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Abstract

Susceptibility to inflammatory bowel diseases depends upon interactions between the genetics of
the individual and induction of chronic mucosal inflammation. We hypothesized that
administration of dietary phenolics, caffeic acid and rutin, would suppress upregulation of
inflammatory markers and intestinal damage in a mouse model of colitis. Colitis was induced in
C3H/HeOuJ mice (8 wk old, 6 male/6 female per treatment) with 1.25% dextran sulfate sodium
(DSS) for 6 d in their drinking water. Rutin (1.0 mmol (524 mg)/kg in diet), caffeic acid (1.0
mmol (179 mg)/kg in diet), and hypoxoside extract (15 mg/d, an anticolitic phenolic control) were
fed for 7 d before and during DSS treatment, as well as without DSS treatment. Body weight loss
was prevented by rutin and caffeic acid during DSS treatment. Colon lengths in mice fed caffeic
acid and hypoxoside during DSS treatment were similar to DSS-negative control. Food intake was
improved and myeloperoxidase (MPO) was decreased with each phenolic treatment in DSS-
treated mice compared with DSS treatment alone. Colonic mRNA expression of IL-17 and iNOS
were inhibited when IL-4 was increased by each phenolic treatment combined with DSS, whereas
CYP4B1 mRNA was increased only by caffeic acid in DSS-treated mice, compared with DSS
treatment alone. Colonic and cecal histopathology scores of DSS-treated mice were significantly
more severe (A< 0.01) than in mice fed caffeic acid before and during DSS treatment based on
mucosal height, necrosis, edema, erosion, and inflammatory cell infiltration. Although both rutin
and caffeic acid suppressed the expression of selected inflammatory markers, only caffeic acid
protected against DSS induced colitis, in association with normalization of CYP4B1 expression.
The inhibition of DSS-induced colitic pathology by caffeic acid was mediated by mechanisms in
addition to anti-inflammatory effects that deserve further study.
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Introduction

The pathogenesis of inflammatory bowel diseases (IBDs; e.g., Crohn’s disease, ulcerative
colitis) is not fully understood. Genes, environment, enteric microbiota, and other factors
alter disease risk (1). Nutritional factors (e.g., elemental diets, sucrose or other specific
carbohydrate diets, other dietary components that alter gut microbial populations) modulate
these diseases, and play a significant role in the treatment of IBD and influence the disease
course and prognosis (2). Increased colon cancer risk is a key concern associated with
colitis, as evident in a Danish epidemiological study of more than 5,500 ulcerative colitis
patients who showed greater risk for colon cancer than controls (3). IBD models induced by
enteric bacteria are well established (4, 5). Colitis in mice also may be induced by dextran
sodium sulfate (DSS) in drinking water (6) causing weight loss, diarrhea with blood and/or
mucus, shortening of the colon, erosion of the mucosal epithelium, and acute neutrophilic
infiltration (7). Experimental colitis models are characterized by up-regulated nuclear factor
kappa B (NF-xB) and pro-inflammatory cytokines (e.g., interleukin-1p (IL-1p), tumor
necrosis factor-alpha (TNF-a), interferon-gamma (IFN-vy)) resulting in tissue damage (8, 9).
Despite adverse side effects, glucocorticosteroids are used to treat IBD (1, 10).
Immunosuppressive and immunoregulatory agents (cyclosporine, aminosalicylates and
azathioprine) have also been used to control severe disease, however, serious complications
and toxic side effects were associated with them (11). Thus, dietary phenolics may be an
alternative to control this disease. Caffeic acid phenethyl ester (CAPE) decreased colonic
NF-xB and prevented colitis in peptidoglycan-polysaccharide (PG-PS)-treated rats injected
with 30 mg CAPE /kg for seven days (12). Dietary rutin (feeding 0.1% rutin diet for 2
weeks) prevented DSS-induced colitis and possible colorectal carcinogenesis by suppressing
pro-inflammatory cytokines (TNF-a, IL-1pB, 13). Using DSS- and Brachyspira
hyodysenteriae-induced colitis, hypoxoside extract showed protection (Wannemuehler
laboratory, unpublished). Hypoxoside Extract, a known anti-inflammatory component of
African potato (14, 15), decreased inflammatory damage, was possibly related to the down-
regulation of NF-xB pathways in mucosa. Dietary caffeic acid, a major phenolic acid widely
distributed in plant foods and herbs, has not been studied for its effect on DSS-induced
mouse colitis and the relationship between specific inflammation-related cytokine mRNA
expression, myeloperoxidase and mucosal histopathology. In the present study, commonly
occurring dietary phenolics, rutin and caffeic acid, were compared with hypoxoside extract,
for protective efficacy in a C3H/HeOuJ mouse model of colitis. This work may lead to
improvement of the therapeutic and prophylactic benefits of plant foods and botanical
supplements. Our long term goals are to identify novel anti-inflammatory phenolics that may
be used to prevent or treat human colitis and to establish and validate a screening assay for
dietary components that may prevent colitis and colon cancer.

