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Abstract
Vitamin A (Retinol), a fat soluble vitamin, is an essential nutrient for normal functioning of the visual
system, epithelial cell integrity and growth, immunity, and reproduction. Our group has investigated
the effect of high doses of oral vitamin A on early childhood diarrhea in our prospective community-
based studies from Northeast-Brazil and found a benefit role in reducing the mean duration but not
incidence of diarrheal episodes. In this study, we explored the role of retinol supplementation in
intestinal cell lines following Clostridium difficile toxin A (TxA) challenge. C. difficile is the most
common anaerobic pathogen associated with antibiotic- diarrhea and pseudomembranous colitis.
Since retinol is critical for the integrity of tight junctions and to modulate cell cycle, we have focused
on changes in transepithelial electrical resistance (TEER) in Caco-2, a more differentiated intestinal
cell line, and on models of cell proliferation, migration and viability in IEC-6 cells, an undifferentiated
crypt cell line, following TxA injury. In this model, retinol therapy reduced apoptosis, improved cell
migration, proliferation and prevented the reduction in TEER, following C. difficile TxA challenge
in glutamine-free medium. These results suggest the role of retinol in protecting the intestinal
epithelial barrier function from C. difficile TxA enterotoxic damage.

Keywords
Retinol; vitamin A; Clostridium difficile toxin A; transepithelial resistance; proliferation; migration;
apoptosis

INTRODUCTION
Vitamin A (Retinol), a fat soluble vitamin, is an essential nutrient needed in small amounts for
normal functioning of the visual system, growth and maintenance of epithelial cell integrity,

Correspondence: Reinaldo B. Oriá, Ph.D., Department of Morphology and Clinical Research Unit & Institute of Biomedicine, School
of Medicine, Federal University of Ceará, R. Cel. Nunes de Melo, No. 1315, Rodolfo Teófilo, CEP 60.430-270, Fortaleza, Ceará, Brazil.
Email: rbo5u@virginia.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Toxicon. Author manuscript; available in PMC 2008 December 15.

Published in final edited form as:
Toxicon. 2007 December 15; 50(8): 1027–1040.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immune function, and reproduction (Quadro et al., 2000; Ziegler et al., 2003; Zile et al.,
1977). Vitamin A deficiency is a public health issue in many developing countries, where
diarreal and respiratory illnesses are common, with consequences ranging from potentially
blinding xerophthalmia to increased risks of infection and mortality (Grotto et al., 2003). In a
study conducted with Bangladeshi children afflicted with acute Shigella spp. infection, vitamin
A supplementation was associated with significant improvement in clinical recovery (Mitra et
al., 1998). Additional studies in developing countries suggest that repletion of vitamin A in
vitamin A-deficient individuals decreased the risk of diarrhea and gut barrier dysfunction,
suggesting a critical role of this nutrient in the gut mucosal repair during infection (Barreto et
al., 1994; Wang et al., 1997).

Retinol is the alcohol form of vitamin A and, within the enterocyte, is esterified with long-
chain fatty acids for storage or conversion to active metabolites (Lissoos et al., 1995). The
importance of vitamin A in maintenance of the gastrointestinal tract structure and function has
been demonstrated in several animal studies, by the enhancement of the intestinal epithelial
barrier with supplementation and the worsening with deprivation (Li and Tso, 2003; Zile et
al., 1977). Vitamin A-deficient rats have significantly reduced villus height, sucrase and
maltase activities (Li and Tso, 2003; Warden et al., 1997), impaired cell migration, and
impaired mucosal protein synthesis at the translational level (Zaiger et al., 2004). Nonetheless,
the beneficial role of vitamin A supplementation has been also demonstrated in animal models
of small intestinal enteropathies (Beyzadeoglu et al., 1997).

Our group has investigated the effect of high-doses of oral vitamin A on early childhood
diarrhea in our prospective community-based studies in high endemic areas of the Northeast
Brazil and found a significant decrease in the mean duration but not in the incidence of diarrheal
episodes (Walser et al., 1996). Furthermore, we have found significantly impaired mannitol
absorption, increased lactulose:mannitol ratio, and reduced serum retinol concentrations
associated with diarrheal illnesses and significant improvements in the intestinal barrier
function (shown by L/M permeability ratio) and growth (seen by the high-per-age Z scores),
following vitamin A and zinc supplementation (Quadro et al., 2000).

