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A review of the efficacy of dietary polyphenols in
experimental models of inflammatory bowel
diseases

Derek A. Martin and Bradley W. Bolling*

Crohn'’s disease and ulcerative colitis presently have no cure and are treated with anti-inflammatory drugs
or monoclonal antibodies targeting pro-inflammatory cytokines. A variety of rodent models have been
used to model chronic and acute colitis. Dietary polyphenols in foods and botanicals are of considerable
interest for prevention and treatment of colitis. Many dietary polyphenols have been utilized for prevention
of colitis in rodent models. Berries, green tea polyphenols, curcumin, and stilbenes have been the most
extensively tested polyphenols in rodent models of colitis. The majority of polyphenols tested have inhibited
colitis in rodents, but increasing doses of EGCG and green tea, isoflavones, flaxseed, and a-mangostin have
exacerbated colitis. Few studies have examined combination of polyphenols or other bioactives for inhi-
bition of colitis. Translating polyphenol doses used in rodent models of colitis to human equivalent doses
reveals that supplemental doses are most likely required to inhibit colitis from a single polyphenol treatment.
The ability to translate polyphenol treatments in rodent models is likely to be limited by species differences
in xenobiotic metabolism and microbiota. Given these limitations, data from polyphenols in rodent models
suggests merit for pursuing additional clinical studies for prevention of colitis.

1. Introduction

Inflammatory bowel diseases (IBD) include both ulcerative
colitis (UC) and Crohn’s disease (CD). UC may affect the
rectum and entire colon in an uninterrupted pattern of inflam-
mation that is generally confined to the mucosa.' In CD,
inflammation is typically located at the ileum and the colon,
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but it can affect any region of the intestine and often occurs in
an interrupted pattern. CD may also involve strictures and fistu-
las, but these are not typical for UC." Pharmacotherapy for IBD
includes anti-inflammatory drugs and anti-tumor necrosis
factor-a (TNF-a) monoclonal antibodies, but treatment does
not cure the disease.” Thus, colectomy may be needed when
pharmacotherapy is inadequate to control inflammation. A sig-
nificant number of studies have investigated the role of diet on
IBD prevention and treatment, as previously reviewed.? The objec-
tive of this paper is to review recent data from rodent models
about polyphenols for the prevention and treatment of IBD.

Polyphenols and other phenolic compounds are secondary
plant metabolites characterized by an aromatic or phenol ring
structure. Polyphenols can be further divided into classes
according to the number of phenolic rings and the bonds that
join the rings. These classes include stilbenes such as resvera-
trol, flavonoids such as epigallocatechin gallate (EGCG), and
phenolic acids such as caffeic acid, among others (Fig. 1). Poly-
phenols have antioxidant activity, modulate cell signaling
pathways, and have anti-inflammatory properties.® Dietary
sources of polyphenols include berries, grapes and wine, tea,
chocolate, coffee, and a variety of fruits and vegetables, and
their content is indexed in nutrient databanks.’ Polyphenol
intake can reach gram amounts, especially for individuals that
consume multiple servings of fruits, vegetables, tea, or coffee
each day.” For example, habitual coffee consumption can
supply 500-800 mg hydroxycinnamic acids.’

Human intervention trials for polyphenol-based IBD treat-
ment are limited. However, pilot studies of curcumin for UC or
CD,%® bilberries for UC,” or ECGC for UC' have had promis-
ing results. Other dietary and botanical interventions for
colitis have been recently reviewed elsewhere.*'"'*> While poly-
phenol intake and IBD risk have not been directly studied by
epidemiological approaches, IBD risk has been inversely
associated with childhood fruit and vegetable consump-
tion.">'* These studies have increased interest in the thera-
peutic and prophylactic use of polyphenols for IBD. Pre-
clinical evidence is needed to design effective clinical studies
of polyphenols for IBD. Therefore, the purpose of this review is
to summarize and analyze the use of polyphenols in animal
models of IBD.

2. Experimental models of IBD

A number of rodent models have been used for investigating
dietary treatments for IBD."® Inflammation in rodent-based
IBD models can be induced by chemicals, immune cell trans-
fer, or target gene manipulations that reflect defects in epi-
thelial integrity, innate immunity, or adaptive immunity.
Inflammation characteristic of IBD can be chemically-induced
by administration of dextran sulfate sodium (DSS), 2,4,6-tri-
nitrobenzenesulfonic acid (TNBS), or acetic acid. Typically,
colitis is induced in rodents by administration of DSS in drink-
ing water with various cycles and doses, leading highly repro-
ducible acute or chronic colitis.'> DSS disrupts epithelial
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barrier integrity and leads to an inflammatory immune
response to gut microbiota. Consequently, DSS treatment
induces inflammation through T helper (Th)1, Th2, and Th17
responses.’®!” TNBS induces colitis in susceptible rodent
strains and alters colonic or microbiota proteins, rendering
them immunogenic to the host."> TNBS colitis induction has
been useful in studying Th cell immune responses (primarily
Th1), cytokine secretion patterns, cell adhesion and immuno-
therapy."® Transfer of CD45RB™ T cells isolated from donor
mice and transferred to severe combined immunodeficiency
(SCID) or Recombinase Activating Gene (RAG) 1/27/~ mice
causes intestinal inflammation."® Lack of functional proteins
in mice can also lead to colitis. These include interleukin (IL)-
10 and IL-10 receptor knockouts, T-cell receptor (TCR)-a chain
knockouts, and manipulations causing the overexpression of
signal transducer and activator of transcription (STAT)4." To
our knowledge the IL-10 receptor”’~, TCRa chain knockouts,
and STAT4 overexpression models have not been used to evalu-
ate the effects of polyphenols or other plant metabolites in
colitis development. In contrast, most studies of polyphenols
in IBD models have used chemically-induced colonic inflam-
mation or IL-10~'~ mice that spontaneously develop colitis
(Table 1).

