF-α + IFN-γ (200 ng/mL; 48 h) + IL1β 
(50 ng/mL; 48 h) did not increase the TER change (from 
TNF-α alone), but there was now a 100% increase in 
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Jm. There however was no increase in transepithelial 
leak of two larger probe molecules, 3H-lactulose and 
14C-polyethylene glycol (PEG). However, exposure to 
TNF-α + IFN-γ + IL1β followed by a 5 h exposure to 
2 mmol/L H2O2 resulted in a 500% increase in 14C-PEG 
leak as well as leak to the luminal mitogen, epidermal 
growth factor. 

CONCLUSION: This model of graded transepithelial 
leak is useful in evaluating therapeutic agents reducing 
IBD morbidity by reducing barrier leak to various luminal 
substances. 

Key words: Intestine; Crohn’s disease; Tight junction; 
Ulcerative colitis; CACO-2; Berberine; Micronutrient; 
Cytokine 
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Core tip: A cell culture model of graded transepithelial 
leak can be very valuable in evaluating the various 
types and magnitudes of leak that can exhibit across 
the inflammatory bowel disease mucosa. This graded 
leak can be achieved through various combinations 
of proinflammatory cytokines and peroxide. Berberine 
provides an example of a micronutrient that can be 
more effective against one type of induced leak than 
another.
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INTRODUCTION
The idiopathic inflammatory bowel diseases (IBD), the 
major types being Crohn’s disease (CD) and ulcerative 
colitis (UC), are autoimmune diseases affecting the 
gastrointestinal tract and causing chronic intestinal 
inflammation. CD and UC have similar key characteris­
tics, perhaps the most important being an observed 
compromise of epithelial barrier function. The crucial role 
of the mucosal layer of the gastrointestinal tract is to 
actively separate gut luminal contents from the underly­
ing interstitium. The epithelial cell layer that lines the 
gastrointestinal (GI) tract functions as a selectively per­
meable barrier. A major component of this barrier is the 
tight junctional (TJ) protein complex, which prevents free 
diffusion along the paracellular pathway. In the case of 
IBD, the integrity of the TJ barrier is compromised in part 
as a result of the inflammatory response increasing local 
and systemic pro-inflammatory cytokine [tumor necrosis 
factor-α (TNF-α), interferon-γ (IFN-γ), interleukin-

1-β (IL1β)] production. Luminal antigens now able to 
traverse the “leaky” barrier exacerbate the inflammatory 
response in the mucosa and submucosa, which in turn 
further worsens the integrity of the TJ complex and the 
cell layer overall[1-6]. It is debated whether intestinal leak 
is causal or simply a result of the disease. A study by 
Hollander et al[7] found a two-fold increase in permeability 
to 14C-polyethylene glycol (PEG)-400 of CD patients and 
their healthy relatives as compared to normal controls, 
suggesting intestinal barrier leak may precede clinical 
intestinal inflammation and be an etiologic factor in IBD. 
However the overall involvement of compromised barrier 
function in IBD is not debated. 

TNF-α is a key proinflammatory cytokine involved in 
intestinal inflammation in IBD[6]. Experimentally it has been 
shown to increase epithelial TJ permeability in several cell 
types including the human intestinal epithelial monolayers: 
CACO-2, T84, and HT29/B6[1,8-11]. In CACO-2, TNF-α 
decreased transepithelial electrical resistance in both a 
dose- and time- dependent manner[1,9,10]. A decrease in 
transepithelial electrical resistance (TER) was shown after 
24 h incubation with 100 ng/mL TNF-α which reached a 
maximum at 48 h, and was sustained for up to 8 d after 
TNF-α removal[10]. TNF-α reduction of TER was associated 
with an increase in mannitol (182 MW) as well as inulin 
(5000 MW) permeability[9]. The exact characteristics of 
the TNF-α effect on barrier function vary across different 
cell lines. In the renal epithelium model, LLC-PK1, TNF-α 
produces a rapidly reversible reduction of TER within 
2 h and is accompanied by increased permeability to 
molecules as large as PEG (4000 MW)[11]. TNF-α was also 
capable of producing a pronounced effect on HT29/B6 
cell layers, reducing TER by 81% of the control[12]. The 
mechanism by which TNF-α generates leak in CACO-2 
cell layers has been shown not to be simply a direct 
result of apoptosis, but rather attributed to TNF-α’s 
ability to activate NF-kB, induce myosin light chain kinase 
(MLCK) protein expression and activity, and engender TJ 
leak[9]. 

The proinflammatory cytokine IFN-γ has also been 
reported to increase TJ permeability across T84, HT29/
B6, and CACO-2 cell layers[1,13]. T84 cells treated basal-
laterally with IFN-γ for 24 h showed a decrease in TER 
that continued for five days after exposure[13]. Watson 
et al[14] (2005) demonstrated that in T84 cell layers, 
IFN-γ caused a greater increase in permeability to larger-
sized than to smaller-sized molecules, proposing that 
IFN-γ selectively activates specific permeation pathways 
within the TJ. In several studies, using both HT29/B6 and 
CACO-2 cell layers, TNF-α has been used in combination 
with IFN-γ to produce a synergistic effect on TER[11,15]. 
In the CACO-2 model, IFN-γ (10 ng/mL) and TNF-α 
(2.5 ng/mL) individually did not have an effect on TER 
or paracellular flux of 3 kD dextran. However, when the 
cell layers were first primed with IFN-γ for 24 h followed 
by treatment with TNF-α for 8 h, the cells exhibited both 
a significant decrease in TER and an increase in 3 kD 
dextran flux[15]. 