Clostridium difficile is the most common anaerobic pathogen that causes antibiotic-associated
diarrhea and pseudomembranous colitis following antibiotic therapy (Bartlett et al., 1980;
Guerrant et al., 1990). The estimated number of cases of C. difficile-associated disease exceeds
250,000 per year in the United States (Wilkins and Lyerly, 2003), with a total additional health
care costs approaching US$1 billion annually (Kyne et al., 2002). Pathogenic strains of C.
difficile produce two high molecular weight protein exotoxins, toxin A (TxA) and toxin B
(TxB). Toxin A is a 308-kDa cytotoxin and enterotoxin that induces marked intestinal
inflammation, fluid secretion, disruption of the intestinal epithelium and mucosal injury (Johal
et al., 2004; Lima et al., 1988; Pothoulakis, 1996). Recently, our laboratory has studied the
TxA-induced apoptotic pathway in T84 intestinal cells via caspase and Bid activation and
further demonstrated the disruption of mitochondrial membrane potential and release of
cytochrome c contributing to the epithelial disruption seen in the TxA challenge (Brito et al,
2002).

Although disruption of the epithelial intestinal barrier due to TxA enterotoxic injury has been
extensively studied (Nusrat et al., 2001; Pothoulakis, 1996), to our knowledge, up to date no
studies have addressed the role of retinol in protecting the C. difficile TxA-induced cell damage
in intestinal cell lines. Since retinol is critical for establishing the integrity of tight junctions
(Baltes et al., 2004) and to modulate the cell cycle (Hilakivi-Clarke et al., 2004), we have
focused on changes in transepithelial resistance in Caco-2, a more differentiated intestinal cell
line, and on models of proliferation and migration in IEC-6 cells, an undifferentiated crypt cell
line, following TxA-induced cell injury.
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MATERIALS AND METHODS
Reagents, drugs and toxin

Trypsin, Dulbecco's Modified Eagle Media, fetal bovine serum and antibiotic antimycotic
solution were obtained from either Gibco BRL (Grand Island, NY) or Invitrogen (Carlsbad,
CA). Water soluble-retinol (vitamin A) was obtained from Sigma (St. Louis, MO). A stock
solution of retinol (5 mM) was prepared in deionized and sterile water immediately before use,
handled in the dark, and kept at -20 °C in order to avoid isomerization and oxidation. Annexin
V ApopAlert kit was obtained from Clontech (Palo Alto, CA). Tetrazolium salt WST-1 reagent
was obtained from Roche (Mannheim, Germany). Mitomycin C was obtained from Roche
applied Science (Roche, Indianapolis, IN). Purified toxin A from Clostridium difficile (strain
#10463; molecular weight, 308 kDa) was kindly provided by Dr. Lyerly (Tech Laboratory,
Blackburg, VA).

Intestinal epithelial cells culture
Rat intestinal jejunal crypt cells (IEC-6, passages 6-12) or human intestinal epithelial cell line
(Caco-2, passages 40-51) were purchased from American Type Culture Collection (Rockville,
MD) and were cultured at 37°C in a 5% CO2 incubator. For IEC-6 cells, the maintenance cell
media was Dulbecco's Modified Eagle Media (DMEM; Gibco BRL, Grand Island, NY)
supplemented with 5% fetal calf serum (FCS), 5mg bovine insulin, 50ug/ml of penicillin/
streptomycin (DMEM; Gibco BRL, Grand Island, NY) and a final concentration of 1mM of
sodium pyruvate. The media was changed thrice a week, according to standard culture
protocols. For Caco-2 cells, the maintenance cell media was Dulbecco's Modified Eagle Media
(DMEM; Gibco BRL, Grand Island, NY) supplemented with 10% fetal calf serum (FCS) and
100ug/ml of penicillin/streptomycin (DMEM; Gibco BRL, Grand Island, NY). The cultured
cells were trypsinized with 0.25% EDTA trypsin when confluence was achieved.

