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Abstract

Scope—Tannin-rich fruits have been evaluated as alternative prevention strategies for colorectal
cancer based on their anti-inflammatory properties. This study compared tannin-rich preparations
from mango (rich in gallotannins) and pomegranate (rich in ellagitannins) in the dextran sodium
sulfate-induced colitis model.

Methods and results—In rats, mango and pomegranate beverages decreased intestinal
inflammation and the levels of pro-inflammatory cytokines in mucosa and serum. The mango
beverage suppressed the ratio of phosphorylated/total protein expression of the IGF-1R-AKT/
MTOR axis and down-regulated mRNA expression of /gf1, Insr, and pik3cv. Pomegranate
decreased p70S6K and RPS6, as well as Rps6kaZ, Map2k2, and Mapkl mRNA. In silico modeling
indicated a high binding-docked of gallic acid to the catalytic domain of IGF-1R, which may
suppress the activity of the enzyme. Ellagic acid docked effectively into the catalytic domains of
both IGF-1R and EGFR. /n vitro assays with lipopolysaccharide-treated CCD-18Co cells using
polyphenolic extracts from each beverage, as well as pure compounds, corroborated the
predictions made /n silico.
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Conclusion—Mango polyphenols inhibited the IGF-1R- AKT/mTOR axis, and pomegranate
polyphenols downregulate the mTOR downstream pathway through reductions in ERK1/2. These
results suggest that extracts rich in gallo- and ellagitannins act on different molecular targets in the
protection against ulcerative colitis.
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1 Introduction

Ulcerative colitis (UC) is a chronic inflammatory condition that affects 1.4 million people in
the United States [1]. Although UC is rarely fatal on its own, it is associated with high levels
of inflammation that increase the risk of colorectal cancer [2]. More than 18% of
inflammatory bowel disease (IBD) patients develop colon cancer within 30 years of disease
onset [3] and have a higher mortality risk than patients diagnosed with sporadic colon cancer
[4]. Anti-inflammatory drugs play a significant role in the prevention and treatment of UC
[5]; however, standard clinical care drug regimens are often associated with severe side
effects [6]. Several studies have focused on alternative approaches to managing UC, based
on natural anti-inflammatory products in the diet or in dietary supplements [7].

Polyphenolics derived from fruits and vegetables have demonstrated anti-inflammatory
effects via the inhibition of nuclear factor kappa-B (NF-xB) and induction of antioxidant
defense systems [8]. However, polyphenolics can exert distinct anti-inflammatory activities
based on their specific structural features and affinities for different cellular targets [9].
Numerous polyphenols have shown anti-inflammatory, anti-cancer, and anti-obesity effects
by binding to their target receptors as antagonists. Examples include trans-resveratrol and
curcumin that bind to the human CB1 cannabinoid receptors [10]; as well as
andepigallocatechin-3-gallate, which interacts with the 67-kDa laminin receptor [11], CD4
receptor [12], and hepatocyte growth factor receptor (Met) [13-16]. The affinity of
polyphenols to receptors on the cell membrane is based on their chemical structures, and
binding can modulate a host of downstream signaling pathways inside the cell.

Mango is rich in polyphenols, including gallic acid and gallotannins [17]. It was reported
that mango extract exerted anti-inflammatory properties via reduction of inducible nitric
oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and tumor necrosis factor (TNF)-a in a
dextran sodium sulfate (DSS)-induced model of colitis [18]. Unlike mango, pomegranate is
rich in ellagic acid, ellagitannins, certain flavonoids, and anthocyanins. Pomegranate
exhibited anti-inflammatory properties through suppression of COX-2 and iNOS expression,
mitogen-activated protein kinase pathway (MAPK; p38MAPK, JNK, and Extracellular
signal-regulated kinases (ERK)1/2), and NF-xB activities in chemically-induced colitis [19,
20]. Both mango and pomegranate polyphenolics showed anti-inflammatory effects in rats
with chemically-induced colitis. Therefore, the mechanisms underlying anti-inflammatory
activities of polyphenolics appear to be dependent on the predominant active constituents in
mango and pomegranate.
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The Mammalian Target of Rapamycin (nTOR) pathway has been implicated in UC [21-24].
The mTOR pathway can be triggered via signals acting on the insulin receptor (IR)/insulin
like growth factor-1 receptor (IGF-1R), which increase cell growth and cell proliferation via
downstream effectors, such as eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1) and p70 ribosomal protein S6 kinase (p70S6K1) [25]. mTOR can also be
regulated through the ERK1/2 pathway [26]. mTOR inhibitors have shown to be effective as
anti-inflammatory drugs in colitis, attenuating NF-xB activation and T-cell function [21, 23,
27]. Targeted suppression of these activated pathways during colitis by natural compounds
may provide an important strategy in the prevention of colitis.

