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Abstract.
BACKGROUND: Clostridium difﬁcile Infection (CDI) can lead to diarrhea and fulminant colitis. C. difﬁcile infects the host
using toxins. Recent studies report prevalence of CDI in the small intestine. Berries are known to contain antioxidants and
phenolic compounds that might mitigate bacterial infection.
OBJECTIVE: We explored the impact of C. difﬁcile toxins on the small intestine using an in vitro approach and used systems
biology techniques together with data integration to identify food compounds that can reduce their cytopathic impact.
METHODS: Differentiated Caco-2 cells were exposed to C. difﬁcile toxins and the transcriptomic changes were studied. To
identify foods with potential beneficial counteracting effects, the transcriptomic profiles were integrated with transcriptomics
data from Caco-2 cells exposed to various food compounds and analyzed using multivariate analysis.
RESULTS: Beneficial food candidates, selected by multivariate analysis, such as blackcurrant, strawberry and yellow onion
were further examined for their potential to counteract the effect of the toxin-induced disruption of cell integrity and toxin
translocation. Our results confirmed effects of food compounds, on the cytopathic effects of toxins in the small intestine.
CONCLUSION: Blackcurrant, strawberry and yellow onion can counteract C. difﬁcile toxins induced effects.
Keywords: Caco-2, microarray, principal component analysis, Clostridium difﬁcile Toxin A, Clostridium difﬁcile Toxin B
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Abbreviations
PCA
DE
CDI
IPA
TEER
ToxA
ToxB
DMEM

Principal Component Analysis
Differential expression
Clostridium difﬁcile Infection
Ingenuity Pathway Analysis
Trans Epithelial Electrical Resistance
Clostridium difﬁcile Toxin A
Clostridium difﬁcile Toxin B
Dulbecco’s Modified Eagle Medium

1. Introduction
Clostridium difﬁcile infection (CDI) affects hundreds of thousands of people each year and causes a broad
spectrum of symptoms that range from watery diarrhoea to fulminant colitis [1–3]. C. difﬁcile spores are able
to endure extreme conditions and can colonize the intestine, especially when normal microbiota have been
disturbed by the antibiotics [1, 2, 4]. Most C. difﬁcile strains produce two major exotoxins, toxin A and toxin B
(ToxA and ToxB, also called TcdA and TcdB respectively) through which the infection progresses [4]. ToxA and
ToxB share 44% sequence identity between each other and are found to have overlapping enzymatic function
as mono-glucosyltransferases that catalyze the glucosylation and thereby inactivate Rho-GTPases [4]. Many
investigations have been conducted to understand the functional mechanisms of the toxins. In 3-D and 2-D
intestinal epithelial cell model systems, low doses of ToxA have been found to alter cell polarity by inducing
plasma membrane components redistribution [5]. In Caco-2 cells monolayer experiments, ToxA has been found
to assist translocation of the toxins more than ToxB alone [6]. On the other hand, the cytotoxicity of ToxB
has been found to be 100 – 10,000 times more potent than ToxA in several cell types [4]. After intestinal
translocation, the exotoxins (ToxA and ToxB) bind to the cell surface receptors followed by the toxins being
internalized into host cells of various tissue origin [4]. On internalization, the toxins inactivate the Rho GTPases
after which downstream cytopathic and cytotoxic effects in the host cells occur [4]. Minor differences between
the mechanisms of the toxins action might be explained by the use of different animal models, different toxin
dosages or unidentified genetic variations in C. difﬁcile strains [4].
For many years, CDI studies have focused on CDI in large intestine as C. difﬁcile was initially thought to solely
colonize the large intestine [2, 7]. However, recent studies indicate that C. difﬁcile also infects the small intestine
and the incidence of infections in small intestine is increasing [7–11]. There is also increasing incidence of CDI
in patients suffering from Intestinal Bowel Disease (IBD) who have undergone surgical procedures [7–9]. IBD is
an intestinal disease known to affect both colon as well as the terminal ends of the small intestine. Additionally,
an earlier study indicates the presence of asymptomatic C. difﬁcile load in the small intestine in about 3% of
the population [9, 12]. In the light of these increasing evidences, understanding the impact of C. difﬁcile on
small intestinal epithelia is of utmost importance. Moreover, finding new therapeutics or preventive strategies
for CDI are necessary [13, 14], since infections from antibiotic resistant strains are increasing in recent times
[15]. A food-based strategy which can easily be adapted as a lifestyle change could be a way forward. Such a
strategy could be used to support medicine based therapeutic treatment, similar to the method applied for treating
infection from Helicobacter pylori [16].
