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Phase I: Ability of probiotics and/or cranberry proanthocyanidins to inhibit extra-intestinal
pathogenic E. coli from invading gut epithelial cells in an in vitro Caco-2 cell culture model
INTRODUCTION:
The objective of this service agreement was to evaluate UAS Laboratories’ probiotics and/or Fruit d’Or Organic Cranberry
Powder’s ability to inhibit extra-intestinal pathogenic E. coli (ExPEC) invasion of enterocytes in a Caco-2 cell culture
model. The organic cranberry powder (11N00037) has previously been shown (Fruit d’Or Report 2013-06-29) to contain
9.8% insoluble A-Type proanthocyanidins (iPAC) and 2.7% soluble A-type proanthocyanidins (sPAC) expressed as c-PAC
equivalents, both of which are potentially bioactive. The probiotic strains provided by UAS Laboratories have not
previously been evaluated in this cell culture model.
Overview:
We have previously developed (Feliciano et al 2013) a cell culture model of bacterial invasion and observed that ExPEC
invaded enterocytes (Caco-2). Scanning Electron Microscopy revealed that ExPEC cells attached to the apical surface of
the enterocytes via fimbriae and initiated entry into the cell. Freeze fracturing of the apical plasma membrane of the
enterocytes revealed the presence of intracellular ExPEC in vacuole-like structures within the cell. This mechanism can be
utilized by ExPEC to gain entry into intestinal enterocytes, setting up a transient and persistent colonization of the gut that
may be the source of urinary tract infections. Our previous work showed that sPAC, the compounds commonly found in
cranberry juice and juice based powders, alters surface virulence factors, agglutinates pathogenic bacteria and inhibits
invasion of enterocytes (Feliciano et al 2013 & Fruit d’Or Report 2013-12-11). In this study we evaluated the ability of
cranberry sPAC alone, probiotics alone and probiotics in combination with cranberry sPAC to inhibit ExPEC invasion of
enterocytes.
Executive Summary:
• Study 1:
o sPAC from organic cranberry powder inhibit ExPEC invasion of enterocytes in a dose dependent manner.
o sPAC inhibition of invasion is significant (p<0.05) at concentrations >20µg cPAC/mL (physiologically
relevant doses).
• Study 2:
o Lactobacillus acidophilis alone do not inhibit ExPEC invasion of enterocytes when probiotic strain and
ExPEC are added to the Caco-2 cells at the same time.
• Study 3:
o L. acidophilis (MOI=100) + sPAC at 40 µg cPAC/mL significantly (p<0.05) inhibited ExPEC invasion of
enterocytes.
o L. acidophilis (MOI=100) + sPAC at 20 µg cPAC/mL inhibited invasion of enterocytes by 69.1% relative
to control, however; this was not significant due to the large standard deviation.
• Study 4:
o The probiotic blend consisting of; Lactobacillus gasseri, Bifidobacterium animalis subsp. Lactis,
Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus rhamnosus in a ratio of
20:20:20:20:20 (MOI=100) + sPAC at 20 and 40 µg cPAC/mL both significantly (p<0.05) inhibited
ExPEC invasion of enterocytes relative to control.
o The probiotic blend combined with sPAC (20 µg cPAC/mL) has better anti-invasion activity than the
sPAC (20 µg cPAC/mL) alone. This trend was also seen in Study 3, however; because of large standard
deviation the results were not statistically significant.
• Study 5:
o The probiotic blend consisting of; Lactobacillus gasseri, Bifidobacterium animalis subsp. Lactis,
Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus rhamnosus in a ratio of
20:20:20:20:20 (MOI=400), pre-incubated with the Caco-2 cells for one hour prior to the addition of
ExPEC, significantly inhibited ExPEC invasion of enterocytes relative to control (p<0.05) The difference
in this outcome compared to Study 2 may be attributed to either the blend of the 5 probiotic strains
and/or the additional one hour pre-incubation period that preceded the ExPEC challenge.
MATERIALS AND METHODS
Preparation and Characterization of PAC: Fruit d’Or organic cranberry powder (11N00037) was exhaustively
extracted with 70% aqueous acetone (v/v), centrifuged to separate the liquid, containing sPAC from the particulate
matter. The liquid extract was concentrated under vacuum (<30°C) to remove the acetone. The aqueous solution was
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applied to a Sephadex LH-20 column (equilibrated in ethanol). The column was eluted sequentially with ethanol and 50%
ethanol:methanol (v/v) to remove hydroxycinnamic acids, anthocyanins, and flavonols. The resin was then be eluted with
70% aqueous acetone (v/v) to recover sPAC.
Quantitation of soluble c-PAC by DMAC method:
The 4-(dimethylamino) cinnamaldehyde (DMAC) assay was used to quantify sPAC. 4-(Dimethylamino)cinnamaldehyde
reacts with flavan-3-ols and PAC to form a green chromophore that has a maximum absorbance at approximately 640 nm.
The reaction appears to be limited to the C8 position of the A-ring of PAC terminal units, therefore as degree of
polymerization (DP) increases, molar absorptivity decreases.
Rationale for choice of cranberry oligomeric proanthocyanidin (c-PAC) as calibration standard
We have reported on the suitability of c-PAC that were isolated from cranberry press cake for use as a standard in
the DMAC assay to more accurately quantify c-PAC in cranberry powders and juices. Unlike the A2 dimer
standard, which is a single compound, the cranberry PAC standard contains multiple compounds and better
represents the natural structural PAC variations (degree of polymerization and substitutions) that are present in
cranberry fruit. Mass spectrometry analysis corroborated c-PAC composition and confirmed cranberry-specific