WST-1 cell proliferation assay
Cell proliferation was measured indirectly using the tetrazolium salt WST-1 (4-[3-(4-
iodophenyl)-2H-5-tetrazolio]-1-3-benzene disulfonate), according to the manufacturer
recommendations. A 96-well plate was seeded with IEC-6 cells in a total concentration of 4
×104 cells/ml in 100 μL of standard DMEM media. Cells were allowed to attach for 48 hours,
when the media volume was removed and it was changed to standard medium or medium
without glutamine with supplementation of vitamin A (0.01-100nM) or not, and then either
incubated or not with toxin A (0.1μg/ml). After 24 and 48 hours, wells were incubated for 4
hours with 10μL of the tetrazolium salt and the absorbance was measured using an ELISA
microplate reader at 450nm (reference range 420-480 nm). Tetrazolium salts are cleaved to
formazan by mitochondrial enzymes in viable cells. Enhancement of the number of viable cells
will result in an increase of the amount of the formazan dye, which is detectable by the ELISA
reader. Therefore, this model indirectly measures the cell proliferation rate in a time manner.

Migration assay in intestinal cells
This assay was performed as previous described with modifications (Brito et al., 2005). IEC-6
cells were seeded in 6-well plates in a concentration of 5×104 cells/ml and cultivated in DMEM
media with 5% FCS (Gibco BRL, Grand Island, NY), until confluence. Wells were then
scratched along their diameter and extending 30mm in length to the right center corner, using
a sterile razor blade. Prior to scratching, 50% of the media volume was removed from each
study well. After scratching, the medium was changed to medium without glutamine with or
without supplementation of vitamin A (0.01-100 nM), and then toxin A (0.01 μg/ml) was added.
This dose was chosen based on our previous studies. In order to rule-out a proliferation
component on cell migration, in some experiments 5 μg/ml of mitomycin C was added 15-20
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min prior to the scraping to inhibit DNA synthesis and cell mitosis (Roche, Indianapolis, IN).
In order to verify the effect of vitamin A on the migration following mechanical damage, the
replacement of medium after scratching was made with standard medium or medium without
glutamine (WG) with supplementation of vitamin A (0.01-100 nM) in absence of toxin A. The
wells were then returned to the incubator, and after 24h, a column with the highest migration
rate was selected and the cells were counted using an eye piece grid, according to Brito et al
(2005).

Measurements of the transepithelial electrical resistance (TEER)
Electrical resistance across the Caco-2 cells was measured as described by Hidalgo et al
(Hidalgo et al., 1989). Caco-2 monolayers, derived from a human colon adenocarcinoma,
exhibit a phenotype that mimics those that occur in normal colonic cells in vivo. Twelve-cluster
plate transwells (6.5mm insert diameter and a growth area of 0.33cm2) (Costar, Corning, NY)
were used to address the monolayer permeability, which rises when electrical resistance drops.
The Caco-2 cells were seeded at 5 × 105cells/ml in the upper compartment, on collagen-coated
filters, and incubated at 37°C in a 5% CO2. The medium volumes in the apical and basal
compartments were 0.4ml and 1.0 ml, respectively. In order to assay the role of retinol
(0.01-100 nM) in reaching cell confluence, after trypsinization, detached Caco-2 cells (passage
40-45) were transferred to transwells and were seeded in glutamine-free medium with or
without retinol supplementation. Changes in TEER were tracked daily until reaching >95%
confluence, during 120 hours following cell seeding. In order to evaluate C. difficile toxin A
challenge, we assayed TEER changes in Caco-2 cells following cell confluence. The standard
medium was replaced with glutamine-free medium, supplemented with vitamin A (0.1-100
nM) or not (controls) and then toxin A was added (0.1 μg/ml). Transepithelial resistance of the
Caco-2 monolayers was measured using a Millicell Electrical Resistance System with a dual
electrode (Millipore Corp., Bedford, MA), by placing separate electrodes in the upper and
lower wells, according to the manufacturer's instructions. The resistance from each well was
subtracted from a blank value (obtained by inserting the electrodes in a transwell harboring a
cell-fee medium) to ultimately calculate the monolayer resistance, which was multiplied by
the area of the membrane to obtain TEER (Ω . cm2). Results from the toxin A assay were given
as percentage of the initial measurement.