This manuscript is the first study on the identification of potential food compounds that can reduce the toxic
effects of the C. difﬁcile toxins on small intestinal enterocyte using Caco-2 monolayer cultured for 21 days as
model system. We have analyzed the transcriptional response of these cells to toxin exposure. Next, we have
used an integrative biology approach in analyzing already existing transcriptomics studies involving Caco-2 cells
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exposed to food in order to select candidate food substances to attenuate the cytopathic effect of the C. difﬁcile
toxins. Finally, we validated their potential beneficial effects by measuring the counteracting capacities of food
against the C. difﬁcile toxins induced loss of integrity of Caco-2 cells in vitro (cultured for 21 days to mimic
small intestinal epithelia).

2. Materials and methods
2.1. Caco-2 cell culture
ATCC derived Caco-2 cells (catalogue number ATCC® HTB-37™) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco-Invitrogen, Bleiswijk, The Netherlands) with 4.5 g/L glucose, 0.58 g/L glutamine, no pyruvate, supplemented with 10% heat inactivated FBS (Hyclone Perbio, Etten-Leur, The Netherlands)
and used with passage numbers between 30 and 40. For transwell assays, 330,000 cells were seeded on ThinCert
transwells (Greiner Bio-One, ThinCerts #662640, 0.4 M translucent) with 33.6 mm2 membranes and 0.4 M
pores in 24-well suspension culture plates. Cells were grown for 21 days at 5% CO2 and 37◦ C and apical (150 L)
and basolateral (700 L) medium were replaced three times per week.
2.2. In vitro digestion
A total of 15 grams of white onion, yellow onion, blackcurrant (Ben Finlay cultivar) and strawberries (Sabrina
cultivar) were mixed with an equal amount of 140 mM NaCl / 5 mM KCl and mashed with an ultra torax. The in
vitro digestion protocol was mainly based on the paper of Vreeburg et al. with some slight modifications and in
line with the standardized protocol as proposed by Minekus et al. [17, 18]. In more detail, 20 gr of sample were
transferred into a 50 mL tube, the pH was adjusted to 2 with HCl and 0.667 mL of 40 g/L porcine pepsin in 0.1 M
HCl was added. The samples were then incubated for 30 min at 37◦ C. Subsequently, 1 M NaHCO3 was added
to raise the pH to at least 5.8, followed by 0.95 mL of 4 g/L porcine pancreatin in 0.1 M NaHCO3 and 0.5 mL of
a mixture of sodium taurocholate and sodium glycodeoxycholate (176 mM of each) in 0.1 M NaHCO3 . The pH
of the sample was adjusted to 6.5 with 1 M NaHCO3 , flushed with nitrogen and the sample was subsequently
incubated for 60 min at 37◦ C. After this incubation the pH of the sample was adjusted to 7.5 with 1 M NaHCO3
and the weight of the sample was adjusted to 30 g with 140 mM NaCl / 5 mM KCl. Samples were centrifuged for
45 min at 3023×g at 4◦ C. The supernatant was taken, flushed with nitrogen and stored at –80◦ C until further use.
For preparing the in vitro digestion control, 140 mM NaCl / 5 mM KCl was used to replace food compounds.
2.3. Exposure of differentiated Caco-2 cells to toxins and various food compounds
All C. difﬁcile toxins were derived from List Biological Laboratories, Inc. (Campbell, California, USA; Toxin
A (#152), Toxin B (#155), Toxin A Toxoid (#153), Toxin B Toxoid (#154)). Toxin A and B toxoids, meaning
formaldehyde inactivated toxins, were included in the exposure experiments as a control for the cytotoxic effects
of the C. difﬁcile toxins. For toxin and toxoid incubations, stock solutions of toxins/toxoids (10mg/ml) were
diluted 40,000 times in DMEM/FBS. 21 day differentiated Caco-2 cells were exposed on the apical side (final
volume 150l) to 0.25  g/ml toxin A (ToxA) or 0.25  g/ml toxin B (ToxB) or 0.25  g/ml toxin A + 0.25  g/ml
toxin B (ToxAB). Optimal exposure concentrations for the toxins were assessed by performing concentrationdependent Caco-2 experiments. One day before the exposure experiments, medium was refreshed and at the day of
exposure, medium was removed from the apical and basolateral compartments and toxin or toxoid samples were
added to the apical compartment while fresh DMEM/FBS medium was added to the basolateral compartment.