Proteomic and gene expression analysis enables the identification of potential therapeutic
targets in the prevention of inflammatory disease and underlying mechanisms [28]. In
addition, molecular docking studies add mechanistic understanding of receptor tyrosine
kinases (RTKs) inhibition by polyphenols in cancer prevention and other therapeutic benefits
[15, 29]. These analytical tools aid in the comparison of gene expression and binding
affinities of polyphenols to different targets.

The objective of this study was to determine the potential anti-inflammatory properties of
mango and pomegranate polyphenolics, and to identify the underlying mechanisms in DSS-
treated rats. We hypothesized that mango and pomegranate polyphenolics would decrease
chemically induced colitis in rats through suppression of the mTOR and associated
pathways. We further postulated that the underlying mechanisms would differ according to
the structures of predominant polyphenolics in each treatment regimen.

2 Materials and methods

2.1 Beverage preparation

Mango (Keitt, Mexico) was peeled, homogenized, and heated with cellulase and pectinase to
break down fiber. The puree was centrifuged and the supernatant was stored at —20°C to
prevent oxidation. Pomegranate was received from Stiebs LLC (Kirkland, WA). The
phenolic concentration in the experimental beverages was measured spectrophotometrically
by the Foline-Ciocalteu assay against an external standard of gallic acid. Individual
polyphenolics in the beverages (Table 1) were analyzed with a Waters Alliance 2690 HPLC-
MS system (Milford, MA). In addition, identification by mass spectrometric analyses was
performed with a Thermo Finnigan LCQ Deca XP Max mass spectrometer equipped with an
ESI ion source (Thermo Fisher, San Jose, CA) [30]. The concentrations of total
polyphenolics were as follows: mango beverage (475.90mg/L Gallic acid equivalent (GAE))
and pomegranate beverage (2504.74mg/L GAE) (Table 1). The caloric content and pH of the
control beverage was adjusted by adding 15.7g sugar and 0.05g citric acid in 200ml distilled
water (Brix 15.7 and pH 3.4) (Table 1) [31].

2.2 Animal treatment and tissue sampling

DSS-induced colitis is an excellent preclinical model of colitis that exhibits many
phenotypic characteristics (such as loss of epithelial homeostasis, regeneration, and wound
healing) relevant to the human disease [32]. This model is a valuable tool for investigating
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the involvement of dietary factors in the pathogenesis of IBD and therapeutic options [33].
Ten-week old male Sprague-Dawley rats obtained from Harlan Teklad (Houston, TX) were
acclimated to the cages for 1 week and randomly assigned into control, mango, and
pomegranate beverage groups (n=10/group). After 3 weeks of consuming rat food pellets
(Cat # 8604, Harlan Teklad, Houston, TX) and experimental beverages ad /ibitum, all rats
were administered 3% (w/v) DSS (Molecular weight, 36 000-50 000; Cat # 02160110; MP
Biomedicals, Solon, OH) (3 cycles, 14 day separation) for 48 h to induce chronic
inflammation [34-36]. Rats were killed at 10 weeks, and the entire colon was removed
(Figure 1A). A one-centimeter section was cut from the distal end of each rat colon and
fixed in 4% paraformaldehyde (PFA) for embedding in paraffin. The remaining colon was
gently scraped and frozen at —80°C for protein and RNA samples. Preclinical experiments in
rats were approved by the Texas A&M University Animal Care and Use Committee (TAMU
AUP 2011-73).