structures, i.e. “A-type” PAC. It has been shown that PAC DP affects the stoichiometry of reaction with DMAC,
leading to underestimation of content of PAC oligomers when using a commercially available “A-type” dimer
(procyanidin A2) as a standard. Thus, use of monomers and procyanidin dimers as DMAC standards to estimate
the content of c-PAC oligomers is inaccurate and greatly underestimates c-PAC content in cranberry products. All
results are reported as c-PAC equivalents.
Probiotic Cell Cultures: Five probiotic stains were obtained from UAS Laboratories; Lactobacillus gasseri (L.g.),
Bifidobacterium animalis subsp. Lactis (B. lac.), Lactobacillus plantarum (L.pl.), Lactobacillus acidophilus (L.a.),
Lactobacillus rhamnosus (L.rh.). Method for determining growth curve: Cells were preserved in cryobeads. One cryobead
was inoculated into 40 mL MRS broth with/0.05% l-cysteine and allowed to incubate statically at 37ºC overnight (16
hours). Culture was pelleted and washed twice with PBS. Cell pellet was suspended in 10 mL PBS, serially diluted and
absorbance read (600nm). Serial dilutions were plated on MRS agar plates with/0.05% l-cysteine and CFU determined.
Absorbance was regressed against CFU for establishment of growth curve. Method for growing cells prior to treatment:
Cells were preserved in cryobeads. One cryobead was inoculated into 40 mL MRS broth with/0.05% l-cysteine and
allowed to incubate statically at 37ºC overnight (16 hours). Absorbance was measured and bacteria quantified using
previously established growth curve prior to inclusion as treatments in microbial invasion studies.
Mammalian and ExPEC Cell Cultures: Caco-2 Cells: Caco-2 (HTB-37) cells were cultured in DMEM supplemented
with 10% FBS, 1% non-essential amino acids, 1% L-alanyl-L-glutamine, and 1% penicillin (100 units/mL) / streptomycin
(100µg/mL) at 37ºC in 5% CO2. For use in experiments, cells were seeded at 80% confluency into 24-well tissue culture
treated plates for cell invasion studies. Once the cells reached confluence, they were allowed to differentiate for 10 days to
become phenotypic polarized enterocytes. Bacterial Cells: An ampicillin resistant strain (5011 pGEN-Lux) of extraintestinal E. Coli (ExPEC) was cryogenically maintained at -70º C until use in an experiment. At that time a cryobead was
removed and inoculated into 10 mL tryptose soy broth (containing ampicillin; 100µg /mL ) and incubated statically at 37º
C overnight (24 hours). Absorbance was measured for quantification of ExPEC for use in invasion assay.
Studies of Microbial Invasion of Enterocytes: Differentiated Caco-2 cells were incubated with washed and
suspended ExPEC cells at a multiplicity of infection (MOI) of 100 (i.e., 100 bacterial cells per Caco-2 cell) for 1 hour at
37ºC. When assessing effects of sPAC (2.5, 5, 10, 20, 40, 80, 160 µg cPAC/mL) on cell invasion, the ExPEC (MOI=100)
was pre-incubated for 5 minutes with sPAC prior to incubation with Caco-2 cells as described above. When assessing the
effects of Lactobacillus acidophilus alone on cell invasion, the ExPEC was mixed with probiotic and added to Caco-2 cells
as described above. For convenience, we adopted the same convention, multiplicity of infection (MOI) for referring to the
number of probiotic cells introduced as treatments into the invasion study. The use of MOI in this sense does not infer
that probiotics invade enterocytes, but simply provides a ratio of probiotics per Caco-2 cell. The MOI treatments for
Lactobacillus acidophilus treatments were; 25, 50, 100, 200, 400. When assessing the effects of Lactobacillus acidophilus
(MOI=100) plus sPAC (10, 20, 40 ug cPAC/mL) on cell invasion, the ExPEC was pre-incubated for 5 minute with sPAC
prior to adding the probiotic treatment, incubation with Caco-2 cells was performed as described above. After the
incubation period (1 hour), the Caco-2 cells were washed and treated with gentamicin for 1 hour at 37ºC to kill bacteria
that are adhered to the surface of the cells. Cells were then washed twice and lysed with 1% Triton solution at room
temperature. Dilutions of the cell lysate were plated on LB –ampicillin plates and incubated overnight at 37ºC. Colony
forming units (CFUs) were counted to enumerate invading bacterial cells. Study was repeated twice (2 separate days) and
four replicates of each treatment was performed on each plate for a total of 8 treatment replicates. Results are presented
as the average of all replications
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RESULTS / DISCUSSION:
Study 1: Soluble proanthocyanidin (alone) effect on ExPEC invasion enterocytes in a Caco-2 cell model
Soluble proanthocyanidins (sPAC), in a dose dependent manner (>20µg cPAC/mL), inhibited the ability of ExPEC to
invade enterocytes in this Caco-2 cell culture model. sPAC at a concentration of greater than 20µg cPAC/mL significantly
(p<0.05) reduced invasion relative to control (Table 1 and Figure 1). Results indicate that there is a threshold between
10-20 µg cPAC/mL at which sPAC show anti-invasive activity. Observation of the sPAC incubation (5 min) with the ExPEC
prior to initiation of enterocyte invasion indicates that the sPAC are agglutinating the ExPEC, as seen by the dark spot at
the center of the wells (Figure 2). Agglutination is one possible mechanism that inhibits invasivity of ExPEC.
Table 1: Dose response effect (normalized to control) of soluble proanthocyanidin (sPAC) on the ability of ExPEC to
invade Caco-2 cells, expressed in µg cPAC equivalents/mL as quantified by the DMAC method.
Treatment
0.0 µg/mL (Control)
2.5 µg/mL
5.0 µg/mL
10.0 µg/mL
20.0 µg/mL
40.0 µg/mL
80.0 µg/mL
160.0 µg/mL