Increased levels of IL1β in IBD patients have also 
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been associated with increased intestinal inflammation[16]. 
In CACO-2 cell layers, IL1β caused a drop in TER that 
was maximal after 48 h treatment. This decrease in TER 
was accompanied by approximately a 20-fold increase in 
paracellular permeability to inulin. IL1β was also shown to 
affect TJ proteins, inducing a decrease in occludin protein 
expression and an increase in claudin-1 expression. 
The CACO-2 TJ permeability increase as a result of IL1β 
exposure involved NF-kB activation and MLCK gene 
regulation, not induction of apoptosis. Studies by Al-
Sadi et al[17,18] suggest a role for p38-kinase dependent 
activation of the nuclear transcription factor, activating 
transcription factor-2. 

Increased production of mucosal-damaging oxygen 
radicals by white blood cells has been shown in IBD[19]. 
Decreased nutritional intake of a variety of antioxidants 
in IBD patients can lead to an imbalance that causes 
an additional increase in reactive oxygen species levels 
resulting in exacerbated oxidative stress of the inflamed 
intestinal tissue[20,21]. Furthermore, Strus et al[22] (2009) 
demonstrated that hydrogen peroxide-producing bacteria, 
present in samples from IBD patients, may be another 
contributing factor behind increased hydrogen peroxide 
in the IBD mucosa. In the literature, oxidative stress of 
CACO-2 cells induced by treatment with H2O2 causes 
increased paracellular permeability as evidenced by a 
decrease in TER, as well as increases in both mannitol 
and inulin flux. Hydrogen peroxide is capable of disrupt­
ing the TJ through a specific mechanism that involves 
protein tyrosine phosphorylation[23-25].

The objectives of the following study were to: (1) 
Observe the effects of the proinflammatory cytokines, 
TNF-α, IFN-γ, IL1β, and H2O2, alone and in combination, 
on CACO-2 barrier function in order to create an in vitro 
model of graded leak that can reflect the clinical situation 
in IBD at different sites along the intestinal mucosa; 
(2) determine if this leak allows for barrier breakdown 
to biologically active proteins such as epidermal growth 
factor (EGF); and (3) determine if a previously described 
nutraceutical capable of barrier protection can in fact reduce 
barrier compromise under these extreme conditions.

MATERIALS AND METHODS
Cell culture
The CACO-2 cell culture, an epithelial cell line derived 
from human colon adenocarcinoma[26], was used between 
passages 52 and 64. Upon confluence, cells were 
passaged on a weekly basis by trypsinization [0.25% 
trypsin, 2.2 mmol/L EDTA (Corning Cellgro, Manassas, 
VA)] and were seeded at 7.5 × 105 cells/Falcon 75-cm2 
culture flask with 25 mL of Dulbecco’s Modified Minimum 
Essential Medium (Corning Cellgro) supplemented with 
2 mmol/L L-Glutamine, 1% non essential amino acids, 
1 mmol/L Sodium Pyruvate (all culture medium additives, 
Corning Cellgro) and 10% defined fetal bovine serum 
(HyClone, Logan, UT). Cultures were incubated at 37 ℃ 
in 95% air-5% CO2 atmosphere.

Treatment with cytokines and/or hydrogen peroxide
Human recombinant proteins TNF-α, IL1β and IFN-γ 
were obtained from Life Technologies (Frederick, MD). 
For individual exposures and combinations of cytokine 
treatment, 200 ng/mL TNF-α, 50 ng/mL IL1β, and 
between 100 and 200 ng/mL IFN-γ were applied (in 
complete medium) to both the apical and basal-lateral 
compartments for 48 h. This combination of three 
cytokines is referred to in this manuscript as “cytomix” 
for purposes of brevity. Media was first filter sterilized 
with a 0.2 µm disc filter unit (Corning). Seven- and 
twenty-one day post-confluent CACO-2 cell layers were 
used in our studies, as barrier function at these days 
is highly similar in CACO-2 monolayers, and we did 
not observe a difference between their responses to 
cytokines. For hydrogen peroxide (Sigma Life Science, St. 
Louis, MO) exposure, with or without a prior 48 h incubation 
with cytokines, the CACO-2 cells were treated both apically 
and basal-laterally with 2 mmol/L hydrogen peroxide in 
Dulbecco’s Phosphate Buffered Saline containing calcium 
and magnesium (Corning Cellgro) supplemented with 
5 mmol/L glucose for 5 h. The dosages of cytokines and 
hydrogen peroxide were fixed in a given experiment; 
however, over the course of experiments, concentration 
and exposure time were reduced, yet conditions re­
mained capable of achieving the maximum effect, as 
we had been using saturating levels of cytokines in a 
receptor-mediated response. 

Transepithelial electrophysiology and permeability
Cells were seeded into sterile Millipore Millicell polycar­
bonate (PCF) permeable supports (30 mm diameter 
with 0.4 µm pore size) on day 0 at a seeding density 
of 5 × 105 cells/insert. Four sterile Millicell PCF inserts 
were placed into a 100 mm petri dish. On day 1, all cell 
layers were refed (2 mL apical/15 mL basal-lateral) with 
control medium containing penicillin (50 U/mL) and 
streptomycin (50 mcg/mL), followed by refeedings every 
2-3 d until exposure. Depending on the specific exposure 
combination, cells were fed medium supplemented with 
the appropriate cytokines for 48 h treatment, followed 
in certain experiments with 5 h of peroxide exposure, 
then followed by transepithelial electrophysiological 
measurements and radiotracer flux studies with 0.1 
mmol/L, 0.1 µCi/mL 14C-D-mannitol (PerkinElmer, 
Boston, MA), 0.1 mmol/L, 0.25 µCi/mL 3H-Lactulose 
(American Radiolabeled Chemicals, Inc., St Louis, MO) 
and/or 0.1 mmol/L, 0.3 µCi/mL 14C-Polyethylene glycol 
(PerkinElmer, Waltham, MA). 