Materials and Methods

Chemicals and Reagents

Purified caffeic acid and rutin were purchased from Chroma Dex ™, Inc. Santa Ana, CA.
Hypoxoside extract was a gift from Allison AC, Dawa Corp., Belmont, CA (Figure 1).
Dextran sulphate sodium was purchased from Fisher Scientific (Pittsburgh, PA). RNAlater®
Tissue Collection solution was purchased from Applied Biosystems Business (Foster City,
CA). Working solutions of 3, 3", 5, 5’-tetramethylbenzidine hydrochloride (TMB, Sigma;
2.5 mM in water) and hydrogen peroxide (5 mM in water) were prepared immediately
before use. Sulfuric acid (Fisher Scientific; 2 M) was used as a reaction stop solution. The
detergent cetyltrimethylammonium bromide (CTAB, Sigma; 0.02% in water) was used as a
lysing agent for determining total myeloperoxidase content of neutrophils.
Phenylmethylsulfonyl fluoride (PMSF, Sigma), dimethyl sulfoxide (DMSO, Sigma) and
phosphate buffered saline (PBS, pH 7.4) were used for tissue preparation.
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In the experimental period, C3H/HeOuJ mice were fed AIN 93 G (Harlan Teklad, Madison,
WI1) diet with or without DSS or treatment diets based on AIN 93 G containing rutin (1.0
mmol/kg or 524 mg/kg in diet) or caffeic acid (1.0 mmol/kg or 179 mg/kg in diet). For the
remaining treatment, mice were fed AIN 93 G diet and gavaged with hypoxoside extract (15
mg/d, 60 mg solid crude hypoxoside extract/mL sterile saline, each mouse given 0.25 mL
daily using a 22 gauge feeding needle) with or without DSS. Experimental diets were
prepared and stored at 4°C.

Experimental Design and Animals

Forty eight male and 48 female mice at 6 weeks of age were obtained from Jackson
Laboratory (Bar Harbor, ME). All mice were acclimated for 2 week before starting the
experiment and were randomly assigned to eight treatment groups in order to achieve similar
mean body weight/group. Mice were individually housed in microisolater cages with wood
chip bedding and consumed standard rodent lab chow and tap water ad libitum during the
acclimation period. The animal room was maintained at 23°C with a 12-h light/dark cycle
during the experimental period. The experiment was a 4 x 2 factorial design: 8 treatment
groups (control, caffeic acid, rutin and hypoxoside) and 2 disease statuses (with and without
DSS, Figure 2). Colitis was induced in groups of 12 C3H/HeOuJ mice (6 males and 6
females) with DSS in their drinking water, a method previously reported with some
modifications (6, 16, 17), namely 1.25% DSS was used, and only for 6 days rather than
repeated DSS administration over longer time periods. The various phenolic treatments were
fed to the mice for 7 days prior to DSS exposure and continually during DSS treatment
(Figure 2). Food intake was measured weekly over 2-3 consecutive days per week. Body
weights were measured twice a week. Signs of disease (weight loss, diarrhea, dehydration)
were observed daily. The supplemented diets and the DSS-containing drinking water were
provided to the mice continually until the experiment was terminated. All animal procedures
were performed in accordance with the experimental protocol approved by the lowa State
University Institutional Animal Care and Use Committee.