3. Polyphenols and polyphenol-rich
foods and extracts used in animal
models of IBD

Polyphenol-rich fruits, vegetables, and other sources are com-
posed of multiple polyphenol classes and other bioactives. For
example, anthocyanin-rich berries also contain significant
quantities of proanthocyanidins and dietary fiber.">*® For the
purposes of this review, preparations or unpurified sources of
polyphenols are grouped with the most-abundant class of poly-
phenol identified in its composition. A number of polyphenols
have been administered in animal models of colitis (Fig. 1,
Table 1).

3.1 Anthocyanins

Berries, grapes, and other pigmented plants can be rich
sources of anthocyanins and have been applied to experi-
mental models of IBD. The cost of isolation and purification
of anthocyanins has precluded treatment with individual
compounds.

3.1.1 Grape juice. Grape juice (G]) concentrate was admi-
nistered in drinking water to rats with TNBS-induced colitis
24 h or 7 d post-induction.>" GJ (1%) treatment for 7 d reduced
TNBS-induced macroscopic and histological damage scores,
which was accompanied by reduced colonic TNF-o mRNA and
inducible nitric oxide synthase (iNOS) expression independent
of nuclear factor-kB (NF-kB) or intercellular adhesion molecule
1 (ICAM-1) changes.*" The 24 h treatment with GJ or higher
2% GJ dose at 7 d did not reduce macroscopic and histological
damage.?* Another study of GJ examined multiple dosing regi-
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Fig. 1 Structures of polyphenols used singularly as treatment in rodent models of colitis.

mens in TNBS-induced colitis in rats.*> Administration of 1%  ase-2 (COX-2), TNF-a and iNOS proteins.>* However, treatment
GJ at 7 d after TNBS-administration reduced macroscopic and with 1% or 2% GJ at 24 h after TNBS-induction did not prevent
histological damage scores and reduced colonic cyclooxygen- macroscopic or histological markers of inflammation.>*
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Table 1 Polyphenol classes used as treatments in rodent IBD models

IBD Model

Polyphenol class

Intervention (reference)

DSS-induced colitis Anthocyanin Bilberries and bilberry anthocyanin extract,** black raspberry powder
Flavan-3-ol EGCG,*' green tea polyphenols®**°
Isoflavone Genistein, daidzein and equol,*® daidzein rich isoflavones extract*®
Proanthocyanidin Oligonol,” apple proanthocyanidins,"* cocoa extract,* cocoa®
Flavanone Hesperidin,” naringenin®>>*
Flavonol Quercetin,”>*” rutin®®***'** kaempferol,®® myricitrin®*
Stilbene Resveratrol,”*”7*""! piceatannol”>’®
Hydrolysable tannin  Ellagic acid,” corilagin,”® pomegranate extract and urolithin A%’
Curcuminoid Curcumin,”®*® Curcuma longa extract,®" curcumin solid lipid microparticles,®”
curcumin with hydroxypropyl-g-cyclodextrin®®
Hydroxycinnamic Caffeic acid and chlorogenic acid,’® hydrocaffeic acid'*
acid
TNBS/DNBS-induced colitis Anthocyanin Grape juice concentrate,”">* blueberry extract™
Flavan-3-ol EGCG™
Isoflavone Genistein and daidzein®*""
Proanthocyanidin Grape seed proanthocyanidins®?
Curcuminoid Curcumin®
Gingerol Ginger extract, zingerone®”
Hydrolysable tannin  Pomegranate extract’®
IL-10~'~ spontaneous colitis Anthocyanin Black raspberry®®
Stilbene Resveratrol””
Mdr1a™’~ or HLA-B27 transgenic rats,  Flavan-3-ol Green tea polyphenols™’
spontaneous colitis Curcuminoids Curcumin’®
Acetic acid-induced colitis Anthocyanins Hawthorn berry extract®”
Flavonol Quercetin®®
Curcuminoid Curcumin®*%?
Gingerol Ginger extract”
Hydroxycinnamic Ferulate'!
acid
Adoptive transfer Flavonol Rutin®

3.1.2 Blueberry, bilberry, raspberry and hawthorn berry.
Anthocyanin-rich blueberry extract was orally administered to
mice at 10, 20, or 40 mg per kg bw for 6 d after TNBS-induced
colitis.*® Blueberry extract dose-dependently protected against
TNBS-induced weight loss, diarrhea, and mortality. The 20 and
40 mg kg™ doses reduced colon shortening, macroscopic and
histological damage, and decreased myeloperoxidase (MPO)
activity. All blueberry extract doses decreased colonic IL-12,
TNF-o, and interferon (IFN)-y mRNA and increased colonic
IL-10 mRNA.>

Dried bilberry (20% w/w) and anthocyanin-rich bilberry
extract (10 or 1% w/w) were added to chow diet and fed to
mice 2 week prior to and concurrent with acute (7 d) and
chronic (4 x 7 d cycles) DSS treatment.>* Bilberry extract, but
not whole bilberry, reduced acute-DSS colonic histological
inflammation score, but both extracts and whole bilberry pre-
vented acute decrease in colon length. Bilberries, but not the
10% anthocyanin extract, decreased mesenteric lymph node
(MLN) TNF-a excretion, while both forms reduced MLN IFN-y
excretion. After chronic DSS-induced colitis, bilberry and bil-
berry extract reduced colon shortening, but only bilberry
extract reduced colonic histological inflammation scores and
excretion of IFN-y and IL-6 from MLNSs.

A 5% black raspberry diet was fed to spontaneously-colitic
IL-107"~ mice for 8 week.?® Black raspberry feeding reduced
colonic ulceration in the mucosa and submucosa in mice.>

1776 | Food Funct, 2015, 6, 17731786

Black raspberry powder was also administered at 5 or 10% of
the diet to C57BL6/J mice treated with 3% DSS for 7 d.?° Both
black raspberry doses prevented DSS-induced weight loss,
colon shortening, and mucosal ulceration.*® The 10% black
raspberry-treated mice had less colonic IL-1f and TNF-o
mRNA, and decreased COX-2 and prostaglandin E2.%°

Wistar rats were given 100 mg kg™ hawthorn berry extract
by oral gavage 3 d before and 7 d after induction of colitis by
intrarectal 4% acetic acid.>” Hawthorn berry extract prevented
colitis-induced body weight loss and inhibited increases in
colonic MPO activity and nitric oxide.>” Hawthorn berry extract
treatment prevented colonic lipid peroxidation and macro-
scopic and histopathological inflammatory damage scores.>”

3.2 Flavan-3-ols and green tea

Flavan-3-ols, particularly (+)-catechin and (—)-epicatechin are
widely distributed in plants, including nuts, berries, chocolate,
wine.”® Green tea and green tea extract are rich in flavan-3-ols,
including EGCG, epigallocatechin, epicatechin gallate, and
epicatechin.?