To monitor the integrity of the Caco-2 monolayer, transepithelial electrical resistance (TEER) was measured at
37◦ C using a MilliCell-ERS  meter (Millipore, Molsheim, France). In following experiments, Caco-2 cells
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were co-incubated with C. difﬁcile toxins (0.25  g/ml toxin A or 0.25  g/ml toxin B or 0.25  g/ml toxin
A + 0.25  g/ml toxin B) and various (digested) food compounds, all in a total volume of 150l in the apical
compartment. Therefore, digested white onion (WOd), yellow onion (YOd), blackcurrant Ben Finlay, Strawberry
Sabrina and digestion control samples (control digest) were diluted 1:4 in DMEM/FBS medium. Undigested
galacto-oligosaccharides (GOS; Friesland Campina, Amersfoort, the Netherlands) were added to the Caco-2
cells in a concentration of 0.5mg/ml and DMEM/FBS medium was used as control for this exposure. Also,
optimal concentrations of digested and undigested food compounds were assessed by performing concentrationdependent Caco-2 experiments. One day before the exposure experiments, medium was refreshed and at the day of
exposure, medium was removed from the apical and basolateral compartments and diluted samples (toxins+food
compounds) were added to the apical compartment while fresh DMEM/FBS medium was added to the basolateral
compartment. TEER was determined before and at 0, 1, 3, 4, 5, 6 and 24 h after addition of samples to check
integrity of the intestinal monolayer. In order to be able to reverse the toxic effect of C. difﬁcile toxins by food
compounds, we focused on a ∼35% drop in TEER after exposure to toxins, since a TEER drop below 35%
seems to damage the cells irreversibly. At that moment (∼35% drop in TEER by one of the toxin treatments),
the Caco-2 cells were lysed with 300 L TRIzol (Invitrogen, Life Technologies, Bleiswijk, Netherlands) and the
triplicates in each experiment were pooled. After 24 h incubation, the translocation of toxins to the basolateral
compartment was measured using the Clostridium difﬁcile toxin A or B ELISA kit (Catalog No. ABIN1098189,
Antibodies-online GmbH, Aachen, Germany). In each experiment, the digested food and control samples were
exposed to Caco-2 cells in triplicate and three independent exposure experiments were performed on different
days.
2.4. RNA isolation
Total RNA was extracted using the QIAshredder and purified RNeasy Mini kits (Qiagen, Venlo, The Netherlands) following the manufacturers’ protocols [17]. Briefly, the pooled Caco-2 cell lysates (experimental
triplicates) were treated with DNase-I (Sigma-Aldrich, Zwijndrecht, the Netherlands), followed by RNeasy
clean-up (Qiagen, Venlo, The Netherlands). Quality and amount of RNA was evaluated by UV spectrometry
(260 and 280 nm wavelength) on the Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
To ensure quality of extracted RNA, only samples with RIN number > 8 were used for microarray analysis.
2.5. Microarray experiments
RNAs of each independent Caco-2 experiment with toxin exposures (n = 3 per treatment) were hybridized to
Affymetrix©Human Gene 1.1 ST according to standard Affymetrix©protocols. Quality control of the datasets
was performed using Bioconductor packages [19, 20] integrated in an on-line pipeline [20]. Microarray data
have been submitted to GEO and can be found under accession code GSE100541.
2.6. Data preprocessing, differential expression and pathway analysis
Array data were normalized using the Robust Multiarray Average (RMA) M-estimator method [21, 22], probe
sets were defined according to Dai et al. [23]. To exclude interference of non-expressed or very lowly expressed
genes, Universal exPression Code (UPC) [24] was computed. Genes with UPC value lower than 0.5 in all
replicates were considered to be non-expressed and removed from further analysis. To identify differential gene
expression induced by the toxins, pair-wise comparison analyses were performed (toxins versus DMEM control)
and genes with p-value < 0.01 were considered to be differentially expressed. Pathway enrichment analysis was
performed using Ingenuity Pathway Analysis (IPA) (Ingenuity©Systems, www.ingenuity.com). Significance
values for enrichment were calculated using Fisher’s exact test (right-tailed).
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2.7. Data compendium
Data compendium comprised of microarray data collected from previous food exposure studies reported in
Venkatasubramanian et al. [25]. The dataset was restricted to experiments where the exposure was food and food
related substances like white and yellow onion, sulforaphane (present in broccoli) and probiotics like L. casei and
B. breve [25]. Experiments involving mutation inducing agents were avoided. In total, 73 experiments conducted
over 15 batches were included in the data compendium and most experiments had been performed in triplicates.
Supplementary Data 1 describes the dataset used in the data compendium and their GEO accession number. The
data was RMA normalized in batches of experiments using affy and Oligo packages [26, 27] of Bioconductor
[19] in R (version 2.3.2) and the differential expression values were calculated using Limma package [28, 29].