Flow cytometry for apoptosis and necrosis
Caco-2 cells were seeded onto 12-well plates in a concentration of 5×105 cells/ml. These cells
were allowed to attach on the plate surface for 24 hours. After 24h, the medium was replaced
by a novel medium either supplemented with vitamin A (0.01-100 nM) or not, and then
incubated or not with toxin A (0.1μg/ml). Cells were trypsinized, centrifuged, and washed with
medium, before incubation with Annexin V. Then, the cells were counted and diluted to 105

cells and rinsed with 1x binding buffer, and re-suspended in 200 μl of binding buffer. 5 μl of
Annexin V and 10 μl of PI were added and incubated for 5-15 min in the dark. Apoptosis and
necrosis were measured by flow cytometry analyses, on an EPICS XL-MCL platform, using
a XL System II (Beckman Coulter, Fullerton, CA), using the ApoAlert Annexin V kit. Annexin
V is a molecule that binds to phosphatidylserine (PS) and when conjugated to a fluorochrome
detects apoptotic cells expressing PS on the reversed membrane surface. For this protocol,
propidium iodide (PI) was also used to detect necrotic and late apoptotic cells, which express
PI inside the membrane.

Data entrance and statistical analyses
The data were entered in a computer data set and validated by two different persons. Results
are expressed as mean ± standard error (SEM), as generated by GraphPad Prism (GraphPad
Software, San Diego, CA), using duplicate measurements for at least three independent
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experiments for each dose and time point. The differences between the experimental groups
were compared by one way ANOVA, corrected by Bonferroni's multiple comparison test.
Dose-response curve analyses were generated using the best to fit analyses by the GraphPad
Prism software. Statistical significance was accepted at the level of p < 0.05.

RESULTS
Effects of Retinol alone and following C difficile Toxin A on Transepithelial electrical
Resistence (TEER)

In order to determine the time and dose effect of toxin A (TxA) on barrier cell function in
human colonic Caco-2 cells, we measured TEER over 24h following TxA exposure, as
previously described elsewhere (Liu et al., 2003). Exposure of Caco-2 monolayer to TxA led
to a toxin dose-dependent significant decrease in the monolayer electrical resistance (Fig. 1A).
TxA led to rapid and irreversible loss of electrical resistance, seen 24 hours following the
challenge in all doses tested (0.1, 0.3, 1 and 3 μg/ml). We found a significant reduction (p<
0.05) of TEER in relation to the control as fast as 0.5 hour after the challenge in the dose of
3μg/mL; After 2h, TxA in the dose of 0.3μg/mL and 1μg/mL determined significant resistance
decline, as well. After 3 hours of TxA incubation, significant reductions were seen for all the
doses tested. The maximum effect of the highest and lowest dose occurred, respectively, after
2h and 6h, with no significant difference between them in this period. C. difficile TxA challenge
determined an acute resistance drop seen in a dose and time dependent fashion. The beginning
of the decline and the maximum effect were observed for the dose of 3μg/mL at 30 minutes
and 2 hours, respectively. The dose of 0.1μg/mL TxA was chosen onwards to study the role
of retinol in proliferation, TEER, apoptosis and necrosis, since this was the lowest TxA
concentration, still with biologic activity, which enabled a conspicuous reduction of the
transepithelial resistance, also demonstrated in our early studies (Brito et al., 2002; Brito et al.,
2005).

To study the retinol effect on the TxA-induced electrical resistance drop, cells were exposed
during 24h to 0.1μg/mL TxA. Retinol at concentrations of 0.1nM (59.3 ± 1.3Ωcm2;p<0.05),
0.3nM (69.86 ±0.6 Ωcm2;p<0.05), 1 nM (66.4 ± 2.3Ωcm2;p<0.05), 3nM (42.5 ±3.05
Ωcm2;p<0.05) and 30nM (65.03 ± 0.625Ωcm2;p<0.05) prevented the reduction of TEER (Ω)
(% of initial value), 3 hours following the TxA exposure, in relation to the untreated control
challenged with TxA (59.3± 1.3Ωcm2). The doses of 0.1, 0.3 and 10nM (36.17± 0.02; 33.5±
1.8; 50.63±2.33 vs. 27.31±0.23Ωcm2; p<0.05, respectively) at 4h prevented the reduction in
TEER in relation to the control with TxA. After six hours following C. difficile TxA exposure,
the severity of TxA cytotoxicity outweighed the early observed retinol protection on TEER
(Fig. 1B).

