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Abstract

Diets rich in fat, smoking, as well as exposure to environmental pollutants and dysbiosis of gut
microbiota, increase the risk of developing colorectal cancer (CRC). Much progress has been
made in combating CRC. However, options for chemoprevention from environmental insult and
dysbiosis of gut microbiota remains elusive. We investigated the influence of berry-derived
anthocyanidins (Anthos), with and without encapsulating them in bovine milk-derived exosomes
(ExoAnthos), on the chemoprevention of bacteria-driven colon tumor development. Anthos and
ExoAnthos treatment of colon cancer cells showed dose-dependent decreases in cell viability.
Calculated selectivity index (SI) values for Anthos and ExoAnthos suggest that both treatments
selectively targeted cancer over normal colon cells. Additionally, ExoAnthos treatment yielded
higher SI values than Anthos. Anthos and ExoAnthos treatment of ApcMiM* mice inoculated with
ETBF bacteria led to significant decreases in colon tumor numbers over mice receiving vehicle
treatments. Western blot analysis of normal colon, colon tumor, and liver tissue lysates showed
that mice inoculated with ETBF featured increased expression of phase | enzymes in normal colon
tissue and decreased expression of phase Il enzymes in liver tissue. Treatment with the Anthos and
ExoAnthos reverted the modulation of phase | and phase 11 enzymes, respectively; no significant
changes in phase 1l enzyme expression occurred in colon tumor tissue. Treatment of HCT-116
cells with the ubiquitous carcinogen, benzo[a]pyrene led to similar modulation of phase I and |1
enzymes, which was partially mitigated by treatment with Anthos. These results provide a
promising outlook on the impact of berry Anthos for prevention and treatment of bacteria- and
benzo[a]pyrene-driven colorectal cancer.
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Introduction

Although much progress has been made in the diagnosis and treatment of cancer over the
last thirty years, colorectal cancer (CRC) remains a looming threat on the horizon. For
instance, although the incidence of CRC has been trending downward since the mid to late
1980s for individuals 55 years or older, a recent study has found a rather disconcerting
uptick in the CRC incidence for individuals below 55 years old (1). According to the CDC,
the third most common form of cancer in the US is CRC. Furthermore, CRC is the third
leading form attributed to cancer-related deaths each year. In fact, according to the American
Cancer Society, it is estimated that 140,250 individuals will be diagnosed and 50,630 will
die from CRC in the US alone in 2018. Epidemiological studies suggest that diets rich in fat,
smoking, and increased alcohol consumption, as well as exposure to environmental
pollutants and dysbiosis of gut microbiota, increase the risk of developing CRC (2,3). Much
progress has been made in combating the disease due to advancements made in the early
detection of CRC. However, options for chemoprevention from environmental insult and an
understanding of how such treatments could alter the dialogue between one’s microbiome
and environmental toxins remain largely elusive.

Environmental factors such as air pollution, cigarette smoke, and dietary contaminants have
been mechanistically linked to an increased risk of CRC (4-6). One particular class of
environmental pollutants that is especially pervasive are polycyclic aromatic hydrocarbons
(PAHS). One of the most ubiquitous members of this family is benzo[&]pyrene (B[4]P)
which is found in cigarette smoke, as a contaminant in many foods, car exhaust fumes,
wood-burning and coal tar. In order to initiate the carcinogenic process, B[&]P undergoes
bioactivation by enzymes such as the cytochrome P450 (CYP) 1Al and/or 1B1 and
microsomal epoxide hydrolase (mEH), resulting in the formation of the ultimate carcinogen
benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE). Various enzymes including members of the
glutathione s-transferase (GST), uridine 5’-diphospho-glucuronosyltransferase (UGT) and
sulfotransferase (SULT) families are involved in detoxification of the intermediates along
this bioactivation pathway (Figure 1). The metabolites of B[4]P are classified as group 1
carcinogens by the International Agency for Research on Cancer (IARC). BPDE intercalates
DNA and ultimately covalently binds with guanine bases. This acts to distort the structure of
DNA, disrupting the copying of DNA, which in turn causes mutations. BPDE has also been
found to target p53 thereby altering the tumor suppression of cells which may ultimately
lead to cancer (7). Interestingly, research that measures all of the exposures of an individual
in a lifetime and how those exposures relate to health, referred to as “exposome,” has found
that exposure to B[4]P leads to the enhanced susceptibility of macrophage membranes to
bacterial infection and ultimately may lead to immunosuppression (8). Although one of the
first carcinogens to be studied, B[&4]P remains a continued threat due to its widespread
presence in the environment. Given the continued relevance of B[&]P, how this toxicant and
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its metabolites interact with endogenous factors such as the gut microbiome is of high
importance in addressing the management of several diseases including colon cancer.