2.8. Principal component analysis
Principal Component Analysis (PCA) is a statistical technique which is used to reduce dimensionality while
conserving significantly large variability in the data [30, 31]. This is achieved by identifying new variables
(principal components) that are linear combinations of the original variables. Principal components are orthogonal
and each component capture decreasing amounts of information. Basically, PCA results in the projection of the
original data on a lower dimensional space (PCA space): observation that are closer to each one in the PCA
space are expected to show similar characteristics, in this case gene expression levels. Based on this, PCA was
used to select beneficial compounds, under the rationale that foods most distant from toxins would be the most
efficient in counteracting the effects of toxins and thus prove to be beneficial against C. difﬁcile toxin-induced
disruption of intestinal integrity. Meanwhile, it was expected that food compounds closer to toxoids in the PCA
space have least beneficial effects.
PCA was performed using the differential expression values of selected genes (e.g. genes from Sumoylation
pathway, as derived from IPA or top n-number of regulated genes) from the compendium along with the differential
expression values for toxins and toxoids and plots were generated (Fig. 4). PCA was performed in R using
‘prcomp’ (R version 3.2.3). Data dimensionality was assessed using a Tracy-Widom test at a 0.01 confidence
level [32, 33]. The optimal number of components was 11 for PCA with sumoylation genes and 17 for PCA with
top 50 genes. In all cases the selected number of components accounted for > 99% of variance explained. For
visualization purposes only the first two components are shown in Fig. 4.
2.9. Other statistical analysis
TEER measurements and Toxin translocation measurements were conducted in biological triplicates. The
data was visualized as mean+/- standard deviation and was tested for significant differences between control and
treatment using analysis of variance (ANOVA). All p-values were corrected for multiple testing using Benjamini
Hochberg method.

3. Results
3.1. Gene expression proﬁling of Caco-2 cells exposed to C. difﬁcile toxins
Caco-2 cells, differentiated for 21 days into a small intestinal phenotype, were exposed to C. difﬁcile ToxA,
ToxB, ToxA and ToxB together (ToxAB). The cells were also exposed to the formaldehyde inactivated toxins,
toxoids A and B. Transepithelial electrical resistance (TEER) was used to quantify the integrity of the Caco-2
monolayers. On average in the triplicate experiments, after 4.1 h (±0.6 h) incubation, a ∼35% drop in TEER
(from ∼1150/ cm2 (±60/ cm2 ) to ∼700/ cm2 (±105/ cm2 )) was reached on exposure to ToxA and/or
ToxAB and RNA of Caco-2 cells was harvested for microarray analyses. Within this time frame, neither ToxB
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Fig. 1. TEER measured after exposure of Caco-2 cells to ToxA, ToxA and ToxB (ToxAB), ToxB and ToxoidAB compared to DMEM
control which was set to 100%. ‘∗ ’ indicates statistically significant results. A∼35% drop in TEER (from ∼ 1150/ cm2 (±60/ cm2 ) to
∼ 700/ cm2 (±105/ cm2 )) was reached on exposure to ToxA and/or ToxAB.

nor the toxoids induced a drop in TEER and did not affect the monolayer integrity (Fig. 1). Differential gene
expression was assessed by comparing the C. difﬁcile toxin treatments against the DMEM control. To select
the genes that are most likely involved in the (cyto)toxic effects of the toxins, we excluded genes that were
also differentially expressed by the toxoids compared to DMEM control (n = 562 genes). This resulted in the
differential expression of 1407 genes for ToxA, 215 genes for ToxB and 1013 genes for ToxAB. Figure 2a shows
the top 10 up and down regulated genes for each toxin treatment, based on fold change (FC) (p-value < 0.01),
and combined in a heatmap. For the upregulated genes there is large overlap between the ToxA and ToxAB,
but ToxB commonly induced lower FC than ToxA and ToxAB (Figs. 2b and 2c). The most upregulated gene
for all toxins was RHOB (Ras homolog gene family, member B), which is a member of the Rho GTP-binding
protein family. Among the downregulated genes there seemed to be more variation between the toxins. For ToxA
and ToxB individually, ANKRD1 (Ankyrin Repeat Domain 1) was the most downregulated gene, whereas for
the combination of toxin A and B (ToxAB), CCL15 (Chemokine (C-C motif) ligand 15) showed the strongest
downregulation (Fig. 2a).