On the day of transepithelial experiments (for cells 
treated with cytokines only), the cell layers were re-
fed with fresh control medium and allowed to incubate 
at 37 ℃ for 1 to 1.5 h prior to electrophysiological 
readings. Potential difference, TER, and short-circuit 
current (Isc) were measured using 1 s, 40 µA direct 
current pulses, with TER calculated using Ohm’s law. As 
soon as electrical measurements were completed, the 
basal-lateral medium was aspirated and replaced with 

DiGuilio KM et al . Sieving characteristics of epithelial barrier leak



226 May 15, 2016|Volume 7|Issue 2|WJGP|www.wjgnet.com

15 mL of medium containing the appropriate radioisotope 
and incubated at 37 ℃. Triplicate basal-lateral medium 
samples were taken for liquid scintillation counting (LSC) 
for specific activity (cpm/micromole) determination. 
Duplicate samples were taken from the apical medium 
at 60 and 120 min for LSC to determine radioisotope flux 
rates. The media lost due to sampling from the apical 
compartment were replaced with fresh medium of the 
same sample volume. The flux rate (in cpm/min per 
square centimeter and pmol/min per square centimetre) 
was calculated for the radioisotope diffusing across the 
cell layer. In experiments that included exposure to 
hydrogen peroxide, the cell layers were rinsed in saline 
before being refed with saline, with or without hydrogen 
peroxide. After five hours of incubation, the basal-lateral 
saline was aspirated and replaced with 15 mL of saline 
containing 0.1 mmol/L, 0.3 µCi/mL 14C-polyethylene 
glycol. Triplicate basal-lateral samples and duplicate 
apical samples were taken at 75 min, and the flux rate 
was calculated as before.

Paracellular flux of 125I-EGF
CACO-2 cell layers, treated as described above prior 
to exposure, were refed in control medium or medium 
containing 50 ng/mL TNF-α, 100 ng/mL IFN-γ, and 50 
ng/mL IL1β in the apical and basal-lateral compartments 
for 48 h. On the day of experimental measurements, 
the cell layers were exposed to control saline or saline 
containing 1 mmol/L hydrogen peroxide for 3 h. The 
apical saline was then replaced with medium containing 
0.5 µCi/mL, 10 mmol/L 125I-EGF and the basal-lateral 
saline was replaced with control medium. After a 2 
h incubation period, apical and basal-lateral samples 
were taken for LSC to determine EGF flux rates. Basal-
lateral medium was also sampled for column (G-25) 
chromatography analysis. Total 125I-EGF flux rates (as 
cpm/min per square centimetre) were adjusted based 
upon the percent of intact 125I-EGF in the basal-lateral 
compartment. 

Pretreatment with berberine chloride prior to cytokine 
exposure
Seven-day post-confluent CACO-2 cell layers were refed 
in control medium or medium containing 100 µmol/L 
berberine chloride in the apical and basal-lateral com­
partments. A berberine chloride (Sigma-Aldrich) stock 
solution (2.7 mmol/L) was prepared in deionized distilled 
water, but was made each day at the time of use. 
Following a 24 h berberine pretreatment, the appropriate 
cell layers were continued in control medium or berberine 
medium and additionally exposed to either no cytokines, 
TNF-α, or cytomix for 48 h prior to transepithelial 
electrophysiology and permeability measurements. For 
studies that included hydrogen peroxide exposure, on 
the day of the experiment the cell layers were treated 
for 5 h with control saline or saline containing 1 mmol/L 
hydrogen peroxide ± berberine.

Statistical analysis
For electrophysiology and radiotracer flux studies, cytokine- 

and/or hydrogen peroxide-exposed cell samples were 
compared against appropriate matched controls within 
the same experiment. All data are expressed as the 
mean ± standard error of the mean with the number of 
replicates provided for each set of studies. Differences 
between means are evaluated by two-sided Student’s t 
tests for two groups or by one-way ANOVA followed 
by Tukey’s post hoc testing where multiple conditions 
existed.

RESULTS
Exposure to TNF-α
Treatment for 48 h of 7-d post-confluent CACO-2 mono­
layers with apical and basal-lateral 200 ng/mL TNF-α 
resulted in a 50% decrease in TER (Figure 1A). The 
reduction in TER was associated with only a marginal 
statistically significant increase in transepithelial leak 
of 14C-D-mannitol (Figure 1B). Unlike the consistent 
decrease in TER, this increase in mannitol flux did 
not always achieve statistical significance within each 
individual experiment, as exemplified by the lack of 
statistical significance in Figure 2A.

Exposure to TNF-α  and IFN-γ
Forty-eight hours combined exposure to 200 ng/mL TNF-α 
and 100-200 ng/mL IFN-γ (apical and basal-lateral) also 
caused a significant decrease in TER. Interestingly, this 
35% reduction of TER was consistently less than that 
produced by TNF-α alone (50%) (Figure 2B). A simulta­
neous slight increase in mannitol flux (Jm) was again 
observed (Figure 2A), although not quite achieving 
statistical significance. Exposure to IFN-γ alone reduced 
TER by only 20% and did not have a significant effect 
on Jm. 