In addition to traditional carcinogens such as B[4]P, recent research has begun to uncover the
importance of the gut microbiome in the development of CRC. Research has shown that
imbalances in intestinal microbiota lead to both an increase in inflammatory conditions as
well as an increased production of carcinogenic metabolites, which may ultimately lead to
neoplasia. Several bacteria have been associated with increased risk of developing CRC
including, S. gallolyticus, H. pylori, virulent forms of Escherichia coli (E. coli),
Fusobacterium nucleatum (F. nucleatum), Salmonella enterica (S. enterica) and
enterotoxigenic B. fragilis (9). Enterotoxigenic Bacteriodes fragilis (ETBF) in particular is a
highly relevant model for development of CRC due to its contribution to both familial and
sporadic forms of cancer (10,11). ETBF exists asymptomatically in 12.4% of individuals
overall and in 27% of individuals with diarrhea symptoms (11). Furthermore, presence of
ETBF in the gut is a well-known cause of diarrheal disease globally that is accompanied by
colitis in both humans and animals. The pathogenicity associated with ETBF is due to the
secretion of a 20 kDa zinc-dependent metalloprotease toxin, B. fragilis toxin (BFT), which
binds to colonic epithelial cells and leads to the cleavage of the tumor suppressor protein, E-
cadherin, and the secretion of interleukin-8 (12). Overall, this process leads to the
stimulation of proliferation and migration of human colon cancer cells (13). It should be
noted that BFT has also been shown to induce pro-inflammatory cytokine secretion by
further activating the NFKB pathway (13).

Interestingly, a bidirectional dialogue has been found to exist between the gut microbiome
and environmental chemicals, with bacteria metabolizing the pollutants contributing to host
toxicity and the contaminants altering the composition of gut microbiota (3). This dynamic
interaction between the host microbiome and environmental carcinogens is becoming ever
more prevalent and relevant in the modern era. Understanding the impact of gut bacteria
such as ETBF on the expression of phase I/11 enzymes and identifying a chemopreventive
method to combat this omnipresent insult is of great importance.

Several plant bioactives have been an invaluable source of medicines for humans. The family
of plant pigments, known as the anthocyanins, have been identified with a variety of health
benefits including chemopreventive and therapeutic effects due to their roles as anti-
inflammatory, antioxidant agents and modulators of cytochrome P450 enzymes, CYP1A1l
and CYP1B1 (14,15). Found in dark-colored vegetables, fruits, grains, and flowers,
anthocyanins provide the characteristic red, purple and blue hues. Anthocyanins are, in part,
converted to anthocyanidins (Anthos), the aglycone moieties, and, in fact, have higher
antiproliferative and anti-inflammatory activities than the anthocyanins (16) presumably due
to higher cell uptake.

The berry Anthos presents a potential chemopreventive option for individuals to avoid
developing CRC. Berries were shown to reduce the oral dysplasia and carcinoma-in-situ by
approximately 50% in animals previously treated with a mixture of the cigarette smoke
carcinogens, B[4]P and NNK (17). Previous work from our laboratory against breast and
lung cancer has shown that Anthos possess both chemopreventive and therapeutic effects
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due to their roles as anti-inflammatory, antioxidant agents and modulators of CYP1A1 and
CYP1B1 (18). We demonstrated that intervention with the anthocyanidin, delphinidin
favorably modulated the underlying mechanisms of potent PAHs (19). Furthermore,
although work has been conducted to research the impact of anthocyanins on CRC (20,21),
no data have been reported to study the impact of Anthos or ETBF bacteria on alterations in
phase | and Il enzyme expression.

With this in mind, the aim of the series of studies presented in this manuscript was to assess
how treatment with a native mixture of anthocyanidins derived from bilberry (i.e., Anthos)
and an exosomal formulation of Anthos (ExoAnthos) influence proliferation and modulation
of expression of key phase | and Il enzymes both /n vitroand in a bacterially-induced /n vivo
model of colorectal cancer. Furthermore, the influence of gut bacterial dysbiosis induced by
ETBF on phase I/l enzyme expression was also investigated.

Materials and Methods

Chemicals

B[4]P was handled carefully with all safety procedures as it is a highly carcinogenic and
hazardous chemical. B[g]P (B-1760, St. Louis, MO) was purchased from Sigma-Aldrich.