Tissue Sample Collection and Preparation

The colon and cecum were removed after euthanasia. After washing in phosphate-buffered
saline (PBS), they were placed on filter papers to measure colonic lengths, score
macroscopic cecal lesions and obtain photographs of each tissue. The colonic and cecal
contents were removed, and the colon and cecum from each animal were fixed in formalin
and six of the 12 tissue samples were randomly selected from each group for
histopathological analyses. Gross cecal lesions were scored using published criteria (18).
Macroscopic cecal lesions were scored 0-4 as follows: no gross lesions (grade 0, normal);
evidence of atrophy (grade 1, mild); excess intraluminal mucus with atrophy localized to the
cecal apex (grade 2, moderate); generalized cecal atrophy with increased intraluminal mucus
and no cecal contents (grade 3, severe); score 3 plus bloody cecal content (grade 4, most
severe). Colonic tissues for myeloperoxidase activity were put in 15% DMSO and 0.1 mM
PMSEF in cryovials (Corning Company, Corning, New York). A portion of colon
(approximate 1.5 cm) for each sample was placed into RNVALater (1.2 mL) for subsequent
RT-PCR analysis of cytokine-specific mRNA expression. All above samples were stored at
—85°C until analysis.

Colonic Mucosal Histopathological Analysis

Cecum and proximal colon in 10% neutral buffered formalin were embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E). Sections of the cecum and
proximal colon were scored by a pathologist (Dr. J. Hostetter) who was blinded to the
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treatment group (19). Briefly, histological scores were evaluated based on the severity of
mucosal epithelial damage, architectural/glandular alterations, and the magnitude/character
of lamina propria cellular infiltration. Scoring system for the histopathological evaluation of
gastrointestinal inflammation included mucosal height, erosions, inflammatory score, edema
score and inflammatory cells. Parameters were scored 1-5, resulting in a maximal total
histological score of 20 based on the four evaluation parameters.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) for Colonic Inflammation-
Related Cytokine Gene Expression

Primers for IL-1pB, IL-4, IL-6, IL-10, IL-17, GAPDH, IFN-y, TNF-a, iNOS (inducible nitric
oxide synthase), ICAM-1 (intercellular adhesion molecule-1), CYP4B1 (cytochromes P450,
family 4B1) were analyzed in pooled colonic samples from each treatment group as a
preliminary screen of gene expression (Table 1). Reverse transcription—polymerase chain
reaction (RT-PCR) analysis of mMRNA in each pooled sample was performed as previously 0
described with some modifications (20, 21). 20 mg samples were prepared from each
colonic tissues and total mMRNA was extracted using a Qiagen RNeasy mini Kit (Ambion,
Austin, TX) for dissected tissue homogenization. The mRNA concentrations were detected
by NanoDrop® ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Inc.
Wilmington, DE) in 2.0l mRNA samples using RNA program. Then the mRNA
extractions were treated with TURBO DNA-free DNase (Ambion, Austin, TX) to remove
genomic DNA. SYBR green (Invitrogen, San Diego, CA) real-time polymerase chain
reaction (the same method as described below) was used for testing DNA contamination in
MRNA samples to determine the mRNA sample purity. The mRNA extraction was reverse
transcribed into cDNA by SuperScript™ 111 First-Strand Synthesis System (Invitrogen, San
Diego, CA). The cDNA converted from 20ng mRNA was amplified using Platinum®
SYBR® Green gPCR SuperMix-UDG (Invitrogen, San Diego, CA). Real time PCRwas
used to provide quantitative assessment of mucosal cytokine expression. The PCR condition
was 95°C for 10 minutes, followed by 40 cycles of amplification (95°C for 10 seconds,
60°C for 15 seconds) run in Rotor-Gene 3000 (Corbett Research, Mortlake, Australia). Then
the specific primers were used to evaluate the gene expression of IL-17, IL-4, iNOS and
CYP4B1 in six individual colon tissue samples from eight treatment groups (3 males and 3
females). Standard curves of specific genes and housekeeping gene GAPDH were made by
two-fold serial dilutions of cDNA using real-time PCR. The relative mRNA quantity was
normalized to GAPDH.