Next, differentially expressed genes (p-value < 0.01) were selected for pathway enrichment analysis. The
(canonical) pathways were ranked based on significance of the enrichment score and the top 20 pathways for all
toxins are presented in Fig. 3a. The sumoylation pathway showed highest significance in all three perturbations
(ToxA, ToxB, ToxAB) and therefore we considered it as an important pathway in Caco-2 cells in response to
C. difﬁcile toxin exposure. Sumoylation is a posttranslational modification and has a role in various cellular
processes, such as stress and injury [34, 35]. Figure 3b shows the gene expression changes in the sumoylation
pathway induced by ToxAB in detail. Among the genes from this pathway that were differentially expressed, it
was found that the Rho GTP-binding protein family genes were substantially affected by the toxins. As C. difﬁcile
toxins are known to affect Rho GTPases this is not surprising [36, 37]. Additionally, p53 signalling (apoptosisrelated), cell junction and tight junction signalling pathways were observed to be significantly affected. Literature
indicates that these pathways might be linked to the drop in TEER and thus the monolayer integrity [38, 39]
that we found in our exposure experiments. Pathways related to cytokine signaling like, Interleukin – 8 (IL-8)
signaling and integrin-linked kinase (ILK) signaling are other interesting signaling pathways that are activated,
indicating a potential effect of toxins on immune-related responses.
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Fig. 2. Heatmap of top 10 up and 10 down regulated genes from experiments where Caco-2 cells were exposed to ToxA, ToxB and ToxAB
(ToxA+ToxB) (p-value < 0.01), combined for all three toxin exposures. b & c) Differential expressed genes induced by ToxA, ToxB and
ToxAB b) down regulated, c) up regulated.

3.2. Identiﬁcation of candidate food compounds with beneﬁcial effects on C. difﬁcile toxin-induced
disruption of intestinal integrity
Principal Component Analysis (PCA) was used to find patterns and identify candidate food compounds with
remedial effects for C. difﬁcile infection. Only the genes differentially expressed in Caco-2 cells exposed to
ToxA and ToxB combined (so ToxAB) were used in this PCA strategy since in vivo mechanisms of action
of CDI involve both ToxA and ToxB affecting simultaneously [40]. We combined the data obtained in this
study with a compendium of Caco-2 specific gene expression data [25]. The dataset compendium contains
differential gene expression data from food exposure studies performed in our lab and from public repositories.
The compendium contains 73 experiments performed over 15 batches. The compendium was used together
with the expression data from C. difﬁcile toxins and toxoid studies here presented, to analyze similarities and/or
contradictions between gene expression patterns that might be indicative for a remedial effect of food compounds
on CDI.
In first instance, all differentially expressed genes induced by ToxAB and belonging to sumoylation pathway
(17 genes) (Fig. 3b), were used to find beneficial food substances using PCA. Sumoylation pathway was chosen
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Fig. 3. (Continued)
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Fig. 3. a) Pathways enriched in Caco-2 based on differentially expressed genes induced by ToxA, ToxB and ToxAB. Pathways have
been ordered according to p-values of enrichment analysis. Only top 20 pathways are shown (combined for all three toxin exposures). b)
Differentially expressed genes by ToxAB in Sumoylation pathway as represented by IPA are shown. Red indicates up regulated genes and
green indicate down regulated genes. Darker shades indicate larger fold changes.

since this pathway was found to be the most significantly enriched among the pathways enriched in Caco-2 cells
upon exposure to the C. difﬁcile toxins.
The first two principal components (PCs) are shown in Fig. 4a. The two PCs account for 70% of the total
variance in the data and the first 11 PCs explain 99% of the variability. In Fig. 4a, we observe that ToxA and
ToxAB are distinctly separated from toxoids based on sumoylation pathway genes. On the contrary, ToxB, which
also showed less effect on Caco-2 cell integrity than ToxA and ToxAB, was in proximity to the toxoids in the
PCA space. We hypothesize that food compounds closer to toxoids in the PCA space would probably have no or
less beneficial effects while foods most distant from toxoids and toxins would be most efficient in counteracting
the effects of toxins and thus prove to be beneficial for C. difﬁcile toxin-induced disruption of intestinal integrity.
Based on this hypothesis, blackcurrant (Ben Finlay) might potentially be the most counteracting and fibers (like
GOS) least effective against toxin effects or at least against the sumoylation pathway activation. Compounds that
are found to be in between toxoids and the toxins (ToxA and ToxAB), such as Strawberry (Sabrina) and yellow
onion, might be moderately effective against the toxin induced TEER drop. White onion, which is found closer
to the toxoids, is expected to be less effective in attenuating C. difﬁcile cytotoxicity.