In order to evaluate the role of retinol alone, we also tracked cell confluence in transwells, by
measuring non-TxA exposed Caco-2 short-time ongoing confluence (gain of TEER over time)
in a medium without glutamine and enriched with retinol (0.01-100 nM). The rate of resistance
gain was sustained significantly in all doses after 72 hours up to 120 hours, following initial
measurement (data not shown).

Effect of C. difficile Toxin A and Retinol on cell proliferation
C. difficile toxin A (TxA) reduced cell proliferation in a dose-dependent fashion at 24 hours
(Fig. 2A). The lowest dose of TxA to reduce proliferation was 0.01 μg/ml at 24h (reduction of
23.54% vs. control (standard media), p<0.001). The highest dose used (3.0μg/ml) reduced
proliferation by 86.96% and 91.52% vs control at 24h and 48hours, respectively.
Supplementation with retinol in standard medium (SM) did not significantly increased cell
proliferation at 24 and 48 hours. Retinol supplementation was beneficial on cell proliferation
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in unchallenged IEC-6 seeded only in glutamine-free medium (WG) at a low dose o dose
0.75nM (10.53% vs. control–WG, P<0.024) following 24 hours of cell incubation (data not
shown). The dose of 0.1μg/ml TxA was chosen to study the effect of retinol on cell proliferation,
since this concentration induced significant reduction of cell proliferation at 24 hours (80.72%
decline, p<0.001. Retinol supplementation increased cell proliferation after TxA-induced cell
damage (0.1μg/mL) at a rate of 14.23%, 23.81%, 59.81%; 38.46%; 30.28%; 44.18% (doses of
0.01; 0.03; 0.1; 1.0; 10; 100nM of retinol, respectively), compared to controls with the presence
of C. difficile TxA (Fig. 2B).

Effects of C. difficile Toxin A and Retinol on IEC-6 migration
After 24 hours of TxA exposure (0.01μg/ml) following plate scraping, there was a significant
reduction in cell migration, p<0.0001 (reaching a decline of 31%), as opposed to the
unchallenged control. Following mechanical damage, retinol supplementation improved
significantly (p<0.05) IEC-6 cell migration at all retinol concentrations tested (0.01-100 nM)
following C. difficile-TxA exposure at 12 hours (4-8 fold increase) and 24 hours (5-9 fold
increase), with mitomycin C pretreatment.

Retinol supplementation at concentrations of 0.1, 0.3, 1, 10 and 100 nM improved significantly
IEC-6 cell migration at rates of 32, 49, 47, 88 and 62% at 12 hours and 66, 72, 81, 92 and
112%, at 24 hours respectively, following C. difficile-TxA exposure, without previous
mitomycin C treatment (Fig. 3A). Migration rates from retinol supplemented and non-
supplemented controls are depicted by representative microphotographs 24 hours following
mechanical injury (Fig 3B).

Effects of C. difficile Toxin A and Retinol on cell viability, measured by flow cytometry
analyses

Following 24h of TxA incubation (0.001-3μg/ml), the number of apoptotic cells was
significantly increased in a dose-dependent way, starting from dose 0.1μg/ml, when compared
with the glutamine-free non-exposed control (p<0.001, respectively). Likewise, we found a
significant increase in the rate of necrotic cell death at the same starting dose of 0.1μg/ml
(p<0.05), however reaching a plateau thereafter with increasing concentrations (Fig. 4A).
Apoptotic cells were positive for annexin V-FITC only (lower right quadrant) and cells that
were both necrotic and apoptotic were both positive for annexin V-FITC and propidium iodide
(upper right quadrant). The viable cells did not stain for annexin V-FITC or with propidium
iodide. Following 24h of TxA exposure in an enriched retinol medium, retinol was able to
reduce TxA-induced apoptosis at almost all doses tested (0.03, 0.1, 1, 10 nM), p<0.05, but not
at the lowest (0.01 nM) and the greatest doses (100 nM) tested. Similarly, retinol
supplementation reduced necrosis signficantly, p<0.05, except at the concentration of 0.01 nM,
in comparison to retinol-free medium (Fig. 4B and C, respectively).