Myeloperoxidase Assay Method in Colonic Tissue

Myeloperoxidase (MPO) activity which was used to quantify neutrophil accumulation in
tissues was assessed using 96-well flat bottom microtiter plates (Linbro/Titertek, USA) and
was previously described with some modifications (22, 23). Colonic tissues were thawed
and blotted on paper towel at room temperature to absorb as much as moisture as possible.
Tissue samples were trimmed to approximately 35mg. Each sample was homogenized in |
mL PBS and PMSF (0.1mM) and the probe was washed 5 times with PBS. Each sample was
sonicated on pulse (output control set to 2; 50% duty cycle setting; 5-10 pulse per sample,
Sonicator 3000, Misonix, Inc. Farmingdale, NY). Samples were centrifuged 15 minutes at
1200 rpm (Eppendorf® Micro Centrifuge Model, USA). At least 150 pl supernatant was
collected. Each sample was measured by NanoDrop® ND-1000 UV-Vis Spectrophotometer
(NanoDrop Technologies, Inc. Wilmington, DE) to measure total protein concentrations.
150 pl of each sample supernatant was plated in triplicate wells (per sample). TMB (50 p.L)
was added, followed immediately with 50 pL 10 pM H»O,. The color change reaction was
allowed to proceed for 2 min, and 50 L of 2 M sulfuric acid was added to stop the reaction.
The optical density (OD) in each well was determined at 405 nM using a microtiter plate
spectrophotometer (V-Max, Molecular Devices, USA) with SOFTmax PRO 4.0 software.
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The total myeloperoxidase content was calculated from OD of lysed neutrophils using a
standard curve. Standard suspensions of mouse neutrophils (3x106 cells mL™1) with PMSF
(1 mM in absolute ethanol) were prepared and stored at —85 °C. Two-fold serial dilutions of
a standard neutrophil suspension were lysed with CTAB. The MPO content of these known
concentrations of neutrophils was compared to the OD values and a standard curve was
calculated. Total myeloperoxidase content in mouse colonic tissue were normalized for
number of neutrophils. The MPO activity was expressed as the units of enzyme per gram of
wet weight of tissue.

Statistical Analysis

Results

Data were analyzed by the difference between means and statistical significance was
calculated using three-way ANOVA followed by Tukey method as a Post Hoc test (SAS
Institute, 2003, Cary, NC). The equal variance and normality of residuals assumptions are
verified by a residual vs. predicted values plot and a histogram of residuals. Both group and
male/female of colon length, food intake, body weight change, MPO activity, total
histopathology scores, and cytokine/enzyme RT-PCR products were reported as means *
SEM. Statistical significance was set at < 0.05. Pearson correlation analysis was used for
relationship between MPO activity/cytokine gene expression and colonic histopathology
score.

General Effects of Phenolic Treatments on DSS-Induced Colitis

Regardless of the treatment group, food intakes measured on the day before drinking DSS-
supplemented water and second day of the DSS treatment period did not differ (Table 2).
Food intake was decreased at final day after DSS-treated alone compared with control not
treated with DSS. Food intakes in the phenolic-treated groups not treated with DSS did not
differ from control not treated with DSS (Table 2). Mice given rutin, hypoxoside, and
caffeic acid had normalized food intake at the sixth day DSS-treated compared to animals
not given DSS control (Figure 3). Body weight change ( the percentage of body weight
gained in DSS period over the body weight before DSS-treated ) of 0.8% in DSS-positive
control was significantly less than in DSS-negative control by fourfold (P< 0.01). DSS-
treated mice given diets supplemented with either rutin or caffeic acid showed improved
body weight whereas mice administered hypoxoside with DSS did not significantly increase
their body weight (Figure 3). The mice fed rutin, hypoxoside, or caffeic acid not treated DSS
were similar to controls without DSS in body weight increase (Figure 3). The cecal
macroscopic scores did not differ among treatments with or without DSS. No diarrhea and
rectal bleeding were observed during the period of DSS treatment. The colon length of the
mice given DSS or DSS plus rutin was significantly shortened by ~8% (P < 0.01) as
compared with all treatment groups not given DSS (Table 2). The colon lengths of DSS-
treated mice fed caffeic acid or hypoxoside were significantly longer than those from the
DSS-only controls (P< 0.01) (Table 2). Within treatment groups, no differences were found
between males and females for colon length, food intake or body weight change (data not
shown).