2.3 Quantifying inflammation and cell proliferation index

DSS treatment causes histopathological changes in the colon (inflammation and mucosal
ulceration) [37]. After DSS removal, re-epithelization of the damaged lining occurs via the
squamous epithelium [38]. Severity of ulcerative colitis is correlated with the histological
changes [39]. For histopathological analysis, hematoxylin and eosin stained slides were
blindly scored (0 = none; 1 = mild; 2 = moderate; 3 = severe) by a veterinary pathologist
(C.P.) to assess the degree of inflammation, ulceration, and squamous metaplasia.
Immunohistochemical staining was performed using primary antibody against Ki-67
(Dilution 1:50, BD Pharmingen, San Jose, CA). Tissue sections were incubated with
biotinylated anti-mouse IgG from the Vectastain ABC Elite kit (Vector Lab, Burlingame,
CA) and 3,3"-Diaminobenzidine tetrahydrochloride as the chromagen. Hematoxylin was
used as a counterstain. Ki-67 is indicative of proliferating cells, which showed up as brown
spots within colonic crypt columns [40]. Twenty-five crypt columns per rat were selected for
quantitative analysis (n=10/group). The total number of cells in each crypt (side) was
counted, and the number and position of the Ki-67 positive cells were recorded from the
base of the crypt along one side. The proliferative index was calculated as the percentage of
positive cells divided by the total number of cells on the one side of the crypt column.

2.4 Inflammatory biomarkers

Colonic mucosa tissues (100ug) and serum samples were assayed for inflammatory markers,
C-reactive protein (CRP) and cytokines (TNFa, IFNvy, IL-1p, IL-6, and I1L-10) using
multiplex kits (Millipore, Billerica, MA). Phosphorylation of the activation loop is required
for activating signal kinases, including AKT, mTOR, and p70S6K [41, 42]. Protein extracts
(50ug) from mucosal tissue were used to determine the levels of phosphorylated protein and
total protein with mTOR signaling kits (Akt, GSK3p, GSK3a, IGF1R, IR, IRS1, mTOR,
p70 S6 kinase, PTEN, RPS6, and TSC2, Millipore, Billerica, MA), according to the
manufacturer’s protocol. Multiplex analysis was performed on a Luminex L200 instrument
(Luminex, Austin, TX), and data were analyzed by Luminex XPONENT software. The levels
of phosphorylated protein were normalized against total protein levels; the relative activation
level of the signal pathway was expressed as the ratio of phosphorylated protein/total
protein.
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2.5 mTOR and MAPK gene expression analysis

MRNA was extracted from rat mucosal scrapings. 400ng of mMRNA was converted to cDNA
using a RT2 First-strand cDNA synthesis kit (Qiagen, Valencia, CA). The mTOR and
MAPK pathways were examined using RT2-Profiler PCR arrays (n=6/group; Qiagen,
Valencia, CA) and the ABI 7900HT PCR system (Applied biosystems, Foster City, CA).
Each plate contains gene-specific primer sets for 84 known targets in the corresponding
pathways of interest. Analysis of the results was performed by the zRMicroArray [43].
Genes with non-adjusted p<0.05 were considered as significant. Additionally, the false
discovery rate (FDR) adjusted p-values were calculated.

2.6 Molecular modeling and docking

Molecular Docking was run with Molsoft ICM software (MolSoft LLC, San Diego, CA) as
reported by [44, 45]. In the ICM-VLS screening procedure, each compound is assigned a
score according to its fit within the receptor. The ICM score accounts for continuum and
discrete electrostatics, hydrophobicity, and entropy parameters [46]. The protocols were
validated by docking the co-crystallized inhibitors into the binding site of interest. The 3D-
coordinates of the human IGF-1R and epidermal growth factor receptor (EGFR) catalytic
domain in complex with inhibitors (1,3-disubstituted-8-amino-imidazopyrazine derivative
and 4-Amino-6-arylamino-pyrimidine-5-carbaldehyde hydrazones) were retrieved from the
Protein Data Bank (Structure ID=3D94 [47] and Structure ID= 2RGP [48]) and
energetically minimized in the internal coordinate space [44]. The inhibitors docked with the
high score of -58.13 (1,3-disubstituted-8-amino-imidazopyrazine derivative to IGF-1R) and
-54.75 (4-Amino-6-arylamino-pyrimidine-5-carbaldehyde hydrazones to EGFR),
reproducing the non-covalent binding pattern observed in the crystal structures [47, 48].