PCA was also performed using top 25 up and top 25 down regulated genes induced by ToxAB in Caco-2 cells
(Fig. 4b). Differential expression values for 28 of the 50 genes (22 genes were not found in all 82 experiments)
from other exposure experiments were obtained from the data compendium and used for PCA. In this case, the
first two PCs explain 69 % of the total variability (Fig. 4b). 99% of total variability in the data was explained
by 17 PCs. Inspection of this PCA plot (Fig. 4b) shows similar results as the analysis of the PCA plot based on
genes within the sumoylation pathway (Fig. 4a), thus reinforcing our hypothesis.
In addition to using sumoylation and top 50 up/down regulated genes, PCA was also performed using the full
1013 genes that were differentially expressed by ToxAB (Supplementary Figure 1). However, here two principal
components did not show a clear separation of toxins, toxoids and other food compounds which could lead to
predictions of beneficial food substances. In this case, the two first PCs explain 58% of the variance. The lack of
clear separation can be due to the noise induced by the large selection of genes. Many of them may represent a
general response to stress conditions and as such they provide no specific response to the tested toxins.
3.3. Validation of beneﬁcial effects by candidate food compounds on C. difﬁcile toxin-induced intestinal
integrity
Food compounds that were expected to be the most effective, moderately effective and least effective against
the toxin-induced cytotoxicity based on PCA, were chosen for experimental verification. These were blackcurrant
(Ben Finlay cultivar, most effective), strawberry (Sabrina cultivar, moderately effective), yellow onion (moderately effective), white onion and GOS (least effective). These food substances were verified for their beneficial
effects by co-exposing Caco-2 cells to the food substances and the C. difﬁcile toxins.
The TEER values which represent the intestinal integrity of the Caco-2 monolayer are shown in Fig. 5. TEER
values at the start of the incubation (t = 0) was on average 1201/ cm2 (+/- 125/ cm2 ). The TEER values show
that blackcurrant mostly diminished the drastic drop in TEER after 24 hours exposure to the toxins. Assuming that
the TEER value of DMEM exposed Caco-2 cells (control) is 100%, then ToxA and ToxAB induced a TEER drop
of 69% and 74% respectively, after 24 hours of exposure. However, in the presence of blackcurrant, a drop of only
19% and 16% of control TEER values was observed to be induced by ToxA and ToxAB respectively (Fig. 5). This
was a significant counteractive effect of blackcurrant on toxin-disrupted TEER (adjusted p-value = 0.00617, after
24 hours exposure of ToxAB). Next to this significant reduction in TEER after 24 hours exposure, blackcurrant
also induced a substantial delay in TEER drop after 4, 5 and 6 hours of toxin exposure, even for ToxB.
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Fig. 4. PCA plots based on a compendium of 15 batches of microarray data collected from 73 food related interventions on Caco-2 a) 17
genes in the sumoylation pathway were included in PCA b) Top 25 up and top 25 down regulated genes were considered for PCA while only
28 genes were used in PCA as not all 50 genes had differential expression values in all experiments in the compendium.

Strawberry and yellow onion especially delayed the drop in TEER measurements induced by the ToxA
and ToxAB, as at time point 6 hours after exposure, significant differences in TEER measures (adjusted pvalue = 0.0191 & 0.00830 for ToxA and ToxAB respectively for strawberries and adjusted p-value = 0.0218 &
0.072 for ToxA and ToxAB respectively for Yellow Onion) could be detected. After 24 hours of exposure, the
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Fig. 5. (Continued)
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Fig. 5. Relative TEER values measured before and after exposure of food compounds along with Toxin exposures (TEER values of control
medium w/o food compounds were set to 100%). Toxins used include ToxA, ToxB and ToxA+ToxB together. Food compounds used are
blackcurrant (Ben Finlay), strawberry (Sabrina), yellow Onion, white Onion and GOS. ‘∗ ’ indicates significant differences in TEER values
between - and+food compounds. TEER values at the start of the incubation (t = 0) was on average 1201 Ohm/ cm2 (+/- 125 Ohm/ cm2 ).

effects of strawberry and yellow onion were less strong than what was seen for blackcurrant, but still a significant
beneficial effect was found for strawberry (but not yellow onion). It can be seen that this counteracting effect
was weaker than that induced by blackcurrant. White onion still showed some significant beneficial effect on
TEER measures (but less strong than strawberry and yellow onion), whereas GOS showed no significant effect
on the C. difﬁcile toxin-induced reduction in TEER measures (Fig. 5).