Colonic Myeloperoxidase (MPO) Activity of Phenolic Treatments and DSS Controls

Colonic MPO activity in DSS-only controls was significantly greater than in non-treated
control mice (P< 0.01). MPO activities were significantly decreased in the colonic extracts
from DSS-treated mice fed each of the supplemented diets (rutin, hypoxoside, or caffeic
acid) compared with the colonic extracts from the DSS-only control mice (P< 0.01). MPO
activities in mice fed phenolics without DSS exposure did not differ from untreated control
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mice (Figure 4). Within treatments, no difference was found between males and females for
MPO activity (data not shown).

Colonic and Cecal Histopathology Changes in C3H Mice

Colonic and cecal histopathology scores of the DSS-treated mice were significantly more
severe compared with control mice not given DSS, respectively (P< 0.01, Table 3). The
group fed caffeic acid with DSS had significantly less severe colonic and cecal microscopic
lesion scores than mice treated with DSS alone. Representative histological images from
each group are shown (Figure 7). The mean colonic and cecal histopathology scores were
both significantly decreased by 37% in the group fed caffeic acid with DSS compared to
DSS-only controls (P< 0.01, Figure 7), whereas the histopathology scores in mice given
rutin or hypoxoside along with DSS were not significantly attenuated in comparison to
control mice not given DSS (P< 0.01,Table 3). Controls fed the non-supplemented AIN 93
G alone or diets containing rutin, caffeic acid or hypoxoside had significantly lesser
histopathology scores than the DSS treated controls (£ < 0.01) (Table 3). Within treatments,
no difference was found between males and females for histopathology score (data not
shown).

Reverse Transcription—Polymerase Chain Reaction Analysis of Cytokine mRNA

Some genes have been implicated in the pathogenesis of colitis, including IL-1, IL-4, IL-6,
IL-10, IL-17, iINOS, IFN-y, TNF-a, ICAM and CYP4B1 (9, 13, 40, 41, 51, Table 1). To
delve into the molecular mechanism underlying the suppression of colitis by phenolics in
DSS-induced treatments, mMRNA expression levels of possible pro-inflammatory mediators
in colonic tissue were measured by RT-PCR. Preliminary evaluations demonstrated that the
expression levels of IL-17-, INOS-, IL-4-, and CYP4B1-specific mMRNA differed among the
various treatments. There was significant up-regulation of colonic tissue MRNA expression
of IL-17 and iNOS (P < 0.01, Figure 5A), and significant down-regulation of I1L-4 and
CYP4B1 mRNA expression in DSS-treated controls compared to controls not given DSS (P
< 0.01, Figure 5B). Colonic tissue mMRNA expression of 1L-17 and iNOS were significantly
inhibited by each phenolic treatment (rutin, hypoxoside, and caffeic acid) when given with
DSS, compared with DSS-only controls (£ < 0.05, Figure 5A) whereas IL-4 —specific
mRNA was significantly increased by each phenolic treatment (rutin, hypoxoside and
caffeic acid) in groups treated with DSS compared with DSS-only controls (P < 0.05, Figure
5B). However, only mice fed caffeic acid and treated with DSS had significantly increased
CYP4B1-specific mRNA levels compared with DSS-only controls (P < 0.05).

Relationship between the Colonic Myeloperoxidase Activity/Cytokine Gene Expression
and Colonic Histopathology Score Evaluation

Relationships between colonic MPO activity/IL-17 gene expression and histopathology
score in DSS-treated control and caffeic acid with DSS were shown (Figure 6). There was a
significant association with colonic histopathology score on colonic level of IL-17 gene 8
expression and colonic MPO activity in DSS-induced with or without caffeic acid treated
mice. In both DSS-treated control and caffeic acid with DSS mice, colonic MPO activity
(Figure 6A) and colonic level of IL-17 gene expression (Figure 6B) were significantly
related to colonic histopathology score, with less MPO activity and greater decrease in
colonic IL-17 gene expression associated with decreased histopathology score.