2.7 Cell-based assays

Human CCD-18Co colon myofibroblast cells were obtained from the American Type
Culture Collection (ATCC; Manassas, VA). Intestinal myofibroblasts are located subjacent
to the epithelium, and play crucial roles in intestinal inflammation through the production of
pro-inflammatory cytokines [49, 50]. The LPS-treated CCD-18Co myofibroblast cells model
is used to investigate mechanisms of inflammation [51]. Cells were seeded onto a 12-well
plate (100, 000 cells/well) for mRNA analysis, and onto a 6-well plate (200,000 cells/well)
for the protein analysis. After 24 hours, cells were incubated with mango or pomegranate
extract (2.5-10 mg/L GAE), gallic acid (1-4 mg/L GAE), or ellagic acid (1-4 mg/L GAE)
without lipopolysaccharide (LPS). The extracts for the /n vitro study were prepared as
described in our previous literature [30, 52]. The treatment was repeated again after 1 hour,
but with media containing 2ug/mL LPS to determine the preventive activities of
polyphenols. Simultaneous treatment of polyphenols and LPS would only show the
therapeutic effects of polyphenols instead of both the preventative and therapeutic effects. In
this study, cells were treated with polyphenols for 1 hour before the combined polyphenol
and LPS treatments to study the preventative effects of polyphenols. mRNA was extracted
for gene expression analysis after 3h, and protein was extracted after 23h. The extracted
mRNA were converted to cDNA using a reverse transcription kit (Invitrogen, Grand Island,
NY). The SYBR Green PCR master Mix (Applied Biosystems, Foster City, CA) was used
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for the gPCR analyses on an Applied Biosystems 7900HT Fast Real-Time PCR instrument.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. In
addition, 50ug of lysed protein were loaded onto acrylamide gel, followed by transfer onto
PVDF membranes. The membranes were incubated with primary antibodies against IGF-1R,
EGFR (Cell Signaling Technology, Beverly, MA), and B-actin (Santa Cruz Biotechnology,
Santa Cruz, CA).

2.8 Statistical analyses

3 Results

Data were expressed as means with standard errors. All the data were analyzed by ANOVA
and post-hoc Dunnett test (p<0.05) using JMP 10 (SAS Institute Inc., Cary, NC). Results
from the gene expression arrays were analyzed by ANOVA R-package embedded in
zRMicroArray [43]. Non adjusted p values <0.05 were accepted as significant.

3.1 Mango and pomegranate beverages reduced the inflammatory response, and modified
AKT/mTOR signaling pathway in DSS-treated rats

Histological scores were performed to assess the extent of colitis. Mango beverage reduced
the inflammation score by 41% (p=0.05). Pomegranate beverage decreased the inflammation
and ulceration scores by 50% and 63%, respectively (p=0.049 and 0.042) compared to the
control group (Table 2). Compared to controls, mango and pomegranate beverages reduced
Ki-67 labeling by 37% and 42%, respectively (p=0.0245 and 0.0259, Figure 1B and D),
indicating significant inhibition of the colonic cell proliferation index. There was no
difference in the total number of cells per side of a crypt (Figure 1C). The level of hs-CRP
and pro-inflammatory cytokines (such as TNFa, IL1p, and IL-6) in the mucosal samples
also were lowered by the mango and pomegranate treatments (Figure 1E). In addition, the
beverages decreased the level of IL-1p and IL-6, and induced the level of IL-10 in serum
samples (Figure 1F). In multiplex assays for mTOR pathway intermediates, mango beverage
decreased the ratio of phosphorylated/total protein for IR, IGF1R, PTEN, AKT, mTOR, and
p70S6K. The pomegranate beverage decreased the ratio of phosphorylated/total protein of
p70S6K and RPS6 (Figure 1G).