Mean (%)

Standard Deviation (%)
100.0
140.9
125.5
146.8
19.2
3.7
2.4
0.3

119.9
82.8
115.2
14.7
5.0
2.8
0.4

p-value
0.7139
0.7381
0.6679
0.0016
0.0000
0.0127
0.0020
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Figure 1: Dose response effect (normalized to control) of soluble proanthocyanidin (sPAC) on the ability of ExPEC to
invade Caco-2 cells, expressed in µg cPAC equivalents/mL as quantified by the DMAC method.

4

Figure 2: Dark spots at the center of wells (green arrow) are visible agglutination of ExPEC by sPAC during the preincubation (5 min) period prior to initiation of invasion. While agglutination was not quantified, visible inspection
indicated that agglutination was dose dependent (control far left and highest dose right).
Study 2: Lactobacillus acidophilis (alone) effect on ExPEC invasion enterocytes in a Caco-2 cell model
L. acidophilis (MOI=25, 50, 100, 200, 400) was evaluated for anti-invasion activity. Results indicate that L.acidophilis
alone did not significantly affect invasion of ExPEC at any concentration tested (Table 2 and Figure 3). Observation of
the L. acidophilis incubation (1 hour) with the Caco-2 cells in the presence of ExPEC challenge indicate that pH of the cell
culture environment becomes increasingly acidic, as is evident by the reduction in pH indicator (pink color), in a dose
dependent (increasing probiotic MOI) manner (Figure 4). The lower pH would be expected for an active culture of L.
acidophilis. While the accumulation of acid at these particular treatment levels was not great enough to warrant concern
over the one hour incubation period it dose inform us of potential environmental factors that may effect the cell culture
model if higher doses (MOI) or longer incubation periods were evaluated. Furthermore, it also indicates a possible
environmental (intestinal lumen) mechanism that should be considered in future translational animal and or human
clinical studies.
Table 2: Dose response effect (normalized to control) of Lactobacillus acidophilis (alone) on the ability of ExPEC to
invade Caco-2 cells, expressed in MOI (number of Lactobacillus acidophilis cells per Caco-2 cell).
Treatment
0-1 MOI (Control)
25-1 MOI
50-1 MOI
100-1 MOI
200-1 MOI
400-1 MOI

Mean (%)