Exposure to TNF-α , IFN-γ , and IL1β 
Exposure of 21-d post-confluent CACO-2 cell layers to 
TNF-α, IFN-γ and 50 ng/mL IL1β (cytomix) on both cell 
surfaces led to a similar decrease of TER as seen with 
the combination of TNF-α and IFN-γ (approximately 
30%-35% decrease) (Figure 3A). IL1β alone did not 
generate leak any greater than TNF-α or IFN-γ achieved 
individually (data not shown). Upon adding IL1β to the 
mixture of TNF-α and IFN-γ, there was now however 
a dramatic and consistent 100% increase in Jm (Figure 
3B). Further investigation into the impact of cytomix on 
paracellular permeability showed that the leak pathway 
produced did not however allow for an increase in flux 
of the larger probe molecules, 3H-lactulose (MW 342) or 
14C-PEG (MW 4000) (Figure 4). 

Exposure to cytomix and hydrogen peroxide
Treatment of both 7- and 21-d post-confluent CACO-2 
cell layers with cytomix for 48 h followed by 5 h exposure 
to 2 mmol/L H2O2 (apical and basal-lateral) induced 
on average a 500% increase in PEG transepithelial 
leak. H2O2 alone caused only a 35% increase in PEG 
leak (Figure 5). In the PEG flux studies, column (G-25) 
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chromatography was used to verify leak of a 4000 MW 
species of PEG (data not shown). After the 5 h H2O2 
exposure, the combination of cytomix and H2O2 resulted 
in an 80%-90% decrease of TER (data not shown).

Hematoxylin and eosin-stained cross sections of 
CACO-2 cell layers were used to evaluate the histological 
effects of the various cytokine/H2O2 exposure regimens. 
As shown in Figure 6, cytomix alone produced no observ­
able morphological changes in cross sections of the 
epithelial cell layer. Exposure to 2 mmol/L H2O2 resulted 
in increased blebbing of membranes from the apical 
surface of occasional cells. Exposure to both cytomix and 
peroxide induced not only blebbing of apical membranes 
in occasional cells but also frequent apoptotic nuclei and 
rare, though occasional, sites of cell detachment.

Transepithelial leak of EGF
CACO-2 cell layers exposed for 48 h to 50 ng/mL TNF-α, 
100 ng/mL IFN-γ, and 50 ng/mL IL1β followed by a 3 h 

1 mmol/L H2O2 treatment manifested a transepithelial 
leak pathway that allowed for not only a leak to 4000 
MW PEG, but also an over 30-fold increase in 125I-EGF 
permeation. This EGF flux was performed in an apical 
to basal-lateral direction to mimic the diffusion gradient 
for EGF that would exist in vivo (Table 1). In these EGF 
studies, the leak of 125I isotope across the cell layer was 
analyzed by gel filtration chromatography to determine 
the amount of transepithelial isotope diffusion that cor­
responded solely with the compound of interest, 6100 
MW EGF. Transepithelial leak of actual 6100 MW EGF - 
and not simply 125I-EGF degradation products - was thus 
verified. 

Evaluation of berberine as a potential therapeutic agent 
using the graded transepithelial leak model 
A major benefit of this in vitro model of graded epithelial 
barrier leak is the capability of evaluating a great number 
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Figure 1  The effect of tumor necrosis factor-α on CACO-2 transepithelial 
electrical resistance and transepithelial flux of 14C-D-mannitol. A: Seven-day 
post-confluent CACO-2 cell layers on Millipore polycarbonate filters were refed in 
control medium or medium containing 200 ng/mL tumor necrosis factor-α (TNF-α) 
(apical and basal-lateral compartments) 48 h prior to electrical measurements. 
Data shown represent the mean ± SE of 16 cell layers per condition. Data 
represent the percent of control resistance normalized across 3 experiments; 
B: After electrical measurements, radiotracer flux studies with 0.1 mmol/L, 0.1 
µCi/mL 14C-D-mannitol were performed on CACO-2 cell layers, as described in 
Materials and Methods. Data represent the percent of control flux rate normalized 
across 4 experiments, and is expressed as the mean ± SE of 20 cell layers per 
condition. bP < 0.001 vs control (Student’s t test, one-tailed). 
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Figure 2  The effect of tumor necrosis factor-α and interferon-γ on CACO-2 
transepithelial electrical resistance and transepithelial flux of 14C-D-mannitol. 
A: Radiotracer flux studies were conducted as described in Figure 1 with the 
treatment conditions listed above. Data represent the percent of control flux rate, 
and is expressed as the mean ± SE of 4 cell layers per condition. NS indicates 
non significance vs control; B: CACO-2 cell layers were cultured and treated as 
described in Figure 1, using the following conditions: Control medium; medium 
containing 200 ng/mL tumor necrosis factor-α (TNF-α); medium containing 200 
ng/mL Interferon-γ (IFN-γ); or medium containing a combination of 200 ng/mL 
TNF-α and 200 ng/mL IFN-γ. Data shown represent the mean ± SE of 4 cell layers 
per condition, with data expressed as the percent of control resistance. bP < 0.01 vs 
control; dP < 0.001 vs control; fP < 0.01 vs TNF-α alone (one-way ANOVA followed 
by Tukey’s post hoc testing). 
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of potentially efficacious micronutrients - or combinations 
thereof - for reducing each type of leak that may occur 
across the surface of the IBD mucosa. In this study, 

100 µmol/L berberine chloride pretreatment and 
simultaneous exposure was evaluated for its effects on 
the ability of TNF-α and cytomix to impair CACO-2 barrier 
function. Berberine treatment not only increased basal 
TER, but also reduced both the TNF-α- and cytomix-
induced decrease in TER (Figure 7A). Additionally, 
berberine reduced the TNF-α- and cytomix-induced 
increase in Jm (Figure 7B). Berberine also effectively - and 
significantly - reduced the macromolecule leak resulting 
from cell layer exposure to cytomix and H2O2 (Figure 8A). 
Berberine likewise reduced both the H2O2- and cytomix + 
H2O2-induced decrease in resistance (Figure 8B). 