3.2 Mango and pomegranate beverages modulate mucosal mMTOR and MAPK gene

expression

PCR arrays were performed with mRNA isolated from rat mucosal scrapings (n=6/group).
Among the 84 genes profiled in the mTOR pathway, six genes had a significant differential
expression after mango or pomegranate treatment, including downregulation of P/dZ, and
upregulation of Ppp2r2band Tp53. After FDR adjustment for multiple testing, there was no
significant difference. Genes /gfl, Insr, and Pik3cvwere downregulated by mango beverage,
whereas pomegranate beverage upregulated Rragd and attenuated Rps6kaZ2 and Vegfc
(Figure 2A and Table 3). Among the 84 genes profiled in the MAPK pathway, several targets
had a significant differential expression after mango and pomegranate beverages, including
consistent upregulation of 7p53and downregulation of Map3k2, Pakl, and Ccnel. Genes
Mapk9, Mapk10, and RacI were downregulated by mango beverage, while pomegranate
beverage downregulated Cadc42, Map2kZ2, Mapkl, and sfn mRNA (Figure 2B and Table 3).
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3.3 Molecular modeling and docking

All kinase enzymes have a catalytic domain that binds ATP. Inhibited conformation refers to
a conformational change of the enzyme upon the binding of inhibitors into the ATP binding
pocket, inactivating the kinase [53]. Human IGF-1R and EGFR catalytic domains in the
inhibited conformation were retrieved from the Protein Data Bank (IGF-1R)(Structure
ID=3D94) [47] and EGFR (Structure ID=2RGP) [48]). Gallic acid and ellagic acid docked
favorably into the IGF-1R ATP pocket, with scores of —27.5 and —34, respectively (Table 4,
Figure 2C and D). Phenol hydroxyls of gallic acid and ellagic acid interacted with hinge
residues of Met 1052 (N-H) and Glu 1050 (C=0), whereas the ligand carboxylate group
associated with the side chain of Lys 1003, as experimentally observed with the inhibitor
1,3-disubstituted-8-amino-imidazopyrazine derivative (Score: —58.13) [47]. Ellagic acid also
docked favorably into the EGFR ATP pocket, with a score of —21.87 (Table 4, Figure 2E).
Similar to 4-amino-6-arylamino-pyrimidine-5-carbaldehyde hydrazones, ellagic acid
established two hydrogen bonds between the phenol hydroxyls and the carbonyl C=0 and
N-H backbone of hinge residue Met 793 [48]. A non-covalent interaction between the ligand
and the side chain of Lys 745 also was detected (Figure 2E). Gallic acid did not dock
favorably into the EGFR ATP pocket (Table 4).

3.4 Effects of mango, gallic acid, pomegranate, and ellagic acid on IGF-1R and EGFR in

cells

Based on the predictions from molecular docking /n silico, we hypothesized that mango and
pomegranate beverages, and their major polyphenolics, would exert anti-inflammatory
activities, at least in part, by inhibiting IGF-1R and EGFR associated pathways. In LPS-
treated CCD-18Co cells, mango extract and gallic acid suppressed the expression of IGF-1R
MRNA by 29% at 10mg/L GAE of mango extract and by 39% at 4mg/L of gallic acid
(Figure 3A). Mango and gallic acid also attenuated the corresponding protein expression by
20% at 10mg/L GAE of mango extract and by 40% at 4mg/L of gallic acid (Figure 3C).
Pomegranate extract suppressed the expression of IGF-1R mRNA by 46% at 10mg/L GAE,
compared to a 27% reduction by 4mg/L ellagic acid (Figure 3A). The expression of EGFR
MRNA was attenuated by 31% at 10mg/L GAE of pomegranate extract, compared to 27% at
4mg/L of ellagic acid (Figure 3B). In LPS-treated CCD-18Co cells, protein expression levels
of IGF-1R were reduced at 5-10mg/L GAE of pomegranate extract, whereas EGFR protein
expression was diminished by gallic acid (2-4 mg/L GAE), ellagic acid (2-4 mg/L GAE),
and pomegranate (5-10 mg/L GAE) (Figure 3C).