Cytotoxicity by C. difﬁcile toxins also includes translocation of the toxins over the intestinal barrier. As an
additional confirmatory test for our PCA-based hypothesis, toxin translocation towards the basolateral compartment was studied by ELISA after 24 hours incubation. The results obtained support the TEER measurements
(Fig. 6) as blackcurrant abolished the toxin translocation almost completely (adjusted p-value = 0.000087, for
ToxA translocation and adjusted p-value = 0.00031, for ToxB translocation, both in case of ToxAB addition).
Strawberry and yellow onion showed a moderate preventive effect (adjusted p-value < 0.01) on toxin translocation, while white onion showed significant but weaker effect compared to yellow onion and GOS did not have any
significant effect on the translocation of ToxA and ToxB. Together these data indicate that blackcurrant, strawberry and yellow onion, and to a lesser extent white onion, may have a protective effect against the disruption of
intestinal integrity induced by C. difﬁcile toxins.
Sorting the food compounds on their counteractive effectiveness based on TEER values and toxin translocation,
in the order of most effective to least effective, coincides with our PCA-based hypothesis. Thus, the efficiency
of blackcurrant was found to be the strongest in counteracting toxin-induced cytotoxicity, while strawberry and
yellow onion were moderately effective and white onion and GOS were least effective.

4. Discussion
A sizeable number of studies in the past have focused on the effects of C. difﬁcile and its toxins on large intestine
and cecum, with studies involving physiological and gene expression changes [41–46]. However, recently,
evidence is emerging on the effects of C. difﬁcile on human small intestine and recurring CDI in hospitals [10]. To
the best of our knowledge, our work is the first study focusing on the effects of toxins on transcriptional changes of
the small intestine-like enterocytes based on the 21 days Caco-2 model system. Previous transcriptomics studies
have been conducted on the effects of the toxins on cecal models, namely HCT-8 cells (human ileocecal cell
lines) and mouse cecal cells [45, 46]. Among the top upregulated genes we identified are RHOB, JUN, DUSP1,
KLF6, GDF15 which were also found to be upregulated in toxin exposure studies involving mice cecum and
HCT-8 cells [46–48]. This indicates that these are commonly activated genes by the C. difﬁcile toxins. Among
the top downregulated genes, ANKRD1 seems to be involved in apoptosis, whereas CCL15 belongs to the CC
chemokine family and is a chemoattractant for neutrophils, monocytes, and lymphocytes [49, 50].
Overall, we found that gene expression is largely altered upon exposure to ToxA or ToxAB, whereas relatively
smaller change was observed for ToxB. ToxB elicited differential expression of less than one third of the total
number of genes differentially expressed by either ToxA or ToxAB. Similarly, TEER measurements indicate
that ToxB by itself has less impact on cellular monolayers, at least during the considered exposure time frame.
Our results support the assumption that ToxA and ToxB have a synergistic effect in C. difﬁcile infection, where
ToxB can cause more harm after reaching the basolateral side of an intestinal cell which it does not reach on its
own but for which ToxA paves the way [6].
At pathway level, sumoylation pathway processes seem to be significantly perturbed on all three exposures (ToxA, ToxB, ToxA+ToxB). SUMO (small ubiquitin-like modifier) are a family of small proteins having
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Fig. 6. ToxA and ToxB translocation measured using ELISA. Measurements were made in the basolateral medium of Caco-2 cells with
and without exposure of food compounds namely blackcurrant (Ben Finlay), strawberry (Sabrina), yellow onion, white onion and GOS. ‘∗ ’
indicates significant results compared against control.

244

P.B. Venkatasubramanian et al. / Identiﬁcation of food compounds to counteract Clostridium difﬁcile toxins

significant structural conservation with ubiquitin [51]. They have several isoforms in humans and some of the
isoforms are found to be ubiquitously expressed in human organs while others are restricted to few organs.
Sumoylation pathway is the post translational modification of some target proteins where the SUMO proteins
attach and detach covalently to their targets and thus modify the functions of the respective target genes [52]. Rho
GTPases, which are known to be affected by C. difﬁcile toxins [4], can also be regulated by post-translational
sumoylation [53]. Furthermore, Rho GTPases are reported to be key regulators of the actin cytoskeleton and can
affect cell shape (like rounding of cells) thus influencing cell-cell connection and integrity of cell layer [39]. Also
other proteins linked to intestinal integrity, like tight junction proteins and p53 (apoptosis) are reported to be
regulated by sumoylation [54, 55]. So, by regulating RhoGTPase activity, tight junction proteins and apoptosisrelated proteins, sumoylation might have a direct role in intestinal integrity. Sumoylation pathway is also found
to be an important target of bacterial infection [56, 57] and although it is reported to play a role in bacterial
infections in general [51, 57, 58], no previous study reports its activation by C. difﬁcile toxins.