Isolation of bilberry-derived Anthos

The native bilberry Anthos mixture (>85%), composed of delphinidin, cyanidin, petunidin,
malvidin, and peonidin, was generously provided by 3P Biotechnologies, Inc. (Louisville,
KY). The native Anthos was further enriched using C18 Sep-Pak cartridges (Waters,
Milford, MA) and eluted in acidified (0.1% HCI) ethanol. The enriched extract was then
dried using a Savant SC210A Speed-Vac (ThermoFisher Scientific, Waltham, MA) and
stored at —20 °C. Purity, batch to batch consistency and reproducibility of the Anthos was
determined by HPLC-PDA-UV. The enriched bilberry extract available commercially is
highly standardized and it provided similar ratios of the individual anthcyanidins isolated
from different batches of the bilberry extract. Briefly, 15 ul samples were analyzed using a
Shimadzu Premier C18 reverse-phase column (250x4.6 mm i.d., 5 um). Mobile phase A was
composed of water: formic acid: acetonitrile (87:10:3) and mobile phase B was composed of
water: formic acid: acetonitrile (40:10:50). The flow rate was 0.6 ml/min and the gradient
condition was 0-5 min 5% B; 5-15 min 15% B; 15-20 min 25% B; 20-30 min 35% B; 30—
40 min 45% B; 40-45 min 100% B; 45-50 min 5% B. Detection of Anthos was at 520 nm
by PDA-UV and total Anthos concentration was calculated using a standard curve. The
reference compounds were purchased from Chromadex (Irvine, CA) and Cayman Chemical
Company (Ann Arbor, Ml).

Isolation of milk-derived exosomes

Exosomes from cow colostrum, isolated using differential centrifugation as described by
Munagala et al., (22), were generously provided by 3P Biotechnologies (Louisville, KY).
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Protein determination

Protein estimation for exosomes was assessed using a bicinchoninic acid (BCA) assay
(Thermo Scientific, Rockford, IL). In order to determine protein concentration, diluted
exosomal preparations were compared, in triplicate, to a serially diluted bovine serum
albumin (BSA) standard curve.

Preparation of ExoAnthos

Anthos were loaded onto exosomes by mixing Anthos (dissolved in 1:1 mixture of ethanol
and water) with the exosomes suspension in a 1:5 (Anthos:Exosomal protein, w/w) ratio at
room temperature (22 °C). Unbound Anthos and any coagulated exosomes were removed by
low-speed centrifugation (10,000x g for 10 min). The exosomal formulation of Anthos was
collected by ultracentrifugation (135,000 xg for 1.5 h). The pellet was then suspended in
PBS and passed through a 0.22 p syringe filter and stored at =80 °C. The percent loading
was determined using solvent extraction, as described (22,23).

Analysis of Anthos loading

In order to determine the load of Anthos in the ExoAnthos formulation, the protein and
Anthos concentrations were measured. Briefly, a 50-pl aliquot of ExoAnthos formulation
was mixed with 950 pl of acidified ethanol (0.1% HCI) and incubated at 4 °C for 30-60 min.
The precipitated proteins were separated by centrifugation (10,000 x g for 10 minutes). The
Anthos contained in the supernatant was then analyzed using a SpectraMax M2
spectrometer (Molecular Devices, Sunnyvale, CA). Anthos were detected at 520 nm and
total Anthos concentration was calculated using a standard curve. Anthos concentrations
were confirmed via HPLC-PDA against reference compounds. The pelleted exosomal
proteins were determined by the BCA method described above. The percent Anthos load
was calculated by dividing the amount of Anthos by exosomal proteins x 100 (22).
Individual anthocyanidins present in the Anthos mixture were loaded onto exosomes equally
as confirmed using HPLC-DAD.

Cells, culture conditions and treatments

The APC wild-type HCT 116 (ATCC® CCL-247™) and APC mutant HT-29 (ATCC®
HTB-38D™) colon cancer cell lines and CCD-18Co (ATCC® CRL-1459™) normal colon
cells were acquired from American Type Culture Collection (Manassas, VA). HCT-116 and
HT-29 cells were maintained in McCoy’s 5A medium (Gibco, Grand Island, NY)
supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin in a
humidified atmosphere containing 5% CO» at 37°C. Based upon dosages derived from cell
viability assays, cells were pre-treated with Anthos alone (25, 50, 100, 200 pM) for 24 h and
treated with a mixture of Anthos (25, 50, 100, 200 pM) and B[&]P (20 uM) for 24 h.