DISCUSSION
Colon mucosa in active IBD is rarely homogeneously 
inflamed; rather, there is typically much heterogeneity 

14C-PEG flux 125I-EGF flux

cpm/min per square centimeter pmol/min per square centimeter cpm/min per square centimeter fmol/min per square centimeter
Control 3.74 ± 0.07  7.54 ± 0.20   43.7 ± 2.0 0.034 ± 0.005
Cytomix 3.40 ± 0.12  6.87 ± 0.27   30.3 ± 1.4 0.015 ± 0.001
Cytomix/H2O2  9.80 ± 0.28a  20.97 ± 0.64a  192.0 ± 4.0c    1.21 ± 0.029c

Table 1  The effect of tumor necrosis factor-α + interferon-γ + interleukin-1β and hydrogen peroxide on transepithelial flux of 
14C-polyethylene glycol and 125I-epidermal growth factor

aP < 0.05 vs control; cP < 0.05 vs Cytomix-only condition (one-way ANOVA followed by Tukey’s post hoc testing). CACO-2 cell layers on Millipore polycarbonate 
filters were refed in control medium or medium containing the combination of 50 ng/mL tumor necrosis factor-α, 100 ng/mL interferon-γ, and 50 ng/mL 
interleukin-1β (apical and basal-lateral compartments) for 48 h. On the day of radiotracer flux studies, the cell layers were exposed to control saline or saline 
containing 1 mmol/L hydrogen peroxide for 3 h. These studies were performed using 0.1 mmol/L, 0.025 µCi/mL 14C-polyethylene glycol (MW 4000) and 10 nmol/L, 
0.5 µCi/mL 125I-EGF (MW 6100), as described in Materials and Methods. Total 125I flux rates (as cpm/min per square centimeter) were adjusted, based upon the 
percent of intact 125I-EGF in the basal-lateral compartment (using column chromatography), and expressed finally as fmol/min per square centimeter. Similar gel 
chromatography analyses were performed for 14C-PEG experiments, but here all isotopes that diffused across the epithelial cell layer was found to be 4000 MW 
PEG. Data shown represent the mean standard error for an n = 8 in all cases. PEG: Polyethylene glycol; EGF: Epidermal growth factor.
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Figure 3  The effect of tumor necrosis factor-α + interferon-γ + interleukin-
1β on CACO-2 transepithelial electrical resistance and transepithelial 
flux of 14C-D-mannitol. A: Twenty-one day post-confluent CACO-2 cell layers 
cultured and treated as described in Figure 1, were refed in control medium or 
medium containing the combination of 200 ng/mL tumor necrosis factor-α, 150 
ng/mL interferon-γ, and 50 ng/mL interleukin-1β. Data shown represent the 
mean ± SE of 16 cell layers per condition. Data represent the percent of control 
resistance normalized across 4 experiments; B: Radiotracer flux studies were 
conducted as described in Figure 1, with the same conditions listed above for 
panel A. Data represent the percent of control flux rate normalized across 2 
experiments, and is expressed as the mean ± SE of 8 cell layers per condition. 
bP < 0.001 vs control (Student’s t test, one-tailed).
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Figure 4  The effect of tumor necrosis factor-α + interferon-γ + interleukin-1β 
on transepithelial flux of 14C-D-mannitol, 3H-lactulose, and 14C-polyethylene 
glycol across CACO-2 cell layers. Twenty-one day post-confluent CACO-2 cell 
layers on Millipore PCF filters were refed in control medium or medium containing 
the combination of 200 ng/mL tumor necrosis factor-α, 150 ng/mL interferon-γ, 
and 50 ng/mL interleukin-1β (apical and basal-lateral compartments) 48 h prior 
to radiotracer flux studies. These studies were performed using 0.1 mmol/L, 0.1 
µCi/mL 14C-D-mannitol; 0.1 mmol/L, 0.25 µCi/mL 3H-lactulose; and 0.1 mmol/L, 
0.3 µCi/mL 14C-polyethylene glycol as described in Materials and Methods. Data 
represent the percent of control flux rate normalized across 2 experiments, and is 
expressed as the mean ± SE of 8 cell layers per condition for the mannitol flux and 
4 cell layers per condition for both the lactulose and polyethylene glycol fluxes. NS 
indicates non significance. bP < 0.001 vs control (Student’s t test, one-tailed). 
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across the apical surface. This can range from grossly 
normal, non-inflamed tissue, to normal-appearing tissue 
but with histological evidence of inflammation (seen, e.g., 
in white blood cell infiltration in stained tissue sections), 
to tissue that appears obviously inflamed grossly. In 
addition, there can be granulomas, pseudopolyps and 
even micro-ulceration areas that are denuded of epithe­
lium[27-29]. It is well known that inflammation can lead to 
increased epithelial barrier leak through elevated cytokine 
levels and other mechanisms[30]. Such grossly observed 
heterogeneity reflects itself in different degrees of barrier 
compromise. This variability in barrier compromise can 
manifest itself not only in the quantitative magnitude of 
leak, but also in the types of solutes able to leak across 
the epithelial barrier. As described in Mullin et al[31] (1997) 
and Watson et al[14] (2005), induction of transepithelial 
paracellular leak by different agents can result in leak 
to only small molecules or it can extend to paracellular 
permeation of macromolecules. 