Standard Deviation (%)
100.0
165.7
1.8
150.2
130.7
90

24.9
3.4
11.2
22.2
23.8

p-value
0.1665
0.1792
0.0993
0.3011
0.6589

5

(Normalized % of Control Invasion)

Invaded Pathogen Count

200%
180%
160%
140%
120%
100%
80%
60%
40%
20%
0%

0-1 MOI 25-1 MOI 50-1 MOI 100-1 MOI 200-1 MOI 400-1 MOI
Ratio of Lactobacillius acidopholis cells per Caco02 Cell

Figure 3: Dose response effect (normalized to control) of Lactobacillus acidopholis (L.a.) on the ability of ExPEC to
invade Caco-2 cells, expressed as number of L.a per Caco-2 cell.

Figure 4: The pH of the Caco-2 environment decreased (reduction in pink/red color of pH indicator in media) as a result
of increasing concentration (control far left and highest dose 400MOI right) of Lactobacillus acidophilis.
Study 3: Lactobacillus acidophilis (MOI=100) + soluble proanthocyanidin (10, 20, 40 µg cPAC/mL)
effect on ExPEC invasion enterocytes in a Caco-2 cell model. Study 1 informed us that sPAC at 20 µg cPAC/mL
reduced ExPEC invasion by 80.8% relative to control. For this experiment we chose to test sPAC at 10, 20 and 40 µg
cPAC/mL. Study 2 informed us that there was no significant anti-invasion effect of L. acidophilis alone at any of the
treatment levels. For this experiment we decided to use a MOI = 100 for both the ExPEC and the L. acidophilis. Results
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indicate that L. acidophilis (MOI=100) + sPAC at 40 µg cPAC/mL significantly (p<0.05) inhibited ExPEC invasion of
enterocytes relative to control (Table 3 and Figure 5). Results also indicate that L. acidophilis (MOI=100) + sPAC at
20 µg cPAC/mL inhibited invasion of enterocytes by 69.1% relative to control, however; this was not significant due to the
large standard deviation.
Table 3: Response effect (normalized to control) of Lactobacillus acidophilis plus soluble proanthocyanidins on the
ability of ExPEC to invade Caco-2 cells, L. acidophilis dose expressed in MOI (number of Lactobacillus acidophilis cells
per Caco-2 cell) and sPAC expressed in µg cPAC equivalents/mL as quantified by the DMAC method.
Treatment
0-1 MOI (Control)
20.0 µg/mL sPAC
100-1 MOI
100-1 MOI + 10.0 µg/mL
100-1 MOI + 20.0 µg/mL
100-1 MOI + 40.0 µg/mL

Mean (%)

Standard Deviation (%)
100.0
44.9
88.4
107.4
30.9
2.0

p-value

52.6
11.5
7.7
17.5
2.1

0.3778
0.3898
0.4061
0.1131
0.0097

(Normalized % of Control Invasion)

Invaded Pathogen Count

120%
100%
80%
60%
40%
20%
0%

Control

20 ug/mL
PAC

DDS-1 100-1 + 10 100-1 + 20 100-1 + 40
100-1
ug/mL
ug/mL
ug/mL

sPAC concentration (ug/mL) with Lactobacillius acidophillis (MOI=100)
Figure 5: Dose response effect (normalized to control) of soluble proanthocyanidin (sPAC; expressed in µg cPAC
equivalents/mL as quantified by the DMAC method) plus Lactobacillius acidophillis (MOI=100) on the ability of ExPEC
to invade Caco-2 cells.
Study 4: Probiotic blend (MOI- 100) + soluble proanthocyanidin (10, 20, 40 µg cPAC/mL) effect on
ExPEC invasion enterocytes in a Caco-2 cell model.
For this experiment we chose to test sPAC at 10, 20 and 40 µg cPAC/mL plus a probiotic blend consisting of; Lactobacillus
gasseri, Bifidobacterium animalis subsp. Lactis, Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus
rhamnosus in a ratio of 20:20:20:20:20 (MOI=100). Results indicate that the probiotic blend (MOI=100) + sPAC at 20
and 40 µg cPAC/mL both significantly (p<0.05) inhibited ExPEC invasion of enterocytes relative to control (Table 4 and
Figure 6).
It should be noted that while Study 1 informed us that sPAC at 20 µg cPAC/mL significantly reduced ExPEC invasion
relative to control, in this study the same dose (used as a positive control) did not significantly inhibit ExPEC invasion
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relative to control. Results indicate that the probiotic blend combined with sPAC (20 µg cPAC/mL) has better antiinvasion activity than the sPAC (20 µg cPAC/mL) alone. This trend was also seen in Study 3, however; because of large
standard deviation the results were not statistically significant.
Table 4: Response effect (normalized to control) of a probiotic blend consisting of; Lactobacillus gasseri,
Bifidobacterium animalis subsp. Lactis, Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus
rhamnosus in a ratio of 20:20:20:20:20 (MOI) plus soluble proanthocyanidins on the ability of ExPEC to invade Caco-2
cells. Probiotic blend dose expressed in MOI (number of pobiotic cells per Caco-2 cell) and sPAC expressed in µg cPAC
equivalents/mL as quantified by the DMAC method.
Treatment
0-1 MOI (Control)
20.0 µg/mL sPAC
100-1 MOI
100-1 MOI + 10.0 µg/mL
100-1 MOI + 20.0 µg/mL
100-1 MOI + 40.0 µg/mL