3.2.1 EGCG. EGCG has been administered in a wide range
of doses in rodent models of colitis. In mice with TNBS-
induced colitis, EGCG was administered twice per day by intra-
peritoneal (IP) injections at a 10 mg kg™ dose.>® EGCG injec-
tions reduced diarrheal severity, weight loss, and macroscopic
and histologic indices of inflammation. Despite inhibition of

This journal is © The Royal Society of Chemistry 2015
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colitis, plasma TNF-«, IL-6, and IL-10 were not modulated by
EGCG treatment. EGCG decreased DNA binding of NF-«xB and
activator protein-1 in the colon.>® In a DSS mouse model of
colitis, diets were supplemented with 0.01% or 0.05% ECGC
for one week prior and concurrent with DSS administration to
male ICR mice.*® EGCG feeding attenuated DSS-induced
weight loss and colon shortening, infiltration of inflammatory
cells, disruption of crypt structure, and other histological
characteristics.’’ EGCG also inhibited acetic acid-induced
colitis in rats.** Oral gavage of 50 mg EGCG kg™' d™' 24 h after
induction of colitis, reduced body weight loss, bloody stools,
and diarrhea after 3-4 d. At 8 d, EGCG treatment markedly
improved macroscopic and microscopic signs of colon damage
and inflammation, as well as reduced serum TNF-a and IFN-
v.3* Similarly, a daily oral gavage of only 6.9 mg EGCG kg™ " d™*
with 2.9 mg piperine kg™' d™' as a bioavailability enhancer,
inhibited DSS-initiated chronic colitis in mice.* In contrast to
these studies, higher doses of ECGC exacerbated inflammation
in an acute DSS-induced colitis in mice.** Mice fed 0.1% and
0.5% EGCG experienced more aggressive weight loss than the
control group.>* Consumption of 0.1% EGCG prevented colon
shortening, but higher EGCG doses did not.>* Mice on the
0.5% EGCG diet experienced more severe rectal bleeding com-
pared to DSS-control mice.** The 0.1% EGCG diet is equivalent
to approximately 0.5 g EGCG d™' for a human consuming
2000 kcal d'.** The EGCG content of green tea brewed at
80 °C for 3 minutes ranged from ~100-350 mg L™ ".>*> Achiev-
ing an intake of 0.5 g EGCG d™' in humans is impractical
without supplementation. The evidence indicates that EGCG
at high doses exacerbates colitis in rodents, but at lower doses
it is protective (Fig. 2A). It may be prudent for individuals with
IBD to avoid excessive doses of supplemental EGCG for colitis
management until further evidence of its safety and efficacy in
human intervention studies.

3.2.2 Green tea extract. Dietary green tea polyphenols
(GTP) have been used as a treatment in DSS-induced colitis
models®*® and the IL-107'~ (ref. 39) and multidrug-resistance
transporter (Mdr1)a~'~ (ref. 40) spontaneous colitis models. A
transcriptomic and metabolomics approach to characterizing
GTP protection in spontaneously colitic Mdria~~ mice identi-
fied 1343 genes in the colon differentially expressed in the
GTP-fed group.*® Pathways related to the immune and inflam-
matory response were decreased, and genes associated with
xenobiotic metabolism were increased. At the proteomic level,
the negative acute phase response, endoplasmic reticulum
stress response, inflammation and inflammatory response
were downregulated by GTP consumption, while nuclear factor
(erythroid-derived 2)-like 2 (Nrf2), tight junction proteins, and
oxidative stress response proteins were upregulated.*® Similar
to EGCG, doses <0.5% GTP inhibited DSS-induced colitis,
while doses of 0.5% to 1% GTP fortified in mouse chow
increased colitis symptoms (Fig. 2B). Furthermore, doses of
1% GTP had increased mortality in mice with DSS-induced
colitis***” and IL-10~'~ mice had increased weight loss.>* GTP-
induced exacerbation of colitis may be related to increased
colonic IL-1p rather than IL-6 or TNF-o.>®

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Results and human equivalent doses of A. EGCG and B. green
tea polyphenols in rodent models of colitis, based on data from Table 2.
A 90% confidence band of a best-fit quadratic non-linear regression is
plotted for reference.

3.3 Proanthocyanidins and cocoa

Proanthocyanidins are polymeric flavan-3-ols with 2 to >100
constituent units. Proanthocyanidin polymers are predomi-
nately “B-type”, having a single interflavan bond, although “A-
type” proanthocyanidins are most abundant in cranberries.
While cocoa, grapeseed extract, and berries are rich in
proanthocyanidins, it should be noted that crude extracts are
likely to contain other bioactive components, such as cate-
chins, anthocyanins, and other flavonoids.

Isolated apple proanthocyanidins, having degree of
polymerization of 2-15, inhibited oxazolone and DSS-induced
colitis.*! C57BL6 mice were provided 0.1, 0.3, or 1.0% apple
proanthocyanidins in the drinking water for 14 d prior to a
4 d, 2.5% DSS treatment.”' DSS-treated mice consuming 1%
apple proanthocyanidins lost significantly less weight, had less
colon shortening and all survived to 20 d, compared to 40%
survival in the control group.*! DSS-treated mice showed
multifocal inflammatory cell infiltration, erosion of the epi-
thelium and gland destruction, while consumption of 1%

Food Funct,, 2015, 6, 1773-1786 | 1777
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apple proanthocyanidins yielded almost normal histologic
morphology.*!