DISCUSSION
Retinol (and the oxidized form of retinoic acid) has been shown, at the transcriptional level,
to activate and deactivate a myriad of genes coding for hormones, growth factors, structural
proteins and cell death pathways (Blomhoff and Blomhoff, 2006). The transcriptional
modulation activated by retinol involves members of the intracellular retinoic acid and retinoid
X receptors (RXR), although these signaling pathways are not well understood. In this current
study, we have focused on two intestinal cell lines (Caco-2 and IEC-6) to address the benefit
of retinol in an in vitro model of epithelial cell damage due to C. difficile toxin A, yet not
explored. Enterocytes are involved in vitamin A metabolism, since these cells deliver highly
hydrophobic retinyl esters to chylomicrons to be released into the lymphatic system and are
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critically affected by vitamin A deficiency when mucosal damage occurs (Thomas et al.,
2005).

We have explored changes in the epithelial monolayer integrity following C. difficile-induced
cell damage, monitoring the transepithelial electrical resistance (TEER), which is the result of
the physical sealing of cell-to-cell contacts by apical tight junctions (Musch et al., 2006),
playing a role in cell differentiation. In this regard, Caco-2 cells are eligible intestinal cell lines,
since Caco-2 cell sheets form polarized monolayers, developing a similar differentiated pattern
seen in human enterocytes in vivo (Baltes et al., 2004). These cells embedded in an enriched
medium can absorb retinol and are able to generate retinyl esters. Additionally, they can express
cellular retinol binding protein-II (CRBP-II), which is critical for retinol solubilization within
the cytoplasm (Lissoos et al., 1995) and might have a role during small bowel adaptive
responses against mucosal injury (Wang et al., 1997). Our findings regarding the benefit of
retinol in increasing TEER, as early as three hours, following TxA challenge, is unlikely to be
because of only cell proliferation, since we could not find significant Caco-2 proliferation at
these time points for all doses testes (unpublished data). However, we cannot rule out that cell
proliferation might have role in the gain of TEER afterwards.

We also have explored the role of retinol in protecting cell proliferation and migration following
the extensive cell damage induced by C. difficile TxA in IEC-6, a rat undifferentiated crypt
cell line.

Cell proliferation and migration are tied kinetic phenomena acting together to switch cell
function toward renewal and repair (Dignass, 2001). These changes seen along intestinal crypts
after significant mucosal injury, can lead to compensatory crypt hyperplasia (Carneiro-Filho
et al., 2004), required for epithelium restoration. In adult tissues, retinoids show different
effects in regulating cellular proliferation, depending on cell type, by involving specific
regulatory proteins of the cell cycle, including cyclins and cyclin-dependent kinases (Bohnsack
and Hirschi, 2004). The exact meaning of these cell cycle mediators on vitamin A-induced cell
healing warrants additional studies. Our findings with mitomycin C have shown that
proliferation is an important component to cell migration. In this regard, Bulut et al have shown
a significant stimulation of glucagons-like peptide 2 inducing migration in IEC-6 and IEC-18
monolayers but not in Caco-2 cells, effect which was mediated by tumor growth factor-β
(Bulut et al, 2004), suggesting a synergistic role of retinol and growth factors in mediating
wound healing upon changes of cell turn over involving the intestinal crypt.

Additionally, we have addressed the role of retinol in cell viability after C. difficile toxin A
injury, by studying necrotic and apoptotic death in C. difficile toxin A-exposed IEC-6 cells,
process that ultimately counterbalance cell renewal in vivo. The role of retinol in preventing
cell apoptosis due to C. difficile toxin A might involve mitochondrial and cell death receptor
pathways altogether, since the mechanism of the toxin A-induced apoptosis enrolls intrinsic
and extrinsic caspase-activating pathways, by a cross-talk through Bid activation, as shown in
our previous studies with T-84 cells (Brito et al., 2002; Carneiro et al., 2006). In non-intestinal
tissue, retinoic acid was shown to be anti-apoptotic by reducing the oxidative mediated
apoptosis via activator protein-1 (AP-1) pathway (Kitamura et al., 2002). On the other hand,
retinoids might exert a pro-apoptotic effect by favoring differentiation rather than proliferation
in tumor cells, a role that has been extensively studied in the recent development of anti-cancer
therapy (Simoni and Tolomeo, 2001; Zamora et al., 2006). However, the mechanisms of the
retinol anti-apoptotic effects following toxin A enterotoxic damage remains to be explored.