Measurement of cell viability

The cytotoxicity of bilberry Anthos in colon cancer cell lines was assessed by enzymatic
reduction of the tetrazolium dye MTT. Briefly, 3.0 x103 cells/well were grown in 96-well
tissue culture plates and were then exposed to varying concentrations of the Anthos,
ExoAnthos or vehicle control 24 h after seeding. After 72 h treatment, cells were incubated
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with 5 mg/ml MTT reagent for 2 h. Resulting formazan crystals were subsequently
solubilized in DMSO and measured spectrophotometrically at 570 nm (Bio-rad,
Philadelphia, PA). ICsq values were then determined using Calcysyn software version 2.1
(Biosoft, Cambridge, England).

Western-blot analysis

For western-blot analysis, 40 ug of protein from /in vivoand in vitro tissue lysates was
resolved using SDS-polyacrylamide gel electrophoresis and electro-transferred to
polyvinylidene difluoride membranes by semi-dry transfer (Biorad Trans-blot SD, Hercules,
CA). Blots were blocked with 4% dry powder milk or BSA for 1 h and then incubated with
primary antibodies p-actin, UGT1A6, SULT1, GSTM1, GSTM2, CYP1Al, CYP1B1, PXR,
Nrf2, AhR, AhRR, and ARNT1 which were all acquired from Santa Cruz Biotech (Santa
Cruz, CA) at 4°C overnight and secondary antibodies (Santa Cruz Biotech, Santa Cruz, CA)
conjugated to peroxidase for 1 h at room temperature. Blots were then developed with an
ECL detection system. Densitometric analysis was then performed using ImageJ 1.x
software (24).

In vivo CRC studies

Animal experiments were performed in agreement with an approved protocol by the
Institutional Animal Care and Use Committee at the University of Louisville. Breeding
colonies were established in collaboration with Dr. Nejat K. Egilmez’s lab (25) at the
University of Louisville using C57BL/6J Min/+ (ApcMin*) mice that were originally
procured from Jackson Laboratories (Bar Harbour, ME). Mice were genotyped for the APC
mutation using PCR according to the protocol established by Jackson Laboratories. Mice
were fed a standard chow diet and received water ad /ibitum and were maintained on a
standard light/dark cycle for the duration of the study. At 5-6 weeks of age, animals were
administered antibiotics (clindamycin (0.1 g/L) and streptomycin (5 g/L)). Four days later
the animals were administered ETBF to promote tumorigenesis in the colon and one week
following ETBF inoculation, animals began their respective treatment regimen. Male (n=2)
and female (n=3) ApcMi"* mice were orally administered (by gavage) an average of 8.6
mg/kg/day Anthos or ExoAnthos or vehicle control 3 days a week for 4 weeks. The Anthos
dosage selected is roughly equivalent to 400 g of fresh blueberries per day for a 70 kg
individual, based upon the level of anthocyanidins commonly found in this fruit (26).
Animals were culled in the fed state at 12 weeks, colon tumors were counted and tissues
were harvested.

Data analysis

Statistical analysis was performed using Graph Pad Prism statistical software version 4.03
(La Jolla, CA) and RStudio software version 1.0.153 (Boston, MA) Lattice package (27,28).
One-way ANOVA was used for assessing the significance of mean differences across the
various treatments for animal tumor and western data. 1Cgq values were determined using
CalcuSyn software version 2.1 (Biosoft, Cambridge, England). Heat maps were constructed
using RStudio software version 1.0.153 (Boston, MA) gplot package (28,29).
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Results

Anti-proliferative effects of Anthos and ExoAnthos on colon cancer cells

Previous work from our laboratory has shown that exosomal formulation yielded enhanced
therapeutic potency and efficacy for therapeutics such as paclitaxel, celastrol, curcumin and
Anthos against lung cancer due to increased stability and bioavailability of these compounds
(22,30-32). Prior to carrying out our /n vivowork, we first compared the relative activity of
ExoAnthos and Anthos treatment on proliferation of HCT-116 and HT-29 colon cancer cell
lines and CCD-18Co normal colon cells (Figure 2). Results from these studies showed a
clear increase in the anti-proliferative properties of Anthos against colon cancer cells, with
4-16-fold decreases in the ICgq values of ExoAnthos as compared to the free Anthos (Figure
2). One can posit that the improved anti-proliferative effects of the ExoAnthos formulation
over Anthos alone is most likely due to the increased cell uptake and stability in media of the
ExoAnthos over Anthos. Part of the higher efficacy of ExoAnthos may be attributed to the
intrinsic effect of the exosomes alone (22,23).