Intragastric administration of a grape-seed proanthocyani-
din extract (95% proanthocyanidins) reduced recurrent TNBS-
induced colitis in Wistar rats.*> Rats were given 100, 200, or
400 mg proanthocyanidins kg™' 24 h after a second TNBS
administration and continued for 7 d.** All doses of grape
seed proanthocyanidins inhibited weight loss and macroscopic
damage scores.*” The medium and high doses of proantho-
cyanidins preserved colonic antioxidant function by inhibiting
reductions in superoxide dismutase and glutathione peroxi-
dase activities.** All proanthocyanidin doses decreased colonic
TNF-a, the ratio of phosphorylated to unphosphorylated
inhibitor of kB kinase, and NF-kB levels.*?

Oligonol, an enzymatically-prepared low-molecular weight
proanthocyanidin mixture also inhibited DSS-induced colitis
in ICR mice.** Mice consumed 0.5 or 5 mg kg™* d™* oligonol
in water for 7 d prior to and during a 7 d, 3% DSS exposure.*’
Oligonol attenuated body weight loss, rectal bleeding, colon
shortening, and diarrhea during the DSS treatment.”* Oligonol
dose-dependently decreased the colonic inflammatory histo-
logical grade.*’ Furthermore, oligonol inhibited DSS-induced
inhibitor of kB (IkB)a degradation, NF-kB p65 phosphorylation,
and STAT3 phosphorylation in the colon.*?

Cocoa and cocoa-extract consumption inhibited DSS-
induced colitis in mice.***> A catechin and proanthocyanidin
cocoa extract was administered at 500 mg kg™" to mice on d 1
and d 4 during a 7 d 5% DSS administration.** Mice treated
with cocoa polyphenols were protected from colon shortening
and weight loss.** Cocoa polyphenols improved stool consist-
ency, reduced colonic histological scores and MPO activity,
which was accompanied by reduction in colonic phosphory-
lated STAT3 and phosphorylated STAT1e.** In another study,
consumption of 50 g cocoa kg™ diet for 14 d before and
during DSS treatment prevented colonic mononuclear cell
infiltration and goblet cell loss and reduced serum TNF-o in
Wistar rats.*?

3.4 Isoflavones and soy

Dietary isoflavones are present in soy foods, including
soymilk, tofu, miso, and soy protein. Dietary isoflavones are
predominately malonyl-glycosides, but heat treatment and fer-
mentation liberate genistein and daidzein, isoflavone agly-
cones.”® Equol and O-desmethylangolensin are unique
microbial metabolites of daidzein.*’

Mixed soy isoflavones enriched in daidzein inhibited DSS-
induced colitis in C57BL/6 female mice.’® Oral gavage of
80 mg isoflavones kg™' d™" (daidzein, genistein, and glycitein,
7:1:2) was provided to mice for one week prior to and con-
current with a 4 d 2% DSS dose.*® Isoflavone-treated mice were
protected from weight loss, had decreased severity and extent
of inflammation and crypt damage.*®* MLN cells from isofla-
vone-treated mice produced less IFN-y, IL-12p40, and IL-6 and
produced more IL-10 when stimulated ex vivo. The percentage
of CD80- and CD86'-CD11b" cells in the MLN was also
decreased by isoflavone treatment, indicating decreased acti-
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vation in antigen presenting cells.*® In contrast, lower doses of
individual isoflavones exacerbated a 4% DSS-induced colitis in
female BALB/c mice.*” Gavage of 20 mg per kg bw of genistein,
daidzein, or equol for a week prior to 4 d of 4% DSS treatment
reduced survival relative to the non-treated DSS-control
group.”® In contrast, lower equol concentrations (2 and 10 mg
per kg bw) did not increase weight loss.*> MLN cells from
20 mg kg™' equoltreated mice stimulated ex vivo with
CD3 monoclonal antibody produced less IL-10 than control
mice, but did not differ in TNF-«, IFN-y, or IL-4.*° Exacerbation
of colitis by genistein appears model-dependent, as 100 mg gen-
istein per kg bw for 14 d prior to TNBS treatment in male
Wistar rats inhibited colonic MPO activity and COX-2 protein.>’
Exposure to ~0.05% mg genistein and daidzein in prenatal and
post-natal diets increased TNBS-induced colitis in Wistar rats,
evidenced by colonic weights and MPO activity.*

3.5 Flavanones

Flavanones include compounds such hesperetin, naringenin,
and eriodictyol. Citrus polyphenols are predominately flava-
none glycosides. Citrus juices contain hesperidin (hesperetin
7-O-rutinoside) from ~1 to 50 mg/100 mL.>®

Hesperidin inhibited DSS-induced colitis in BALB/c mice.>?
An 80 mg hesperidin kg™" oral dose inhibited a 7 d, 5% DSS-
induced colitis to a similar extent as a 500 mg sulfasalazine
kg™! treatment, based on an observed disease activity index.*?
Similarly, the aglycone naringenin inhibited a 9 d, 2% DSS-
induced colitis.>® Consumption of diets containing 0.3% nar-
ingenin protected mice from DSS-induced body weight loss,
colon shortening, and an increase in the disease activity index
score.”® Naringenin fed mice had improved intestinal barrier
function determined by reduced colonic permeability and
plasma lipopolysaccharide-binding protein, and higher con-
centrations of occludin, junctional adhesion molecule-A, and
claudin-3 compared to the DSS treatment alone.>® Addition-
ally, naringenin feeding inhibited the colonic cytokines IFN-y,
IL-6, and IL-17A.>® Another study of naringenin in a DSS-
induced model of colitis in C57BL/6 mice reported that a
50 mg per kg bw oral dose reduced colitis and decreased
colonic toll-like receptor 4, phospho-NFkB p65, TNF-a, and
IL-6 protein.>*