4 Discussion

This is the first time that mango and pomegranate beverages as well as their effects on
mTOR and related signaling pathways have been compared in a preclinical model of colitis.
Moreover, mechanistic insights were derived from molecular docking predictions /n silico
and cell-based assays with lipopolysaccharide (LPS)-treated CCD-18Co cell lines, which
corroborated findings from the studies /7 vivo. In the rat/DSS model, mango and
pomegranate beverages decreased the inflammatory response and attenuated the levels of
pro-inflammatory cytokines in mucosal and serum samples. These findings are clearly
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consistent with an overall protective effect of mango and pomegranate beverages under the
conditions reported here.

In this study, mango and pomegranate beverages decreased the colonocyte proliferation
index in DSS treated rats. Cell proliferation is advantageous for healing and regeneration of
damaged epithelium in acute cases [54]. In this study, however, chronic colitis was induced
by 3 cycles of 3% DSS treatment for 2 days followed by 12 days of water [34, 35].
Histological assessment showed complete re-epithelialization of distal colon with squamous
metaplasia in rats at the end of this study. Re-epithelialization is the last stage of the wound
healing process, and is frequently observed in mice 1-4 weeks after DSS removal (this study
was terminated 2 weeks after the third DSS administration) [55]. In addition, it was reported
that cell proliferation in chronic phases of DSS was induced 40-60 fold compared to no DSS
[56]. Cell proliferation is advantageous for acute damage repair, but not in long-term
progression of DSS-induced damage. It detrimental to have higher levels of proliferation in
the long-term, as it is related to the induction of cell inflammation and dysplasia [55].
Therefore, decreased proliferation in the experimental beverage group would likely relate to
lower inflammation and cellular damage.

Sequential activation of the AKT/mTOR pathway plays critical roles in regulation of cell
proliferation and inflammation [57, 58]. The binding of IGF-1, insulin, and other growth
signals to their receptors (IGF-1R) phosphorylates several intracellular kinases including
AKT [59]. Phosphorylated AKT is catalytically active and contributes to the
phosphorylation (activation) of the downstream kinases, including mTOR and p70S6K [41,
60]. The activation of p70S6K and RPS6 by phosphorylation induced HIF-1a protein by
increasing its translation, resulting in cell proliferation and inflammation [61-63]. In this
study, levels of phosphorylated protein and total protein were measured to determine the
relative activities of the components involved in the mTOR signaling pathway. Mango
beverage decreased the activities of upstream components of the mTOR pathway in the
colonic mucosa, such as IR, IGF-1R, and AKT, whereas pomegranate beverage decreased
the activities of the downstream components of the mTOR pathway, such as p70S6K and
RPS6. Suppression of the mTOR pathway activity by our experimental beverages may result
in decreased cell proliferation and inflammation.

Previously, it was reported that 3% DSS treatment altered 1609 genes (among 39,000 genes)
related with inflammation, cell proliferation, and cell signaling responses including
upregulation of igfZ gene expression in the intestinal mucosa during 6 days compared to the
control sacrificed prior to DSS treatment [64]. We hypothesized that mango and
pomegranate beverages would suppress inflammation via downregulation of the mTOR
pathway, which is activated in colitis and impacts cell growth, proliferation, and
inflammatory responses in the gut [21, 23, 27]. Dietary pomegranate was previously
reported to exert anti-inflammatory activities through inhibition of the MAPK pathway in
chronic TNBS-induced colitis [19, 20]. Supporting evidence was provided by the current
investigation using the DSS/colitis model, with evidence for decreased expression of several
targets by the pomegranate treatment in the MAPK pathway, including Cdc42, Pakl1,
Mapkl, Map2k2, Map3k2, Sfn, and Ccnel. These findings are consistent with the protective
outcomes of mango and pomegranate beverages, although the constituent flavonoids might
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differentially impact the same molecular targets involved in chronic inflammation [9], such
as Ccnel, Map3k2, Pakl1, Pld1, Pop2r2b, and Tp53.