In order to determine whether Anthos and ExoAnthos were selective toward colon cancer
over normal colon cells /n vitro, we determined the selectivity index (SI) values for both
HCT 116 and HT-29 colon cancer cells compared to normal colon CCD-18Co cells. The
results (Table 1) showed that not only were Anthos and ExoAnthos selective for colon
cancer cells over normal colon cells but that ExoAnthos enhanced this selectivity, with the
greatest increase yielded in HT-29 cells, which increased from an Sl value of 9 for Anthos to
51 for ExoAnthos. Overall, these results confirm that Anthos and ExoAnthos did not show
any significant toxicity for the normal CCD-18Co colon cells and that the cytotoxicity is
specific for colon cancer cells.

Impact of Anthos treatment on tumor number in vivo

After the promising results attained /in vitro, we next sought to test our ExoAnthos
formulation, which makes use of an exosomal nano delivery method to determine if a greater
therapeutic effect could be achieved. Results from the comparison of Anthos and ExoAnthos
treatment showed that ExoAnthos lead to a similar reduction in colon tumor burden as
Anthos alone, when given at the same dose (P=0.30). When compared to control, a
significant reduction in colon tumors was noted in the ExoAnthos-treated animals versus
exosome vehicle control (P=0.019) and Anthos treated animals versus vehicle control
(P=0.0025), when given at 8.6 mg/kg/day (Figure 3). No significant difference was found
between the tumor numbers in control vs. exosome alone treated animals (£=0.728).

Impact of ETBF bacteria on phase I/ll enzyme expression in colon/liver

ApcMin* mice treated with the bacteria showed significant increases in the expression of
phase | enzymes CYP1A1 and CYP1B1 in normal colon tissue (Figure 4A). Additionally, a
significant decrease in the expression of the phase Il enzyme GSTM1 in normal colon tissue
was noted. In order to assess how ETBF bacteria influences the expression of phase | and |1
enzymes we assessed the expression of AhR, AhRR, ARNTL, Nrf2, VDR, and PXR in
ApcMi*+ mice, with and without ETBF treatment. Results from this survey (Figure 4A)
showed that mice treated with the bacteria had significant decreases in the expression of the
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AhR repressor, AhRR. No significant changes in the expression of PXR, Nrf2, and VDR
expression were noted in colon tissue samples taken from the mice that received bacteria
compared to untreated mice. Liver samples taken from bacteria-treated mice also featured
decreased expression of phase Il enzymes UGT1A6 and GSTML1 and increased expression
of AhR when compared to ApcMiV* mice that did not receive bacteria treatment (Figure
4B).

Impact of Anthos treatment on phase I/ll enzyme expression in colon and liver tissues

There have been no prior literature reports to assess whether Anthos modulate phase | and Il
enzyme expression in the colon or liver tissue in animals treated with ETBF bacteria. Results
from our survey of the impact of Anthos and ExoAnthos on key phase | and 1l enzymes
involved in the metabolism of the environmental carcinogen B[4]P as well as other
carcinogens, demonstrated significant modulation of the phase | enzymes CYP1A1 and
CYP1B1 and phase Il enzymes GSTM1 and SULT1 by Anthos and ExoAnthos in normal
colon tissue (Figure 4A). Our survey of nuclear transcription factors and associated proteins
including AhR, AhRR, ARNT1, Nrf2, VDR, and PXR found that Anthos led to increases in
the expression of the AhR repressor AhRR when compared to ETBF alone treated animals.
Interestingly, ExoAnthos treatment did not affect the expression of AhRR; however, it led to
decreased expression of the aryl hydrocarbon receptor nuclear translocator, ARNT1. No
significant changes were noted in the expression of PXR, Nrf2, or VDR in colon samples
from Anthos- or ExoAnthos-treated animals. Results from the enzyme expression analysis
of liver tissues taken from the same animals noted similar decreases in the expression of
CYP1ALl in Anthos-treated mice and increases in the phase Il enzymes GSTM1 and
UGT1AG (Figure 4B). No significant changes in expression of mEH or SULT1 were noted
in liver tissue. A significant decrease in AhR was noted in ExoAnthos-treated mice and a
significant increase in AhRR expression was noted with the Anthos treatment as compared
to ETBF ApcMin* control mice.

Impact of Anthos treatment on phase I/ll enzyme expression in tumor tissue

Alterations of phase | and Il enzymes have been implicated in the development of chemo-
resistance in cancer (33,34). Since modulation of phase | and Il enzymes was demonstrated
in normal colon and liver tissues, we sought to determine whether additional chemo-
resistance could arise for individuals undergoing chemotherapy if they were taking Anthos
or whether Anthos could help alleviate offsite toxicity associated with chemotherapeutic
drugs if phase Il enzymes would be favorably modulated in normal vs. tumor tissue. In order
to do this, we assessed the expression of select phase Il enzymes in the colon tumor tissue
taken from Anthos- and ETBF alone-treated mice showed that Anthos treatment did not
result in any significant changes in the expression of UGT1A6 (~>0.5), GSTM1 (P>0.1), or
SULT1 (P>0.1) (Figure 5).