3.6 Flavonols

Quercetin,>™® quercetin 3-O-rutinoside (rutin),***' kaemp-

ferol,®> morin,** and myricitrin®! have been tested in rodent
models of colitis. Delivery and slow-release of quercetin to the
colon, through pectin and casein-based microcapsules,
improved the efficacy of quercetin to inhibit acetic acid-
induced colitis in Swiss mice.>® Doses of 100 mg quercetin
kg™ free or in microcapsules were provided 2 h prior and 10 h
after administration of acetic acid. At 18 h, quercetin micro-
capsules, but not free quercetin reduced macroscopic colonic
damage scores, MPO activity, IL-1p, and IL-33, and increased
colonic IL-10.>> Consumption of a 2% rutin-supplemented diet
by BALB/c mice inhibited markers of inflammation in 5% DSS-
induced colitis models.*®®® Rutin decreased colonic IL-1p,

This journal is © The Royal Society of Chemistry 2015
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IL-6, and TNF-o, and reduced colon shortening, but did not
prevent colitis-induced weight loss.** A lower dose of rutin,
~0.05% in diets of C3H/HeOu] mice for 7 d prior and during a
6 d 1.25% DSS treatment improved body weight, reduced colonic
MPO activity, and inhibited colonic IL-17 and iNOS mRNA.*
However, this dose of rutin did not significantly reduce colon
histopathology scores or protect from colon shortening.>

The effect of pre-feeding kaempferol prior to DSS-treatment
relative to concurrent treatment was examined by Park et al.®>
C57BL/6] mice were fed diets enriched with 0.1% or 0.3%
kaempferol starting 2 weeks before or concurrent to a 4 d, 2%
DSS exposure.®” Kaempferol consumption continued until
1 week after the start of DSS exposure.’” The experimental
diets significantly lowered disease activity index scores, with
the greatest inhibition occurring in the mice fed 0.3% kaemp-
ferol prior to DSS exposure.”’ All kaempferol treatments
improved histological scores of colitis with the greatest effect
in 0.3% kaempferol pre-fed group.®* Thus, kaempferol prefeed-
ing appears to confer greater protection in the DSS-induced
colitis than treatment post-initiation.

3.7 Other purified flavonoids

Gavage of luteolin protected against colitis in 2% DSS-treated
C57BL6/6CrSle mice.®® IP injection of astilbin to C57BL/6 mice
prevented colonic inflammation and increased IL-10 and TGF-
f in splenic dendritic cells after treatment of 2.5% DSS for 7
d.®® Consumption of 5 mg kg™ apigenin reduced acetic-acid
induced colitis in mice.®” Intragastric administration of 2 g
baicalin kg™' d™' to Sprague Dawley rats prevented TNBS-
induced colitic damage evaluated histologically.®

3.8 Stilbenes and resveratrol

Stilbenes are present in microgram to milligram quantities in
grapes, wine, peanuts, tree nuts, and berries.”® Dietary stil-
benes exist as glycosylated forms, e.g. resveratrol 3-O-glucoside,
or as aglycones, e.g. resveratrol, and more than 40 types of stil-
benes have been identified in foods.*’

The anti-colitic properties of supplemental resveratrol have
been examined in DSS-treated mice’®’* and spontaneously-
colitic IL-10~'~ mice.”® Supplemental piceatannol has also been
administered to DSS-treated mice.”*”® Supplemental resveratrol
consumption (20 mg kg™ diet) prevented 5% DSS-induced
weight loss and colitis-induced mortality.”® In the same study,
resveratrol consumption increased colonic IL-10 protein and
inhibited colonic TNF-a protein after DSS treatment.”® Gavage
of 100 mg resveratrol per kg bw to C57BL/6 mice during a 7 d,
3% DSS exposure decreased serum IFN-y, TNF-q, IL-6, and IL-1p
and reduced lamina propria CD4" T cells expressing IFN-y and
TNF-o.”” Lamina propria cells from resveratrol-treated mice also
had increased sirtuin 1 expression and decreased p-IkBa
expression following DSS treatment.”? In IL-10~~ mice, 10, 50,
or 100 mg resveratrol per kg bw was administered every other
day after development of colitis.”® Treatment of 100 mg resvera-
trol per kg bw reduced colitic symptoms and weight loss,
while lower doses did not.”> Immunosuppressive CD11b*Gr-1"
myeloid derived suppressor cells were increased in the spleen

This journal is © The Royal Society of Chemistry 2015
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and lamina propria of mice given the highest dose of resver-
atrol.”” Resveratrol treatment also decreased colonic excretion of
IFN-y, TNF-, IL-6, IL-12, and IL-1p.”>

3.9 Curcuminoids and turmeric

Turmeric contains the curcuminoids curcumin, demethoxy-
curcumin, and bis-demethoxycurcumin.”” Curcumin treatment
has been evaluated in Mdria™~ spontaneously colitic mice,”®
DSS-treated BALB/c and C57BL/6 mice,”* ' Wistar rats with
acetic acid-induced colitis,”> and Sprague-Dawley rats with
TNBS-induced colitis.*® In these models, consumption of 0.2%
to 0.6% curcumin-supplemented chow, or oral gavage of 50 to
200 mg curcumin per kg bw per d inhibited colitis. In a 52 d
chronic DSS model of colitis, a 200 mg turmeric extract per kg
bw dose reduced histological scores of inflammation and
lowered the disease activity index.”® Consumption of 0.6% cur-
cumin reduced DSS-induced colonic TNF-a, IFN-y, COX-2, and
iNOS proteins.®

Notably, curcumin has poor solubility and oral bioavailability,
so a number of studies have successfully improved delivery
through emulsions, liposomes, and nanotechnology-based
approaches.®*®° Strategies to increase curcumin solubility and
delivery to the colon have increased the therapeutic efficacy of
curcumin in rodent colitis models. Equivalent doses of curcu-
min loaded in solid lipid microparticles or hydroxypropyl-
pB-cyclodextrin increased recovery from DSS-induced colitis than
curcumin alone (100 mg curcumin per kg bw).*”*® Similarly, cur-
cumin-Zn(u) complexation improved curcumin water solubility
and a 20 mg per kg bw dose improved histopathological scores
moreso than curcumin alone in mice with acetic-acid induced
colitis.®** Thus, solubility and bioavailability should be con-
sidered in formulating curcumin interventions for colitis.