Discussion

The study of dietary phenolics that may prevent diseases such as colitis is made more
relevant to humans by considering the likelihood of ingestion of effective doses of these
phenolics from common foods or dietary supplements. Regular coffee consumers generally
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ingest 0.5-1 g chlorogenic acid/d, which may be converted to 250-500 mg caffeic acid/d
(24). From a German survey, daily intake of caffeic acid was 206 mg/d, and the principal
sources were coffee (92% of caffeic acid) and fruit and fruit juices combined (25). In our
study, based on mouse body weight and food intake, the daily caffeic acid intake was 45 mg/
kg BW/day, which was approximately 7-fold higher than the dose of 500 mg/d (7 mg/ kg
BW). Thus, the dose used in these studies was relevant to that typically consumed by
humans, because mice have a tenfold greater surface area than do humans proportionate to
body weight. The human equivalent dose of a compound given to mice would therefore be
about 10-fold greater than the human dose per kg BW. This assumes similar absorbability of
caffeic acid in mice and humans. From an estimate of flavonol intake in Finland of ~ 20 mg/
person per day or ~0.3 mg/kg BW (26), the current dose of the flavonol glucoside, rutin
(~45 mg/kg BW), was approximately an order of magnitude greater than a human dietary
equivalent dose (by the same logic as above), but this might be a feasible human intake if
supplements were included. Additional studies of human bioavailability of phenolics are
needed for the development of colitis preventive diets.

DSS-induced colitis is partially triggered by aberrant or exaggerated immune responses to
bacterial antigens derived from the intestinal lumen (27, 28). Shortening of the large
intestine is thought to be induced by the thickening of colon caused by edema and muscular
hypertrophy, as observed in ulcerative colitis. Diarrhea may be due to loss of absorptive
epithelium that results in the shortening of the colon (29). Damage to the epithelium is a key
feature of acute DSS-induced colitis (30), characterized by multi-focal areas of mucosal
erosion, colonic epithelial cell injury, and significant mucosal infiltration of neutrophils, key
immune cells during inflammatory responses. Increased I1L-17, a pro-inflammatory cytokine
and decreased IL-4, an anti-inflammatory cytokine accompany DSS-induced colitis, with
these changes hypothesized to be prevented by proposed anti-inflammatory dietary
components, caffeic acid and rutin. In our study, expression of several other genes possibly
associated with inflammatory responses including cytochrome p450 (CYP4B1) were
evaluated in response to prophylactic treatment with phenolic compounds during DSS-
induced colitis.

Herbs and plant foods contain a variety of phenolic compounds that may modulate immune
function. Several caffeic acid derivatives, major phenolic acids in plants, have been
identified from herbs such as Echinacea (e.g., caftaric acid, echinacoside, cichoric acid). The
flavonoid, rutin is found in many herbs including St. John’s wort (Hypericum perforatum).
In vivo administration of extracts from H. perforatumand E. purpureain carrageenan-
induced paw edema in mice showed that H. perforatum at 100 mg/kg inhibited both iNOS
and COX-2 expression, two pro-inflammatory genes, whereas treatment with 100 mg/kg £.
purpurea decreased COX-2 expression only (31). In the present study, colonic gene
expression of iINOS was inhibited by rutin, hypoxoside, and caffeic acid in DSS-treated mice
in association with decreased MPO (neutrophil activity). Caffeic acid has antioxidant, anti-
inflammatory, and antibacterial properties. Ovariectomized rats subjected to trinitrobenzene
sulfonic acid (TNBS)-induced colitis and treated with a caffeic acid derivative (CAPE, 30
mg/kg) had decreased malondialdehyde (MDA), increased superoxide dismutase (SOD),
catalase (CAT), and glutathione (GSH) associated with decreased colitis (32). E. colF-
induced pyelonephritis was also decreased in rats given CAPE, along with decreased MDA
and nitric oxide and increased GSH and SOD activity (33) suggesting that anti-inflammatory
effects of caffeic acid might occur through antioxidant mechanisms (32, 33). Rutin had
protective effects in a Wistar rat model of gastric lesions induced by 50% ethanol (34). The
gastroprotection of 200 mg rutin/kg diet given before ethanol treatment was thought to be
due to anti-lipoperoxidative and antioxidant enzyme activity based on decreased MDA and
increased glutathione peroxidase, compared with ethanol-treated controls. However, the
anti-inflammatory marker, ethanol-induced neutrophil infiltration expressed as
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myeloperoxidase activity was not decreased by rutin in gastric lesions, compared with our
study in which rutin diminished MPO in DSS-induced colitis (34). Anti-inflammatory and
antioxidant effects of dietary phenolics generally occur together, but which effects or
mechanisms are most crucial are not clear as of yet. Additional factors in inflammatory
responses are under investigation as well.