Impact of Anthos treatment on alterations induced by B[a]P treatment in vitro

Alterations in the expression of phase | enzymes had been previously reported by our
laboratory in an ACI rat model for breast cancer (18). Given this background, we next
sought to determine if Anthos and ExoAnthos treatment would alter this shift in phase /11
enzyme expression induced by B[4]P treatment. Results showed that cells treated overnight
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with B[4]P (20 uM) featured increased expression of CYP1A1 accompanied by decreased
expression of GSTM1 (Figure 6). Furthermore, treatment with Anthos led to decreases in the
expression of CYP1A1 while increasing the phase 1l enzymes GSTM1 and SULT1. Anthos
treatment, at the highest dose tested, led to approximately 3-fold reductions in the expression
of a key transcription factor AhR, which is involved in the expression of CYP1AL, in
HCT-116 colon cancer cells. Furthermore, Anthos treatment simultaneously led to a nearly
2-fold increase in the expression of the AhR repressor, AhRR. Anthos treatment also led to
2- to 10-fold increase in the expression of a key nuclear receptor, PXR.

Discussion

Given the recent uptick in cases of CRC diagnosed in younger individuals (1), CRC appears
to be making a comeback and thus warrants research into identifying potential
chemopreventive methods to combat this disease. Although much research has been
conducted on the role of carcinogens such as B[&]P on the development of colorectal cancer,
little has been achieved in the successful prevention of this disease in populations who are
exposed to such environmental carcinogens on a daily basis. It should be noted that many
studies have been conducted on a variety of plant-derived chemopreventive agents but few
agents have successfully been translated. For instance, anthocyanins have been attributed to
a variety of health-promoting benefits including chemopreventive and therapeutic effects due
to their roles as anti-inflammatory and antioxidant agents (14,15). However, no studies
investigating the impact of Anthos on the balance of phase I/11 enzymes in the colon have
been reported. Furthermore, the impact of bacteria such as ETBF on this balance in the
colon and liver has also yet to be elucidated. Given the lack of understanding in these areas,
we sought to uncover the impact of ETBF bacteria, Anthos and B[&]P on this crucial
enzymatic balance.

Several recent studies have confirmed the link between dysbiosis of the gut microbiome and
colorectal cancer. Several bacteria, in particular, have been associated with increased risk of
developing CRC including S. gallolyticus, H. pylori, virulent forms of Escherichia coli (E.
coli), Fusobacterium nucleatum (F. nucleatum), Salmonella enterica (S. enterica) and
enterotoxigenic B. fragilis (9). Although much research has been conducted on the role of
bacteria on inflammation and carcinogenesis (10,35,36), no reports have been published
regarding the role of ETBF on the expression of phase | and Il enzymes. Results from our
assessment of the impact that ETBF has on the expression of phase | and 1l enzymes in
ApcMi* mice showed that treatment with the bacteria led to significant increases in the
expression of phase | enzymes CYP1A1 and CYP1B1 in normal colon tissue. Furthermore,
significant increases in the expression of AhR and significant decreases in the expression of
phase Il enzymes GSTM1 and UGT1A6 were noted in liver tissue samples taken from
ETBF mice when compared to mice that did not receive the bacteria. The results gathered in
this study provide an additional link between how “bad” bacteria such as ETBF can
ultimately contribute to the development of cancer beyond the initially elucidated
inflammatory and gut barrier breakdown pathways (13,35).

After elucidating how ETBF bacteria increases the expression of phase | enzymes while
decreasing the expression of the phase Il enzymes in normal colon and liver tissue, we next
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determined if Anthos or ExoAnthos treatment could alter this enzyme imbalance. Previous
work from our laboratory has shown that Anthos treatment led to decreased expression and
activity of CYP1Al and CYP1AZ2 in an estrogen-driven ACI rat model for breast cancer
(18). Results from this series of studies showed that Anthos treatment significantly
decreased the expression of phase | enzymes CYP1A1 and CYP1B1, while increasing the
expression of the phase Il enzymes GSTM1 and SULT1. Our survey of AhR, ARNT1 and
AhRR expression suggest that the modulation of phase | and Il enzymes could be
attributable to the altered expression of AhRR and ARNT1 induced by Anthos treatment. It
should be noted that AhRR is a key protein in the AhR signaling cascade that acts as a
repressor of AhR-dependent gene expression. Structural work shows that AhRR acts by
competitively repressing AhR binding to ARNT and target DNA (37). Furthermore, AhRRR
levels have been shown to decline in a variety of disease states ranging from rheumatoid
arthritis (38) to lung cancer (39). Interestingly, DNA methylation at AhRR has also been
shown to be a marker for smoking and was correlated with future smoking morbidity and
mortality (40). As noted above, ARNT1 is also a key component of the AhR signaling
cascade and functions by binding to the ligand-bound form of AhR and aiding in the
movement of the AhR complex to the nucleus. ARNT has also been shown to be upregulated
under hypoxic conditions by a HIF-1a dependent mechanism in Hep3B cells (41).