3.10 Gingerols and ginger

Ginger contains the polyphenolic gingerols, shogaols, para-
dols, and zingerone.’® Consumption of ginger extract inhibited
acetic acid-induced colitis in Wistar rats.”" Oral gavage of 200
or 400 mg ginger extract per kg bw inhibited colonic lesions to
a similar extent as 500 mg sulfasalazine per kg bw. Ginger
extract treatment improved colonic antioxidant function, and
reduced colonic MPO activity and TNF-o.”’ Ginger extract or
zingerone was co-administered with TNBS to BALB/c mice.”?
Treatment with ginger extract from 0.1 to 100 mg per kg bw or
zingerone from 1 to 100 mg per kg bw dose-dependently
decreased macroscopic colonic inflammation in TNBS-treated
mice.””> Microarray analysis of colonic genes indicated IL-17,
IL-1B, IL-6, IFN-y, and TNF-o pathways were modulated by
ginger extract and zingerone.”?

3.11. Ellagitannins and pomegranate

Ellagitannins are hydrolysable tannins containing a hexa-
hydroxydiphenoyl moiety which is metabolized to ellagic acid
upon digestion. Ellagic acid is extensively metabolized by gut
microbiota, and exists as urolithins or urolithin conjugates in
circulation.” A wide variety of ellagitannins have been identi-
fied in fruits such as pomegranates (punicalagin, corilagin),
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raspberries (sanguiin H-6, lambertianin C), and walnuts
(glansrin A, B, and C, casuarictin).”® Ellagic acid,’>°® pomegra-
nate extract,”>®” corilagin,’® and urolithin A°” have been admi-
nistered in rodent models of colitis.

Ellagic acid alone (0.5% diet) prevented chronic 1% DSS-
induced disease activity index and histological markers of
colitis in C57BL/6 mice.”®> However, 2% ellagic acid sup-
plemented diet did not prevent weight loss or disease activity
index induced by a 7 d, 5% DSS treatment to BALB/c mice.”
Ellagic acid reduced DSS-induced colonic COX-2 and iNOS
expression, p38 mitogen activated protein kinase (MAPK)
phosphorylation, NF-kB IkBax phosphorylation, NF-xkB p65
nuclear translocation, and STAT3 phosphorylation in mice.?
IP injection of corilagin at 7.5, 15, or 30 mg per kg bw for 7 d
to C57BL/6 mice inhibited colitis induced by a 5 d, 2% DSS
treatment.”® Corilagin treatment dose-dependently improved
colon length, histological score and MPO activity.”® The
colonic cytokines TNF-a, IL-1p, and IL-6, but not IL-10 were
modulated by corilagin treatment.’® Since ellagitannins are
extensively metabolized, it is likely that dietary intake of corila-
gin would lead to a different outcome than IP injection in a
model of colitis. Urolithin A-supplemented diets, providing
2.2 mg per kg bw per d for 25 d concurrent and following a
5 d, 5% DSS exposure, inhibited colitis as graded histologi-
cally.”” Urolithin A consumption also increased fecal bifido-
bacteria and lactobacilli.”” Consumption of 250 or 500 mg
pomegranate extract kg~' chow by Wistar rats prior to and fol-
lowing TNBS-induced colitis prevented weight loss, and
reduced colonic TNF-« and macroscopic and histological
markers of colonic inflammation.”®

3.12 Hydroxycinnamic acids

Chlorogenic acid,” caffeic acid,>*°® hydrocaffeic acid,'®® and
sodium ferulate’®* have been administered in rodent models
of colitis. Chlorogenic acid is hydrolyzed to caffeic acid prior
to absorption in the small intestine.'®* Caffeic acid and chloro-
genic acid were supplemented at 1 mM in the water of C57BL/
6 mice 7 d prior to and concurrent with an 8 d, 3% DSS treat-
ment.”® Chlorogenic acid, but not caffeic acid treatment pre-
vented DSS-induced weight loss, although both caffeic and
chlorogenic acids improved diarrhea scores and histological
grading of colitis.”® Hydrocaffeic acid is a colonic catabolite of
caffeic acid and other polyphenols. Hydrocaffeic acid pre-
vented weight loss and reduced colonic TNF-a, IL-B, and
IL-8 mRNA in Fischer 344 rats treated with 4% DSS.'*® Thus,
hydroxycinnamic acid catabolites appear to retain anti-inflam-
matory activity.

3.13 Other purified phenolics

A number of other polyphenols have been solely administered
in rodent models of colitis. These include apocynin (aceto-
vanillone),*® canolol (4-vinyl-2,6-dimethoxyphenol),"* oleuro-
pein, a phenolic secoiridoid from olive,°*'** chrysin, a
flavone,'®>'% silymarin,'®” icariin (prenylated kaempferol
diglucoside),”™ esculetin and 4-methylesculetin (coumarin
derivatives),’® hydroxytyrosol and tyrosol,"’>'"! and a-man-
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gostin (xanthone).''” Notably, C57BL/6 mice consuming
112 mg o-mangostin per kg bw with DSS-induced colitis had
worsened symptoms and greater colonic injury.'*?