In silico docking provided insights into the possible interactions of mango and pomegranate
constituents with IGF-1R and EGFR, which may influence EGFR-mediated activation of the
MAPK pathway and cell proliferation [65, 66]. Gallic acid and ellagic acid bind to not only
to IGF-1R and EGFR, but other receptors as well. However, this study aimed to determine
the interaction of the major active components (gallic and ellagic acid from tannins) of each
fruit preparation on the receptors involved in the mTOR and MAPK pathways. Predictions
obtained through computational modeling were corroborated in cell-based assays. For
example, IGF-1R was confirmed at the mRNA and protein level as a target for
downregulation in cells treated with gallic acid, ellagic acid, mango, and pomegranate.
Interestingly, gallic acid was not predicted to interact favorably with the EGFR catalytic
domain, but showed evidence for downregulation of EGFR protein expression in cell-based
assays. Further studies might be warranted on alternative binding sites for gallic acid on
EGFR. Unlike gallic acid, ellagic acid docked favorably with EGFR in the inhibited
conformation and significantly lowered the corresponding mRNA and protein expression
levels of EGFR in cell-based assays. It is likely that metabolism also plays an important role
in determining the relative efficacy of targeting IGF-1R and EGFR /n vivo, via conversion of
ellagic acid to urolithins in the gut or feedback signaling mechanisms [67-69].

In this study, even though mango and pomegranate beverages contained representative
amounts of the nutrients naturally found in fruits, such as sugar, vitamin C, and other
polyphenolics, only the effects of gallic acid and ellagic acid were tested in a cell-based
assay,. Gallic and ellagic acid are the most prevalent of the polyphenolic compounds found
in mango and pomegranate. The effects of the other mango polyphenols were tested in
previous studies, and their effects in inflammation were not significant (as yet unpublished).
Even though it was reported that vitamin C intake (100mg/kg body weight) decreased
inflammation in DSS-treated mice [70], the amount of vitamin C in the beverages is
insignificant compared to the polyphenolic content. The intake of vitamin C in each animal
is negligible compared to studies performed with Vitamin C that report any efficacy. Overall,
a more elaborate research design is needed to determine the anti-inflammatory activities of
each component and their respective combinations that are represented in a whole fruit
preparation. This study aimed to test only the major active compounds (Gallic acid and
ellagic acid) of each fruit preparation.

In conclusion, the present investigation demonstrated that mango and pomegranate
beverages exert beneficial protective outcomes in a preclinical model of colitis. Mango
beverage appears to target multiple points along the IGF-1R-AKT/mTOR axis, whereas
pomegranate beverage regulates downstream components of the mTOR pathway through the
reduction of ERK1/2. Constituents of the respective beverages were predicted /n7 silicoto
target specific members of the signaling cascade, such as IGF-1R and EGRF; this was
corroborated in cell-based assays. The current work does not exclude the possibility that
other constituents in mango and pomegranate beverages, or their metabolites, might be
effective towards the mTOR pathway, or indeed might act cooperatively to protect against
the chronic inflammation that underlies UC in humans.
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Figure 1. Effects of mango and pomegranate bever ages on colonocyte proliferation, pro-
inflammatory cytokines, and AKT/mTOR pathway in DSS-treated rats