Phase Il enzymes such as UGT1A6, SULT1, and GSTML1 play an important role in the
breakdown of chemotherapeutic drugs such as irinotecan and cisplatin (42,43). Therefore,
increased expression of phase Il enzymes in target tumor tissue would not be desirable.
Importantly results from this study showed that no significant changes in the expression of
phase Il enzymes UGT1A6, SULT1 or GSTM1 occurred in colon tumor tissue taken from
animals treated with Anthos. Therefore, potential negative effects due to increased
breakdown of chemotherapeutic drugs that may result from increased phase 11 enzyme
expression, as evolves in many tumors, should not be a cause for concern with Anthos
treatment. With this in mind, the selective increase in phase Il enzyme expression in normal
tissue over tumor tissue may actually be an advantage in decreasing off-target toxicity to
healthy tissue for drugs such as irinotecan (42). However, additional studies would be
needed to confirm this hypothesis.

Exposure to environmental pollutants is now considered to be one of the reasons behind the
increasing rates of individuals with disorders ranging from obesity and type 2 diabetes to
cancer (4,6). Up to 90% of CRC cases are of sporadic origin and it is estimated that diet
contributes to 80% of known cases of CRC. The role of chemicals that contaminate food and
ultimately contribute to the development of CRC has been of great interest (6). The PAH,
B[4]P is of special relevance due to its presence in a variety of common sources of exposure
ranging from charcoal-cooked food to cigarette smoke as well as several environmental
sources and importantly, its epidemiological correlation with increased risk of CRC (44,45).
Similar to the alterations in phase I and Il metabolism found to exist /n vivo following ETBF
inoculation, we found that cells treated with B[4]P (20 uM) featured increased expression of
the phase | enzyme CYP1A1 with decreased expression of the phase 1l enzyme GSTML1 as
well as the AhR repressor, AhRR. These results suggest that dysbiosis of the gut
microbiome and exposure to the environmental carcinogen B[4]P both lead to dysfunction of
the balance between phase | and Il enzymes in colon tissue. Furthermore, treatment with
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Anthos effectively shifted this balance in expression levels of AhRR, AhR, PXR, CYP1A1,
and SULT1 to greater favor a state of detoxification in B[4]P treated cells. It should be noted
that the beneficial effects attributed to the consumption of Anthos in this study may vary
from person to person depending upon the presence of genetic polymorphisms of these
enzymes. However, since the expression of several enzymes were shown to be modulated by
these compounds, individuals may still benefit overall by way of alternative enzymes.

Although our initial hypothesis was that ExoAnthos would enhance therapeutic efficacy over
Anthos, the findings presented in this manuscript showed no significant difference in tumor
numbers between the Anthos and ExoAnthos treated animals. Ultimately, both Anthos and
ExoAnthos yielded similarly significant decreases in tumor numbers compared with vehicle
treatments, respectively. This lack of enhanced therapeutic efficacy could perhaps be due to
higher absorption of ExoAnthos prior to reaching the gut and enhanced delivery to distant
sites (31). Further studies would be needed to further elucidate this notion.

Overarching results from this series of studies stress the importance of integrating the gut
microbiome into the study of carcinogen metabolism and carcinogenesis. With the ever
omnipresent threat and buildup of carcinogens within the industrialized environment and the
resulting inevitable daily exposure of the colon to these compounds, a more integrated
approach to the prevention of cancer is needed. Future studies assessing potential synergy
that may arise when dysbiosis of the gut microbiome is combined with exposure to
environmental carcinogens such as B[&]P could lead to a better understanding and a
potential explanation for the current upward tick in colorectal cancer cases.
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B[a]P Benzo[&]pyrene
CRC colorectal cancer
PAHs polycyclic aromatic hydrocarbons, Anthos, native anthocyanidins

mixture from billberry

CYP cytochrome P450

mEH microsomal epoxide hydrolase

BPDE benzo[a]pyrene-7,8-diol-9,10-epoxide

GST glutathione s-transferase

UGT uridine 5’-diphospho-glucuronosyltransferase
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SULT sulfotransferase