3.14 Other dietary sources of polyphenols

Other extracts or polyphenol-rich foods and ingredients have
been used for treatment in rodent models of colitis. These
extracts have a mixed composition that do not have a domi-
nant polyphenol class or bioactive class. Foods that have been
tested include cranberry,""? propolis,'** olive oil,"**'"" almond
skin powder,"* apples and apple polyphenols,**®'!” flaxseed
and its hulls and kernels (containing lignans),"*® lemon
verbena,'" and oat bran and blueberry fiber."** While other
polyphenol diets conferred protection against colitis in
rodents, it should be noted that 10% flaxseed diets increased
disease activity index in 2% DSS treated C57BL/6 mice."'®

4. Dose relevance of polyphenols in
rodent models of IBD

It is critical to consider the dose of polyphenols when inter-
preting results of published studies or designing a new experi-
ment. It may be possible to demonstrate a polyphenol or
extract inhibits colitis in rodents, but if the dose is not relevant
to human consumption the findings may not be translatable.
Allometric scaling or body surface area approaches can be
used to predict a “human equivalent dose” from rodent
models (Table 2)."*'7%3

As an example, treatment with a human equivalent of
30 mg resveratrol d”' inhibited DSS-induced colitis in mice.”®
Wine has a maximum of ~14.3 mg resveratrol L', while most
red wines have 2-5 mg resveratrol L™".">* Other dietary sources
of resveratrol have mg to sub-mg quantities.”® While consump-
tion of 30 mg of resveratrol from the diet is not feasible, gram-
quantities of supplemental resveratrol could be used to
provide this dose.’* In contrast, another study treated colitic
mice with a human dose equivalent to 8.4 g apple polyphenols
d™", which may not be possible to consume.''® Another study
used a human equivalent of 121.6 mg morin d™", but to our
knowledge, supplemental morin is not on the market, and
only sub-milligram quantities are present in food.”®*® Thus, to
optimize translation of research using rodent models of
colitis, doses and treatment regimens should be carefully
selected. This is particularly necessary as over-supplemen-
tation of polyphenols could exacerbate colitis.*®?7'1>118

5. Experimental limitations of
studying molecular targets with
respect to polyphenol metabolism

Upon consumption, polyphenols can be extensively catabo-

lized by gut microbiota, subjected to biotransformation or be
poorly absorbed. This complicates in vitro and animal models

This journal is © The Royal Society of Chemistry 2015
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Table 2 Human equivalent doses and treatment regimens previously utilized in rodent models of IBD?
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Human
Treatment and  equivalent
citation dose? Experimental dose Time course Outcome
Resveratrol”* 8.6 mgd™" 1mgkg ' d7', F344 rats 20 d prior and concurrent with a Inhibition of colitis, modified microbiota
5d 5% DSS treatment
Resveratrol”’ 30 mgd™* 20 mg kg™ diet, C57BL/ Concurrent with a 5 d, 3% DSS Improve mortality, inhibition of colitis
6 mice treatment, and 21 d post-DSS.
Resveratrol”® 48.6 mgd ™" 10 mg per kg bw, ICR Concurrent with a 7 d, 2.5% DSS Inhibition of colitis
mice treatment
Resveratrol”> 48.6, 243, 10, 50, 100 mg per kg bw, Concurrent with a 7 d, 3% DSS Highest dose protective against colitis
486 mg d" C57BL/6 mice treatment, and for 7 d following
DSS
Resveratrol”* 58, 116, 75,150, 300 mg kg~ diet, 7 d prior, concurrent with a 7 d, Inhibition of colitis at two highest doses
232mgd’ C57BL/6 mice 1% DSS treatment, and 7 d
following DSS
Curcumin’® 243 mgd™" 50 mg per kg bw, BALB/c 7 d after a 7 d, 5% DSS treatment Inhibition of colitis
mice
Curcumin 973 mgd’ 200 mg kg~' d”', BALB/c 7 to 21 d following induction of Inhibition of chronic colitis at d 20,
extract® mice colitis by 52 d, 2.5% DSS; For 7 d inhibition of acute colitis
after a 7 d, 5% DSS treatment
Curcumin’® ~1.6-2.0gd™ 0.2% diet, Mdria~'~ mice  From 6 to 24 week Inhibition of spontaneous colitis
Curcumin® 1.9¢gd™! 100 mg d™', Wistar albino 10 d prior and 2 d following acetic ~ Inhibition of colitis
rats acid treatment
Curcumin®? 1.9gd™ 100 mg per kg bw, 7 d after induction of colitis by Inhibition of colitis
Sprague-Dawley rats TNBS
Curcumin® ~4.4gdte 0.6% diet, 18 mg d ™" 2 week prior and concurrent with  Inhibition of colitis at cycle 11-15
C57BL/6 mice 0.7% DSS treatment for 15 cycles of
7 d DSS, 10 d no DSS (total 37
week)
EGCG™ 34 mgd™ 6.9 mg per kg bw, C57BL/ 1 week prior and concurrent with  Inhibition of weight loss, some inhibition
6 mice 60 d, 2% DSS alternating treatment  of colitis
EGCG*! 65, 324 mg 0.01, 0.05% diet, ICR mice 7 d prior and concurrent with 7 d, Some inhibition of colitis at highest dose
a4 1.5% DSS treatment
EGCG™® 97mgd™" (IP) 20 mg per kg bw (IP), 1 to 7 d after induction of colitis by  Inhibition of colitis
C57BL/6 mice TNBS
EGCG** 405 mg d™" 50 mg per kg bw, Sprague- 7 d after induction of colitis by Inhibition of colitis
Dawley rats acetic acid
EGCG** 0.5,1.5,2.5g/ 0.1, 0.3, 0.5% EGCG diet, 1 week prior, concurrent with 1.5%  Highest dose increased rectal bleeding,
2000 keal®> C57BL/6, CD-1 mice DSS treatment, and 3 d after DSS lowest and highest doses increased weight
treatment loss
EGCG*® 0.97,2,41¢ 0.12%, 0.25%, 0.5% diet, 10 d, concurrent and after 7 d, 3%  Highest dose increased weight loss, lowest
ate BALB/c DSS dose reduced colitis
GTE*’ 0.08,0.8,8.1g 0.01, 0.1, 1% GTE diet, Concurrent with 6 d, 5% DSS Highest dose induced mortality, lower
ate ICR mice treatment doses inhibited colitis
GTE*® 0.6, 1.6, 3.2, 0.1, 0.25, 0.5, 1% GTE in Concurrent with 6 d, 25% DSS Increased colitis at two highest doses
6.5gd"? diet, ICR mice treatment
GTE* 2,4.1,81¢g 0.25, 0.5, 1% GTE diet, IL-107/": from 4 week age; BALB/c: IL-107"": highest dose exacerbated colitis,
dte IL-10~"~ mice; 1% GTE for 10 d, concurrent and after 7 d, lower doses improved colitis; BALB/c:
diet, BALB/c mice 3% DSS prevented weight loss, improved colitis
somewhat
GTE" 45¢gd™ 0.6% GTE diet, Mdria™"~ 10 week Inhibition of colitis
mice
GTE*® 81gd™* 1% GTE in diet, ICR mice ~ Concurrent with 6 d, 5% DSS Disrupted kidney function

treatment

“ Abbreviations: EGCG: epigallocatechin gallate; GTE: green tea extract; DSS: dextran sodium sulfate. ” Human equivalent dose based on 60 kg
adult using body-surface area calculation.'®® © Assuming 20 g bw for female C57BL/6 mice. ¢ Assuming 30 g bw male ICR mice, consuming 4 g
diet/d. ° Based on 3 g diet/18 g mouse.