A decrease in TER typically signifies (in “low resis­
tance” epithelial tissues like ileum or colon or CACO-2 cell 
layers) increased paracellular conductance or diffusion of 
Na+ and Cl- ions. It implies nothing about potential leak 
to larger (or uncharged) molecules. And as shown in 
Figure 1, such was the situation that we observed when 
CACO-2 cell layers were treated with TNF-α - a significant 
decrease in TER with only a marginal (and variable) 
increase in leak to D-mannitol [and no significant leak to 
the disaccharide lactulose (MW 342) (data not shown)]. 
This implies that paracellular pathways to Na+ and Cl- 
ions were increased by TNF-α treatment of the cell 
layers, but the paracellular pathways that would allow 

D-mannitol (MW 182) (or larger molecules) to pass, 
were hardly affected. 

However, when cell layers were also treated with 
IL1β and IFN-γ as well as TNF-α, a sizable increase 
(100%) in D-mannitol leak was combined with the TER 
decrease. Obviously, paracellular leak pathways that 
would admit D-mannitol, were now being induced. This 
signifies a different type of paracellular pathway that 
would likely allow for transepithelial paracellular leak of 
monosaccharides and perhaps neutral amino acids as 
well as inorganic salts. This could have an effect on the 
efficiency of gastrointestinal nutrient absorption, as well 
as ATP consumption by gastrointestinal mucosa. But 
it is difficult to see how this type of leak would induce 
inflammation in GI mucosa, since luminal molecules 
(antigens) capable of eliciting an inflammatory response 
are typically much larger. It is noteworthy that in our 
study, even with the increased leak of D-mannitol, leak 
to the larger probe molecules, lactulose and PEG (4000 
MW), was unaffected (Table 2). This not only implies 
distinct paracellular leak pathways for these different 
molecules, but also shows that induction of paracellular 
leak can be a staged, graded phenomenon. Only when 
exposure of cell layers to cytokines was combined 
with subsequent treatment with hydrogen peroxide (a 
situation that reflects certain inflamed tissue in IBD) was 
a paracellular leak to large molecules observed. 

Transepithelial leak can be both a manifestation of 
morbidity as well as a driver of morbidity, depending 
upon the nature of the molecules that are leaking. If leak 
is induced only to Na+ and Cl- ions (as we observed with 
TNF-α treatment of CACO-2 cell layers), a situation exists 
that may not generate serious morbidity. Induced leak 
to D-mannitol along with decreased TER, however, has 
implications for the physiological efficiency of nutrient 
absorption that may then have metabolic/bioenergetic 
implications for the organism. However, induced leak to 
molecules larger than D-mannitol, as we observed only 
for combined treatment with cytokines and peroxide, is 
the situation most problematic in IBD, because now there 
can be leak of peptides/proteins present in the GI lumen, 
into the interstitial fluid compartment, where activa­
tion of inflammatory cascades is possible. Substances 
normally sequestered in the GI lumen such as bacterial 
toxins and antigens, could - at least on a basis of size - 
now leak across the epithelial barrier into the interstitial 
compartment under the epithelium. Bacterial toxins such 
as Clostridium perfringens enterotoxin (CPE) - which is 
active from only the abluminal compartment[32] - as well 
as simple lipopolysaccharide endotoxin, might begin to 
permeate and either simply raise an immune response 
(and more cytokine production) in the interstitium or 
further damage the epithelial barrier directly (in the case 
of CPE) and compound the barrier compromise even 
further. 

A protein not often considered in the paracellular leak 
scenarios out of the GI lumen and across a compromised 
GI barrier is the potent mitogenic growth factor, EGF. EGF 
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Figure 5  The effect of tumor necrosis factor-α + interferon-γ + interleukin-
1β plus hydrogen peroxide on transepithelial flux of 14C-polyethylene 
glycol. Seven-day and 21-d post-confluent CACO-2 cell layers on Millipore 
PCF filters were refed in control medium or medium containing the combination 
of 200 ng/mL TNF-α, 200 ng/mL IFN-γ, and 50 ng/mL IL1β (apical and basal-
lateral compartments) 48 h prior to radiotracer flux studies. On the day of the 
experiment, the cell layers were treated for 5 h with control saline or saline 
containing 2 mmol/L H2O2. Paracellular permeability was assessed using 0.1 
mmol/L, 0.3 µCi/mL 14C-polyethylene glycol as described in materials and 
methods. Data represent the percent of control flux rate normalized across 
2 experiments, and is expressed as the mean ± SE for 8 cell layers per 
condition. NS indicates non significance vs control. bP < 0.01 vs control; dP < 
0.001 vs control (one-way ANOVA followed by Tukey’s post hoc testing). IFN-γ: 
Interferon-γ; IL1β: Interleukin-1β; TNF-α: Tumor necrosis factor-α.
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(MW 6100) exists in the GI lumen at concentrations over 
a thousand fold greater than that in the bloodstream, 
as a result of EGF synthesis and vectorial secretion by 
salivary glands and Brunner’s glands[33,34]. This EGF 
is typically biologically inactive however because its 
receptors are found on the abluminal side of GI epit­
helia and on interstitial fibroblasts - not on the apical 
surface of epithelia[35]. However, we show (Table 1) that 
combined treatment with cytokines and peroxide allows 
for EGF leak out of the luminal compartment - a situation 
predicted from the increased leak of PEG (Figure 5). 
This leakage of luminally situated EGF (down a very 
steep concentration gradient) into the interstitium may 
be a major contributing cause for the increased risk 
of neoplasia in UC, because one could now be putting 
colonic epithelial cells (whose DNA may be compromised 
by increased free radical generation) under a near 