Mean (%)

Standard Deviation (%)
100.0
75.8
140.5
153.5
30.9
5.3

p-value

49.2
5.9
49.9
4.1
3.6

0.7092
0.0917
0.4780
0.0378
0.0244

(Normalized % of Control Invasion)

Invaded Pathogen Count

250%

200%

150%

100%

50%

0%

Control

20 ug/mL PAC

Probiotic
100-1

Probiotic
Probiotic
Probiotic
100-1 + 10 ug/ 100-1 + 20 ug/ 100-1 + 40 ug/
mL
mL
mL

sPAC concentration (ug/mL) with Probiotic blend (MOI=100)

Figure 6: Dose response effect (normalized to control) of soluble proanthocyanidin (sPAC; expressed in µg cPAC
equivalents/mL as quantified by the DMAC method) plus a probiotic blend consisting of; Lactobacillus gasseri,
Bifidobacterium animalis subsp. Lactis, Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus
rhamnosus (L.rh.) in a ratio of 20:20:20:20:20 (MOI=100) on the ability of ExPEC to invade Caco-2 cells.
Study 5: Probiotic blend (alone) effect, following one hour pre-incubation, on ExPEC invasion of
enterocytes in a Caco-2 cell model.
Study 2 informed us that there was no significant anti-invasion effect of L. acidophilis alone at any of the treatment levels.
For this experiment we used a probiotic blend consisting of; Lactobacillus gasseri, Bifidobacterium animalis subsp.
Lactis, Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus rhamnosus in a ratio of 20:20:20:20:20.
The probiotic blend was added at different concentrations (MOI=100, 200, and 400) to the Caco-2 cells one hour (preincubation) prior to the introduction of the ExPEC. Results indicate that the probiotic blend at MOI=400 significantly
inhibited ExPEC invasion of enterocytes relative to control (Table 5 and Figure 7). The difference in this outcome
compared to Study 2 may be attributed to either the blend of the 5 probiotic strains and/or the additional one hour preincubation period that preceded the ExPEC challenge.
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Table 5: Effect (normalized to control) of increasing MOI of a probiotic blend consisting of; Lactobacillus gasseri,
Bifidobacterium animalis subsp. Lactis, Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus
rhamnosus in a ratio of 20:20:20:20:20 (MOI) on the ability of ExPEC to invade Caco-2 cells. Probiotic blend dose
expressed in MOI.
Treatment

Mean (%)

(Control)
100-1 E. coli vs 100-1 Probiotic
100-1 E. coli vs 200-1 Probiotic
100-1 E. coli vs 400-1 Probiotic

Standard Deviation (%)
100.0
72.1
79.9
59.2

p-value

13.3
13.8
13.6

0.0687
0.1283
0.0352

Observation of the probiotic blend (1 hour pre-incubation + one hour incubation in presence of ExPEC) with the Caco-2
cells indicate that pH of the cell culture environment becomes increasingly acidic, as is evident by the reduction in pH
indicator (pink color), in a dose dependent (increasing probiotic MOI). The lower pH would be expected for an active
culture of L. acidophilis. While the accumulation of acid at these particular treatment levels was not great enough to
warrant concern over the one hour incubation period it dose inform us of potential environmental factors that may effect
the cell culture model if higher doses (MOI) or longer incubation periods were evaluated. Furthermore, it also indicates a
possible environmental (intestinal lumen) mechanism that should be considered in future translational animal and or
human clinical studies.
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Figure 7: Effect (normalized to control) of increasing MOI of a probiotic blend consisting of; Lactobacillus gasseri,
Bifidobacterium animalis subsp. Lactis, Lactobacillus plantarum, Lactobacillus acidophilus and Lactobacillus
rhamnosus in a ratio of 20:20:20:20:20 on the ability of ExPEC to invade Caco-2 cells.
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