Our findings have highlighted the importance of retinol supplementation to enhance the
intestinal barrier following a stressful condition, when other gut-trophic nutrients are deprived
or when increase of their requirements are likely to occur. In favor of this is the observation
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that vitamin A supplementation was more beneficial in hastening the confluence of toxin A in
non-exposed Caco-2 cells seeded in a glutamine-free medium than in standard medium.
Furthermore, a recent study using cell monolayers has found a benefit of all-trans retinoic acid
supplementation in enhancing Caco-2 differentiation and preventing apoptosis only under
serum-free conditions (Baltes et al., 2004).

In a model of small bowel resection, vitamin A partial replenishment (50% of restored vitamin
A serum levels) before surgery was able to reverse the effects of deficiency on enterocyte's
apoptosis, although the regain of cell proliferation and migration was not fully reached,
suggesting that higher availability of vitamin A is required for renewal kinetics (Swartz-Basile
et al., 2000; Swartz-Basile et al., 2003).

These observations also give an explanation for some findings showing the greater benefit of
vitamin A supplementation in children under heavy burdens of diarrhea when other gut-trophic
micronutrients, such as glutamine, are usually depleted (Chen et al., 2003; Walser et al.,
1996). The broad retinol protective action following toxin A exposure in intestinal cell lines,
named enhanced cell proliferation and migration and anti-apoptotic action, may also explain
the rapid recovery of the intestinal barrier function following other pathogen-born diarrheal
illnesses in poor settings of the developing world (Walser et al., 1996). Recently, Wang et al
have shown that pellet releasing retinoic acid was anti-apoptotic and stimulate crypt
proliferation and enterocyte migration post-intestinal resection in vitamin A deficient rats,
which was found to be mediated via changes in the extracellular matrix (Wang et al,. 2007).

In summary, we have confirmed the heavy cytotoxic effect of C. difficile toxin A in a dose-
dependent fashion, as previously shown by our group, and found a potential benefit of retinol
supplementation to enhance intestinal cell adaptative responses against C. difficile toxin A
challenge. The medical attention to the physiopathology of C. difficile induced nosocomial
infections has tremendously grown since the emerging of a more virulent and resistant strain
and additional support nutritional therapies are important (Musher et al., 2006; Voth and
Ballard, 2005). Based on our findings, this study shed light to the role of this nutritional therapy
to restore the intestinal barrier function following C. difficile toxin A diarrhea, although
molecular mechanisms and possible synergistic effects with other gut-trophic nutrients yet
warrant further investigation. In this regard, specific mechanisms and pharmacological
interactions of retinol alone or in combination with other micronutrients to enhance the
intestinal barrier healing following C. difficile toxin A challenge are under way in our
laboratory, especially addressing cyclin and Wnt-pathways in regulating cell proliferation.
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FIGURE 1.
(A) C. difficile toxin A (TxA) (0.1-3μg/mL) effect on transepithelial electrical resistance
(TEER) response after Caco-2 confluence. Caco-2 cells were grown on transwell-COL inserts
in standard medium and were exposed to varying concentrations of TxA or sterile PBS vehicle
(control). TEER was measured before, 30 minutes and until 24 hours after the addition of TxA.
Values are means ± SEM. Statistical significance (P < 0.05) departure from the control is
indicated by an asterisk, analyzed by ANOVA and Bonferroni's test. (B) Effect of retinol
(0.01-100 nM) on Caco-2 monolayers' transepithelial electrical resistance (TEER) after C.
difficile toxin A cell injury (0.1μg/mL). Transepithelial electrical resistance (TEER) was
measured using Millicel Electrical Resistance System, by inserting electrodes into the apical