investigating the molecular targets of polyphenols as they may
not reflect the metabolite(s) presented to cells or tissue in
humans. Although many polyphenol metabolites are bioactive,
they may not be active in the same manner as the parent com-

pounds and generally have reduced function relative to parent
126

compounds.

This journal is © The Royal Society of Chemistry 2015

Unabsorbed and catabolized polyphenols may be active in
the gastrointestinal system.'?® This makes polyphenols an
attractive target in the treatment of inflammatory bowel dis-
eases. Phytochemicals must still be bioaccessible to be bio-
active in the gut. Thus, they must be liberated from the food

matrix to exert effects on the cells in the gut. Indeed, both
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polyphenols and other phenolic compounds exist in the fecal
water and have high interindividual variation.">” Unabsorbed
polyphenols may interact directly with microbiota, mucosal
cells, and dendritic cell projections in the intestinal lumen.
There is a greater need to understand how targeted polyphenol
delivery systems could be used to optimize treatment for
colitis.

For example, chlorogenic acid undergoes extensive trans-
formation before absorption. Chlorogenic acids are hydroxy-
cinnamic acids such as caffeic acid or ferulic acid linked to
quinic acid through an ester bond.'*® Before reaching the
colon, chlorogenic acid can be cleaved to its phenolic acid and
quinic acid portions, glucuronidated, sulfated, and methyl-
ated.’®® It may enter circulation and re-enter the intestinal
lumen via enterohepatic recirculation. Therefore, the com-
pounds reaching the colon tissue and gut microbiota could be
the parent compounds or one of the many metabolites which
arise from its biotransformation of hydroxycinnamic acids.
The bioactivity would then be dependent upon the metab-
olites’ interactions with particular signaling cascades or cellu-
lar proteins and membranes.

It should also be noted some aspects of rodent microbiota
and xenobiotic metabolism are dissimilar to humans.'***3°
Furthermore, colitis is associated with changes in gut micro-
biota and xenobiotic metabolism."*™** A number of studies
in rodents and humans have demonstrated that polyphenol
consumption modifies microbiota composition.”***® The
extent that these species differences affect the ability to trans-
late polyphenol treatment rodent models to humans is pre-
sently unknown.

6. Conclusions and future directions

A significant number of isolated polyphenols and polyphenol-
rich extracts reduce colitis in rodent models. The benefits of
polyphenols in rodent IBD models include reduction of bleed-
ing, improvement in stool consistency, improved histological
appearance, decreased weight loss, and protection from colon
shortening. The doses of polyphenols applied in rodent IBD
models vary widely, and should be given careful consideration
in experimental design. Using infeasible human equivalent
doses may not be warranted. Future consideration of targeted
delivery of polyphenols may improve their ability to inhibit
colitis.

Polyphenols modulate a large number of targets relevant to
inflammation and colitis. Polyphenols consistently modulate
NF-kB pathway and a number of polyphenols inhibit the
MAPK cascade and induce Nrf2. These targets enable poly-
phenols to inhibit inflammatory responses in a variety of ways.
Polyphenols reduce proinflammatory cytokines, induce anti-
inflammatory cytokines, inhibit NO production, induce
immunosuppressive properties in immune cells, and inhibit
COX-2 activity. IBD is characterized by a pronounced infiltra-
tion of innate and adaptive immune cells into the intestinal
lamina propria with increased Th1 and Th17 cells in CD and
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increased Th2 and Th17 cells in UC.! Therefore, it is necessary
to establish the effects of polyphenols on the activities of
antigen presenting cells, the regulation and differentiation of
T cells into Th1, Th2, and Th17 cells. Substantial evidence
implicates gut barrier dysfunction in the development of
inflammatory bowel disease.’*” A number of in vitro and some
in vivo investigations have shown that polyphenols modulate
intestinal barrier function.’**3#4% Modulation of intestinal
barrier function is worthy of further investigation as a mechan-
ism for the anti-colitic effects of polyphenols. In contrast to
drugs, which generally have well-defined and specific targets,
the broad actions of polyphenols on inflaimmation mecha-
nisms could be an advantage to IBD therapy. However, caution
should be exercised when designing adjuvant polyphenol treat-
ments. Polyphenols can exert pharmacokinetic and pharmaco-
dynamic interactions, leading to enhanced or antagonistic
actions. Polyphenols can inhibit or induce Cyp3A4 expression,
thus could potentially modulate pharmacokinetics of Cyp3A4-
metabolized drugs such as prednisolone, budesonide, clari-
thromycin, cyclosporine used for IBD.**'™'*3 Also, polyphenols
inhibit TNF-a in rodent models of colitis, and biologic drugs
targeting TNF-a and its signaling pathway are used for IBD
treatment. More work is needed to test the safety of using poly-
phenols as adjuvants to current IBD drugs.

Resveratrol, curcumin, quercetin and anthocyanin-rich
foods appear to have the most evidence for efficacy and safety
in rodent colitis models. Despite the considerable number of
positive studies on polyphenols for IBD treatment in rodents,
few polyphenols have been examined in human intervention
studies of colitis. Although evidence for the effectiveness of
polyphenols for IBD in humans remains very limited, results
from these pre-clinical studies indicate an opportunity for
developing anti-colitic polyphenol treatments.
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