constant replication stimulus. 
The greatest utility of the in vitro model of graded 

transepithelial leak being presented here may derive 
however from the recent research surrounding improve­
ment/recovery of epithelial barrier function by a diverse 
- and growing - array of natural (e.g., micronutrients) 
and synthetic enhancers of TJ barrier function. There 
have been numerous recent reviews and publications 
focused on the ability of certain micronutrients like zinc, 
berberine, quercetin, butyrate, indole, etc., to modify 
TJ protein composition and in the process yield a TJ - 
and epithelial barrier - that is less leaky[36-39]. The list 
of naturally occurring compounds with this capability 
being reported in the biomedical literature is expanding 
year by year. One must consider not only the action 
of these agents in isolation, but also contend with the 
possibility that certain combinations of these agents can 

Transepithelial electrical resistance decrease Mannitol leak increase Lactulose leak increase Polyethylene glycol leak increase

TNF ++ 1 0 ND
TNF/IFN + 1 0 ND
TNF/IFN/IL1β + ++ 0 0

TNF/IFN/IL1β + 
hydrogen peroxide

++++ ++++ ++++ ++++

Table 2  Summary of the magnitude of effect of combinations of cytokines and hydrogen peroxide on transepithelial electrical 
resistance, mannitol leak, lactulose leak and polyethylene glycol leak

CACO-2 cell layers having been exposed to the above combinations of cytokines and hydrogen peroxide were evaluated for type (salts, mannitol, lactulose, 
PEG) and magnitude of leak produced. All treatments increased leakage of salts as seen by a decrease in TER, but large molecule leak was seen only in 
the presence of peroxide alone or both cytokines and hydrogen peroxide, never in the presence of cytokines alone. 1Indicates that the observed effect did 
not routinely achieve statistical significance; 0Indicates that an effect was measured but no significant change was observed. ND: Not determined; IFN-γ: 
Interferon-γ; IL1β: Interleukin-1β; TNF-α: Tumor necrosis factor-α; PEG: Polyethylene glycol.

100 μm

100 μm

100 μm

100 μm

CACO-2 cell layers

Polycarbonate filter

Apoptotic nuclel

A B

C D

Figure 6  Morphological effects of cytokines and hydrogen peroxide on CACO-2 cell layers. CACO-2 cell layers were cultured at confluent density onto Millipore 
polycarbonate filters. Seven day post-seeding, the cell layers were refed with control medium or medium containing the combination of 200 ng/mL tumor necrosis 
factor-α, 200 ng/mL interferon-γ, and 50 ng/mL interleukin-1β (“cytomix”) (apical and basal-lateral compartments) for 48 h, followed by exposure to saline or saline 
containing 2 mmol/L H2O2 for 5 h. Cell layers were then fixed in formalin and stained with hematoxylin and eosin. A: CACO-2 cell layers exposed to control medium 
and control saline; B: CACO-2 cell layers exposed to cytomix medium and control saline; C: CACO-2 cell layers exposed to control medium and saline containing 
hydrogen peroxide; D: CACO-2 cell layers exposed to cytomix medium and saline containing hydrogen peroxide. In C and D, black arrows indicate instances of 
cytoplasmic blebbing. The red arrow points at a gap in the epithelial barrier arising from cell death and detachment. 
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display even greater efficacy than single agents alone 
in remodeling and enhancing TJs[40]. In short, it is a 
situation that demands the testing of a large number of 
agents and permutations of agents. Moreover, one needs 
to test not only for improvement of basal barrier function, 
but also for ability to offset the action of proinflammatory 
proteins and molecules that compromise barrier function. 
And as we described above, those agents can induce 
different states of leak, further complicating the testing 
situation. An in vitro system like what we describe here 
is ideal for the testing of a large number of different 
enhancers of barrier function in a range of distinct leak 
states. This is particularly needed because agents that 

successfully enhance barrier function in one perme­
ability state of a barrier may or may not be effective 
in yet another permeability state. As an example, the 
effectiveness of berberine in reducing leak was tested 
in this in vitro system and found to not only enhance 
basal CACO-2 barrier integrity but also to reduce the 
proinflammtory cytokine - induced compromise in epithe­
lial barrier function (Figure 7). It is the first demonstrated 
effectiveness of berberine in the context of selective 
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Figure 7  The effect of berberine on cytokine-induced leak of CACO-2 
cell layers. A: Seven-day post-confluent CACO-2 cell layers on Millipore 
polycarbonate filters were refed in control medium or medium containing 100 
µmol/L berberine. After 24 h treatment with berberine alone, the cell layers 
were given either control or berberine medium in addition to being exposed to 
no cytokines, TNF-α alone, or cytomix (apical and basal-lateral compartments) 
for 48 h prior to electrical measurements. Data shown represent the mean ± SE 
of 8 cell layers per condition. Data represent the percent of control resistance 
normalized across experiments; B: After electrical measurements, the same 
CACO-2 cell layers represented in A were used to perform radiotracer flux 
studies with 0.1 mmol/L, 0.1 µCi/mL 14C-D-mannitol, as described in Materials 
and Methods. Data represent the percent of control flux rate normalized across 
experiments and is expressed as the mean ± SE of 8 cell layers per condition. 
bP < 0.001 vs cytomix alone (one-way ANOVA followed by Tukey’s post hoc 
testing). TNF-α: Tumor necrosis factor-α.