Following DSS treatment, colonic mRNA expression of IL-17 was inhibited by each
phenolic treatment compared with DSS-only controls. IL-17* cells, IL-17 mRNA
expression, and IL-17 protein levels were detectable and significantly elevated in inflamed
mucosa and in the serum of patients with IBD (35). IL-17 family members (IL-17A/F) have
been associated with inflammatory diseases, autoimmune diseases and cancer. Induction of
IL-17A/F induced chemokines (CXCL8, CXCL6, CXCL1), growth factors (G-CSF, GM-
CSF, IL-6), and adhesion molecules (ICAM-1) have been shown to augment neutrophil
accumulation (36). Increased IL-17 gene expression was detected in a mouse colitis model
in the acute phase at day 7 after exposure to 5% DSS in drinking water, but the DSS
concentration was much higher than our study (37). Upregulation of IL-17, IL-1p, and IL-12
p70 was found during chronic colitis in C57BL/6 mice whereas production of IL-1p, IL-6,
IL-18, and G-CSF was elevated in BALB/c mice. Chronic production of IL-17 and I1L-12
p70 has been correlated with extensive inflammatory cell infiltration as DSS-induced colitis
progressed from the acute to chronic stages of inflammation in C57BL/6 mice (37). In the
present studies, IL-17 gene expression was elevated in DSS-induced colitis in C3H/HeOuJ
mice (Fig.5A). Colonic IL-17 gene expression was also associated with colonic
histopathological score in DSS-induced with or without caffeic acid treated mice (Fig.6B).
IL-17 gene expression may be related to histopathological change to evaluate the anti-
inflammatory mechanisms. In contrast, dietary supplementation with each of the three
phenolic compounds attenuated IL-17 gene expression that was also associated with other
anti-inflammatory effects (decreased iNOS, increased IL-4) but diminished
histopathological scores were only associated with caffeic acid treatment.

Colonic mRNA expression of I1L-4 was increased by each phenolic treatment compared with
DSS-only controls. In a previously reported study, CD4* T cells, IL-4, IL-2, and IFN-y
MRNA expression were significantly increased in female BALB/c mice by supplementation
with 20 mg/kg CAPE (38). In contrast, Ansorge et al. (39) showed that propolis as well as
its constituent (CAPE) suppressed Th2 type (IL-4) and Thl type (IFN-y) lymphocytes.
Based on the results of the present study, upregulation of IL-4 gene expression may not be
strongly associated with attenuated colitic lesions because only caffeic acid suppressed the
severity of histopathological lesion scores, even though all three phenolics increased IL-4
(Fig.5B).

A key finding in the present study was that the colonic tissue mMRNA expression of
CYP4B1was increased in DSS-treated mice fed caffeic acid compared with DSS treated
controls. CYP4BL1 has attracted interest due to its possible ability to oxygenate fatty acids
and form some eicosanoids (40) that suggest a function in inflammatory processes. In our
study, increased CYP4B1 occurred in association with decreased colitic pathology after
caffeic acid ingestion by DSS-treated mice. The CYP4B1 gene encodes a cytochrome P450
monooxygenase that catalyzes many xenobiotic and endogenous reactions, both detoxifying
and activating (41). P450 gene expression is altered according to gender, microsomal
enzyme inducers, age, diet, and hormones (42). Species-specific CYP4B1 mRNA have been
reported to be mostly distributed in heart, brain, spleen, testis, lung, liver, skeletal muscle,
and kidney in mice and humans (43). CYP4B1 mRNA has also been measured throughout
small intestine and colon in rabbit and at low levels in human colon using in situ
hybridization (44). Although induced further by 2-aminofluorene, CYP4B1 was an
abundantly expressed isoform of P450 in rabbit gastrointestinal tract. Our finding is the first
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evidence that CYP4B1 is found in mouse colon, and may be metabolically important in
colitis. In addition to the intestinal tract, P450 expression and activity has been previously
reported to be decreased in lung, liver and extrahepatic tissues during inflammation and
infection (42, 45). The mRNA level of CYP4B1 was increased after resolution of the
allergic pulmonary inflammation (45). Although CYP4B1 is responsible for bioactivation of
many toxicants, a CYP4B1 transgene may provide some benefits of gene therapy for cancer
or replacement studies using 2-aminoanthracene/4-ipomeanol (46, 47). The CYP4B1/4-1M
system efficiently and rapidly killed hepatocellular carcinoma cells (48). Thus, the role of
CYP4BL1 in colitis and its putative regulation by caffeic acid are interesting targets for
further study.