Maciel et al. Page 13

Toxicon. Author manuscript; available in PMC 2008 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and basal side of the well, according to the manufacturer's instructions. After cell confluence,
TxA was added in the apical part, in a concentration of 0.1μg/mL. These cells were treated
with different concentrations of retinol (0.01-100nM) and the control group received only
deionized and sterile water as vehicle. Values are mean ± SEM. Statistical significance (P <
0.05) from the control is indicated by an asterisk, determined by Student's T test. Black bar
represents TEER mean value from non-exposed Caco-2 cells seeded in a medium without
glutamine (WG).
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FIGURE 2.
(A) Dose and time response of C. difficile toxin A (0.001-3μg/mL) exposure on IEC-6 cell
proliferation following 24 hours, showing inhibition of cell proliferation in vitro. Cell
proliferation assay was assessed by reading the absorbance using an ELISA microplate reader
at 450nm in 96-well, following 24 hour of C. difficile toxin A exposure. After 24 hours, wells
were incubated for 2 hours with 10μL of tetrazolium salt and the absorbance was measured.
*P<0.05 compared with the control containing non-exposed IEC-6 cells seeded in a standard
medium (C), by ANOVA and Bonferroni's test. (B) Effect of retinol (vit A) on cell proliferation
assay by detected absorbance using an ELISA microplate reader at 450nm in 96-well seeded
IEC-6 cells. Retinol (0.01-100nM) was diluted in medium without glutamine. After 24hours,
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wells were incubated for 2 hours with 10uL of the tetrazolium salt and the absorbance was
measure at 24 hours. *P<0.05 compared to the non-treated and toxin A exposed control (TxA),
by ANOVA and Bonferroni's test.
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FIGURE 3.
(A). Protective effect of retinol in IEC-6 cell migration following 12 and 24 hours of C.
difficile toxin A (TxA) exposure (0.01μg/mL) with (M+) or without (M-) mitomycin C
pretreatment (5μg/ml, 15-20 min prior to the scraping). IEC-6 cell monolayers were scraped
and incubated with retinol (0.01-100nM) diluted in a glutamine-free medium, immediately
after standard medium replacement. (B) Representative images of IEC-6 cell migration (X100)
at 24 hours following TxA exposure (0.01μg/mL) and retinol supplementation (0.01-100nM)
from 6-well plates with (M+) or without (M-) mitomycin C pretreatment. The bars represent
mean ± SEM for the number of migrating cells per square millimeter of the scraped area.
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*P<0.05 compared to in cells incubated with TxA at 12 hours, #P<0.05, compared to in cells
incubated with TxA at 24 hours, by ANOVA and Bonferroni's test.
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FIGURE 4.
(A) Apoptosis and necrosis induced by C. difficile toxin A (TxA) (0.001-3μg/mL) in a dose-
dependent fashion at 24 hours. IEC-6 cells were incubated for 2 hours with TxA and then
harvest. Cells were stained with FITC-conjugated annexin V and propidium iodide and
analyzed by flow cytometry. Results are shown as density plots with propidium iodide vs.
annexin V-FITC. Viable cells have low annexin-V-FITC and low propidium iodide staining
(lower-left quadrant), apoptotic cells have high annexin V-FITC and low propidium iodide
staining (lower-right quadrant), and necrotic cells have high propidium iodide and annexin V-
FITC staining (upper-right quadrant). Bars on the graph (bottom right) represent the percentage
of apoptotic and necrotic cells. (B) C. difficile toxin A-induced apoptosis and necrosis are
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inhibited by retinol (Vit A). IEC-6 cells were incubated for 24 hours with TxA (0.1μg/mL) in
culture medium containing Vit A (0.01-100nM) or medium deprived of Vit A. Cells were
stained with FITC-conjugated annexin V and propidium iodide and analyzed by flow
cytometry. Results are shown as density plots with propidium iodide vs. annexin V-FITC.
Viable cells have low annexin-V-FITC and low propidium iodide staining (lower-left
quadrant), apoptotic cells have high annexin V-FITC and low propidium iodide staining
(lower-right quadrant), and necrotic cells have high propidium iodide and annexin V-FITC
staining (upper-right quadrant).
(C) C. difficile toxin A-induced apoptosis and necrosis are inhibited by retinol (Vit A). IEC-6
cells were incubated for 24 hours with TxA (0.1μg/mL) in culture medium containing Vit A
(0.01-100nM) or medium deprived of Vit A. Bars on the graph represent the percentage of
apoptotic and necrotic cells (C). *P<0.05 compared to media with TxA by ANOVA and
Bonferroni's test.
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