In addition to the Sumoylation pathway, cell and DNA repair pathways, tight junction signaling, and some
cytokine activation pathways are significantly perturbed by C. difficile toxins. This has also been mentioned in
previous studies [45, 46, 59]. In many of these pathways RhoGTPases are involved. Interestingly, p53 signaling
pathway was significantly perturbed on exposure to ToxAB and not on exposure to toxins individually. This
could be due to the synergistic effects of ToxA and ToxB in C. difﬁcile infection.
Recently, an in vitro study probing the impact of natural products on C. difﬁcile toxins was performed using HT29 and vero cells [60]. Furthermore, many transcriptomics-based analyses have been conducted on Caco-2 cells
exposed to different foods and other luminal factors. We have made use of many available transcriptomics dataset
and performed an integrative analysis to conceptualize the present experiment. This study is a complimentary
work and takes an interdisciplinary approach to identify useful food compounds that mitigate the effects of C.
difﬁcile toxins. The enhanced context provided by this compendium allowed the prediction of food compounds
that might alleviate the effects of CDI. PCA is a common technique for dimensionality reduction [30] and has
been used over the years for descriptive and inferential statistics [30, 61]. The PCA plots presented in this work
were interpreted on the assumption that a compound, which is most distinct from toxins and toxoids based on
transcriptomic effects in Caco-2 cells, might be most counteracting to the cytotoxic effects of toxins. On the other
hand, a compound closer to the toxoids is expected to show an effect more similar to that of toxoids, meaning
less counteracting or no beneficial effect at all. Food substances chosen based on this assumption proved (by
experiments) to have the predicted relative efficiencies (so, blackcurrant - most effective, strawberry and yellow
onion - moderately effective and white onion and GOS - least effective). In our study we did not test compounds
that were close to toxins, as their interpretation might be more ambiguous, as similar gene expression patterns and
close proximity in the PCA plot indicate foods that trigger similar response as the toxins. It could be speculated
that these compounds might enhance the effects of toxins by inducing the same pathways as the toxins, such
as the induction of apoptotic processes or reduce the effects of the toxins by interfering with the toxin-induced
pathways; for instance, pathways associated to defense mechanisms. This might be probed in future experiments.
Another potential study would be to focus on the ToxA and ToxB breakdown by selecting specific proteases that
block enzyme activity or by providing substrate for the toxins in the hope they will not attack targets on intestinal
epithelial cells.
The results of the integrative analysis were followed by experimental characterization of the selected target
food compound. In this study we found that berries, such as blackcurrant and strawberries, can have beneficial
effects on cytotoxicity induced by C. difﬁcile toxins. Berries have been proven to be rich in flavonoids and
antioxidants [62], particularly polyphenols and phenolic acids [63, 64] which have been brought in relation with
many type of health effects [65]. Lacombe and Wu have provided a detailed review on the effects of berries on
different pathogens, including other species of Clostridium and their benefit as antimicrobial substances [62].
Additionally, quercetin is previously shown to be present in blackcurrant, strawberry [66] and yellow onion [67]
and has a role in the Sumoylation pathway [68, 69]. By affecting the sumoylation pathway that is also involved
in the cytotoxic effect of C. difﬁcile, quercetin might be the chemical compound in blackcurrant, strawberry
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and yellow onion that gives rise to the beneficial effects seen in the C. difﬁcile-induced cytotoxicity assays.
Follow-up experiments should be performed to identify the mechanism of this beneficial effects. Such sources
should further be probed in vivo in animal studies.
Although our study did not show a counteracting effect of GOS on the cytotoxic effects induced by C. difﬁcile
toxins, this does not exclude the possibility that specific fractions of GOS can still have a beneficial effect.
Previously, Sinclair et al. found that specific fractions of GOS (especially DP6; fractionated by cation exchange
chromatography) could inhibit the binding of cholera toxins to their effective receptor [70]. This inhibitory effect
was not found with unfractionated GOS, as is used in our study.

5. Conclusion
This work shows that transcriptomic data can be used to identify beneficial food compounds. Our study,
specifically indicates that blackcurrant (Ben Finlay) in particular and strawberry (Sabrina) and yellow onion
may help to reduce the cytotoxic effects of C. difﬁcile toxins on the small intestinal barrier. This result warrants
further studies in animal and human models to prove its effectiveness in vivo.
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