Figure 8  The effect of berberine on cytokine- and peroxide-induced leak of 
CACO-2 cell layers. A: After electrical measurements, the same CACO-2 cell 
layers represented in B were used to perform radiotracer flux studies with 0.1 
mmol/L, 0.025 µCi/mL 14C-PEG. Data represent the percent of control flux rate, 
and is expressed as the mean ± SE of 4 cell layers per condition (3 cell layers 
for the condition of cytomix + peroxide, due to removal of one outlier data point, 
as determined by a 90% confidence level in the Dixon’s Q test); B: Seven-day 
post-confluent CACO-2 cell layers on Millipore polycarbonate filters were refed in 
control medium or medium containing 100 µmol/L berberine. After 24 h treatment 
with berberine alone, the cell layers were given either control or berberine 
medium, in addition to being exposed to either cytomix (50 ng/mL tumor necrosis 
factor-α, 100 ng/mL interferon-γ, 50 ng/mL interleukin-1β) or no cytokines (apical 
and basal-lateral compartments) for 48 h. On the day of the experiment, the 
cell layers were treated for 5 h with control saline or saline containing 1 mmol/L 
hydrogen peroxide ± berberine. Data shown represent the mean ± SE of 4 cell 
layers per condition, with data expressed as the percent of control resistance. bP 
< 0.01 vs cytomix + H2O2; dP < 0.001 vs H2O2 alone (one-way ANOVA followed by 
Tukey’s post hoc testing). Experiment was repeated with similar results. 
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leak induction by treating epithelial cell layers with 
combinations of cytokines + peroxide. Berberine’s effec­
tiveness in attenuating not only cytokine-induced leak 
to small molecules but also the transepithelial leak to 
larger molecules that is seen with cytokines + peroxide, 
portends potential clinical therapeutic value for IBD. 

In our studies, berberine was presented to both 
cell surfaces simultaneously, as has also been done in 
earlier studies with berberine and CACO-2 cell layers, 
studies also showing berberine effectiveness in reducing 
cytokine-induced barrier disruption[41]. Future studies 
by our group will evaluate potential sidedness aspects 
to berberine’s effectiveness in this model. Basal-lateral 
effectiveness of berberine has been shown pointedly by 
Taylor et al[42,43] in colon tissue studies. In vivo studies 
where berberine has been proven effective when given 
orally[44] may suggest an action from the apical surface, 
but it is equally possible that berberine is diffusing across 
damaged epithelial mucosa and engaging the cell from 
the basal-lateral surface. This is in fact suggested in 
studies where mucosal barrier damage is modeled through 
the use of cytochalasin-D treatment[43], and studies 
showing poor intestinal absorption of berberine into the 
bloodstream[45]. 

In conclusion, the expanding array of compounds that 
are effective in reducing leak across epithelial barriers, 
both basal as well as induced leak, may be the source of 
an entirely new class of therapeutics in IBD, therapeutics 
that could work in complementarity to agents that reduce 
inflammatory response directly, such as the anti-TNF-α 
drugs or the salicylates. A need exists for a cell culture 
model system that could allow large numbers of such 
compounds (and their combinations) to be tested in vitro 
before animal model and human studies are undertaken. 

COMMENTS
Background
In inflammation and inflammatory diseases impacting epithelial cell layers, there 
are many molecular agents assaulting the epithelial barrier. Pro-inflammatory 
cytokines such as tumor necrosis factor-α, interferon-γ and interleukin-1β, and the 
chemical hydrogen peroxide, are four very common entities in the inflammatory 
microenvironment that impact an epithelium. In this study, the authors considered 
that each agent and combinations of agents may have unique effects in terms 
of the barrier leak that they produce. The authors asked the question of whether 
these varying effects would confer leakiness to different sizes of molecules. The 
authors then asked if an agent capable of improving barrier integrity and resisting 
leak would confer its benefits on specific types of leak.

Research frontiers
It has been well established by numerous research groups that the above three 
cytokines and hydrogen peroxide all possess ability to induce transepithelial 
leak, but the nature of the leak produced by the different agents-and especially 
their combinations-has not been clearly delineated.

Innovations and breakthroughs
In a barrier-related disease such as inflammatory bowel disease (IBD), trans
epithelial leakage of small molecules (salts, water, sugars, amino acids) will have 
different medical implications than leak of macromolecules such as protein growth 
factors, food antigens, and bacterial toxins and antigens. In the testing of various 
agents capable of barrier protection it is important to note what types of leak are 
reduced by the agent under study. Berberine, for instance, is shown here to be 

able to redress the most severe form of leak, namely the leak to macromolecules 
produced by the combination of cytokines and peroxide.

Applications
Certain aspects of IBD could be alleviated specifically by shutting down or 
reducing the unregulated leak of molecules across the inflammation-damaged 
mucosal lining. This manuscript highlights the issue that specific therapeutic 
agents will be uniquely able to target certain types of leak.

Terminology
Transepithelial leak is not a monolithic entity. It can result from altered tight 
junctions giving rise to greater leak to small molecules. Or it can result from full 
disappearance of tight junctions, giving rise to unrestricted paracellular leak, as 
can happen in epithelial-to-mesenchymanl transition. Or it can result from the 
disappearance of whole cells (by death and/or detachment), which gives rise to 
similarly unrestricted leak, as in tight junction disappearance, but here requiring 
very different mechanisms (including cell replication and motility) to close the leak. 
All forms are likely in play in IBD, and each-by being regulated differently-can be 
affected by unique agents capable of restoring aspects of barrier function.
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