Values are the mean + SEM (n=10 per group). Asterisk indicates significance compared to
the control at p<0.05. (A) Experimental design of the /n vivo study. (B) Mango and
pomegranate beverages decreased the colonocyte proliferative index compared to control
beverage in DSS-treated rats (n=10 per group, 25 crypts/rat). (C) There was no difference in
the total number of cells on one side of a crypt. (D) Representative images of Ki-67
immunohistochemistry. (E) Mango and pomegranate beverages decreased the expression of
hs-CRP and pro-inflammatory cytokines TNFa, IL-1f, and IL-6 levels in the intestinal
mucosa of DSS-treated rats. (F) Mango and pomegranate beverages decreased the levels of
IL-1p and IL-6 and increased the level of IL-10 in the DSS-treated rat serum. (G) The
phosphorylated/total protein ratios of IR, IGF1R, PTEN, AKT, mTOR, and p70S6K1 were
decreased by mango beverage, whereas p70S6K1 and RPS6 ratios were reduced by
pomegranate. The dashed bar represents the control group, and the phosphorylation to
protein ratio was normalized to the control.
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Figure 2. Differentially expressed genes altered by mango or pomegranate bever ages and
docking of gallic acid and ellagic acid with | GF-1R and EGFR catalytic domains

(A) mTOR signaling and (B) MAPK pathway. RNA was isolated from rat mucosal scrapings
(n=6/group). Relative expression was presented as a comparison of the experimental group
to the control group. Red boxes, significantly upregulated genes; green boxes, significantly
downregulated genes (P<0.05, respectively); white boxes, no significant change detected.
(C) Docking of gallic acid (GA) into the inhibited conformation of human IGF-1R catalytic
domains, (D) ellagic acid (EA) into the IGF-1R, (E) EA into the EGFR. Ligands are
displayed as sticks and colored by atom type, with carbon atoms in orange (GA) and
magenta (EA). Protein residues are shown as a stick with the carbon atoms colored in green.
Secondary structure is displayed as ribbon. Protein-ligand hydrogen bond interactions are
displayed as dashed black lines (Molsoft ICM v3.7-2d).
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Figure 3. Effects of mango, gallic acid, pomegranate, and ellagic acid on | GF-1R and EGFR
mRNA and protein expression in LPS-treated CCD-18Co cells

(A) Mango, gallic acid, pomegranate, and ellagic acid lowered the expression of IGF-1R
MRNA, whereas (B) pomegranate and ellagic acid decreased the expression of EGFR
MRNA, 4 h after treatment. Values are the mean + SEM (n=3 per group). Asterisk indicate
significance compared to the control at p<0.05. (C) Western blot of IGF-1R and EGFR
protein, 24 h after treatment with test agents. The number under each band represents
protein expression (relative densitometry) normalized to B-actin.
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Table 1
The content of experimental beverages and body weight changes, food intake, beverage intake, and caloric
intake.
Control Mango Pomegranate
Brix 15.7 15.6 15.8
pH 3.4 33 35
Vitamin C (mg/L) 6.13 10.17
Total polyphenolics (mg GAE/L) 475.90 2504.74
Monogalloyl glucoside Punicalins
Gallic acid Punicalagins
OH-Benzoic acid hexoside Ellagic acid

Body weight changes (g)

Food intake (g/day)?

Beverage intake (ml/day)?

Intake of polyphenols/rat (mg GAE)

Dihydrophaseic acid

Gallotannins

84.36 + 7.70 4275 +3.02%
8.73+0.28 125%
91.24 +0.99 92%
39.98

Chlorogenic acid
Quercetin-3-rutinoside
Quercetin
Flavonols
5151+4.26"
130%

89%

204.06

Values are the mean + SEM (n=10 per group). Food intake measured as the mean (+ SEM) weight (g) of food intake per 48 hour period at 8 weeks.
Beverage intake was calculated as the mean (+ SEM) volume (ml) of beverage consumed for the whole study. Caloric intake was calculated on the

basis of 3 kcal/g of pellet and 0.612 kcal/ml of juice.

aReproduced with slight modification from reference 31.

*
The values are statistically significant compared to the control at p<0.05.
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Table 2

Histological scores for inflammation-associated changes in DSS treated rats.

Inflammation®  Ulceration® SduamousMetaplasia

Control 124019 0.9+0.23 1.3+0.44
Mango 07+015% 07021 0.7+0.36
Pomegranate  0g+022%  03+0.15% 0.9£0.37

Values are the mean = SEM (n=10 per group).
aReproduced with slight modification from reference 31.

*
The values are statistically significant compared to the control at p<0.05.
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