AhR aryl hydrocarbon receptor

AhRR aryl hydrocarbon receptor repressor
PXR pregnane X receptor

UDPGT Glucuronosyltransferase

APC adenomatous polyposis coli

COX-2 cyclo-oxygenase-2

Cy cyanidin

Dp delphinidin

Pt petunidin

Mv malvidin

Pe peonidin

HPLC high performance liquid chromatography
PDA photodiode array detector

uv ultraviolet

ETBF enterotoxigenic Bacteriodes fragilis
BFT B. fragilis toxin
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Figure 1. Metabolism of benzo[a]pyrene to carcinogenic BPDE versus detoxification pathways.
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Figure 2. Antiproliferative activity of Anthos and ExoAnthos against colon normal cells and
cancer cells in vitro.
Colon normal cells, CCD-18Co, and colon cancer cells, HCT-116 and HT-29 were treated

with various concentrations of bilberry-derived Anthos or ExoAnthos for 72 h and the effect
on cell growth inhibition was assessed using an MTT assay. Data represent average + SEM
(n=4).
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Figure 3. Anti-tumor activities of Anthos and ExoAnthos against colon tumors.
(A) Study overview, ApcMi* mice inoculated with ETBF were treated via oral gavage with

Anthos or ExoAnthos at 8.6 mg/kg/day or vehicle controls. (B) Data represent the
distribution of animal colon tumor counts, with the average noted. Control ApcMin* mice
without ETBF bacteria versus ApcMin* mice with ETBF bacteria (~=0.0003), Anthos versus
control (P=0.0025), control versus exosomes alone-treated animals (P=0.728), ExoAnthos
treated animals versus exosomes vehicle control (P=0.019), Anthos versus ExoAnthos
(P=0.30). **** signifies £<0.0001, *** signifies A<0.001, ** signifies A<0.01, and *
signifies A<0.05.
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Figure 4. In vivo changes in phase | and 11 enzyme expression and related xenobiotic- sensing
nuclear receptors in normal colon and liver tissue following treatment with ETBF bacteria alone,

bilberry-derived Anthos or ExoAnthos.

Changes in the expression of key phase | and Il enzymes along with key nuclear receptors
including CYP1A1, CYP1B1, GSTM1, SULT1, AhR, AhRR, ARNT1, Nrf2, PXR and VDR
in normal colon (A) and liver (B) tissue (A) taken from ETBF-inoculated ApcMiV* mice
after treatment with bilberry-derived Anthos, ExoAnthos or vehicle control as assessed using
western blot analysis compared to with ApcMi* mice that received no bacteria; B-actin

served as loading control. Representative heat maps depict fold changes in expression

between each group and the corresponding statistical significance. *** signifies A<0.001, **

signifies £<0.01, and * signifies ~<0.05.
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Figure 5. Impact of in vivo Anthos treatment on phase Il enzyme expression in colon tumor
tissue:

changes in the expression of key phase 11 enzymes including GSTM1 (~>0.1), SULT1
(P>0.1) and UGT1A6 (P>0.5) taken from ETBF-inoculated ApcMin* mice after treatment

with bilberry-derived Anthos or vehicle control as assessed using western blot analysis

compared to p-actin loading control.
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Figure 6. Changes in expression of key phase | and Il enzymes and related nuclear receptors
following treatment with B[a]P versus B[a]P and Anthos.

Colon cancer cell line HCT-116 was pre-treated with various concentrations of Anthos for
24 h followed by co-treatment with B[&]P and Anthos for 24 h and the effect on the
expression of AhR, AhRR, CYP1A1, SULT1, and GSTM1 was assessed using western blot
analysis and compared to p-actin loading control. Densitometry values listed are the ratio of
each dose to the vehicle control (a) and B[&]P control (b), corrected for p-actin loading
control. Treatment and controls were run on the same gels.
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The selectivity index values were calculated by dividing the ICsq value of normal CCD-18Co colon cells by

Table 1:

Selectivity Index (SI) values for Anthos and ExoAnthos treatments.

the 1Cgq value of HCT116 or HT-29 colon cancer cells.

Cell line 1Csq Anthos (UM) | SI Anthos | 1Cso ExoAnthos (UM) | SI ExoAnthos | Fold difference in ICxq values
CCD-18Co 1050 - 407 - -
HCT116 75 14 20 20 4
HT-29 124 9 8 51 16
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