Some mechanisms reported to regulate certain members of P450 may be related to elucidate
CYP4B1 gene regulation. CYP2C11 gene contains a binding site for the transcriptional
factor NF-xB (49). The inhibition of NF-xB binding also improved the CYP2C11 promoter-
reporter gene. Down-regulation of CYP2C11 and CYP3A mediated by IL-2 in combination
with cytokine-induced activation of NF-xB was reported in rat hepatocytes and may relate
to IL-2 induction of the proto-oncogene transcription factor c-myc (50). However, little is
known about the relationship between the CYP2C11 and CYP4B1 gene. It was recently
reported that CYP3A4 expression was suppressed following NF-xB activation by
lipopolysaccharide (LPS) and TNF-a through interactions between NF-xB and pregnane X
receptor (PXR) and retinoid X receptor (RXR) complex. NF-xB p65 disassociated the PXR/
RXR complex from DNA sequences as determined by electrophoretic mobility shift assay
and chromatin immunoprecipitation assays (51). Based on the above evidence, the effect of
caffeic acid phenethyl ester (CAPE) to decrease NF-xB shown in bacterial peptidoglycan
polysaccharide-induced colitis in rats (12) suggests that caffeic acid might modify CYP4B1-
specific MRNA expression through effects on NF-xB as well, which deserves further study.

Another mechanism related to P450 regulation was associated with the role of nitric oxide.
Khatsenko et al. (52) indicated that down-regulation of CYP2B1/2 mRNA and protein
induced by LPS was blocked with phenobarbital in rats, mediated at least in part by nitric
oxide. Takemura et al. (53) reported that LPS-induced suppression of CYP2C11 and
CYP3A2 gene expression was prevented by an inhibitor of iNOS, but they did not study
regulation of CYP4B1. Expression of iNOS-specific mMRNA was decreased in adult male
Wistar rats treated with 10 umol CAPE/Kg prior to torsion/detorsion injury in the testis (54).
iNOS expression and NF-xB binding activity were inhibited by CAPE in RAW 264.7 cells
induced by LPS. The suppression of iNOS gene expression by CAPE may exert anti-
inflammatory effects through NF-xB inactivation (55). Nitric oxide (NO) levels were
reduced in CAPE-treated Wistar rats during Escherichia coli-induced pyelonephritis (33).
Decreased iNOS mRNA expression might play a role in normalizing CYP4B1 mRNA
expression in the present study, but INOS was decreased by all 3 phenolic treatments
compared with DSS-only controls, and CYP4B1 was only normalized by caffeic acid
compared with the no DSS group in the present study (Fig.5B). Thus the relation between
the ability of phenolics to alter INOS and CYP4B1 needs more study.

In conclusion, caffeic acid, rutin, and hypoxoside, decreased the gene expression of pro-
inflammatory genes IL-17, iNOS, and increased IL-4 gene expression partially protecting
from DSS-induced colitis, but CYP4B1 upregulated by caffeic acid was a key correlate of
attenuated DSS-induced colitis in mice. Caffeic acid is a common phytochemical found
widely in plant foods that may protect against IBD. Future studies should examine the extent
to which various caffeic acid derivatives in plant foods and herbs might be metabolized to
caffeic acid or other bioavailable metabolites related to caffeic acid (e.g., ferulic acid), and
the function of CYP4B1 in colonic health and disease.
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Structures of caffeic acid, rutin and hypoxoside.
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Figure2.

Experimental design. Phenolics fed were rutin (1.0 mmol/kg diet), hypoxoside extract (15
mg/d by gavage) and caffeic acid (1.0 mmol/kg diet). The study included eight groups of
C3H/HeOuJ mice: DSS (-) without and with each of the 3 phenolics; DSS-only control:
DSS (+); Rutin/DSS (+); Caffeic acid/DSS (+); Hypoxoside/DSS (+).
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Rutin and caffeic acid normalized body weight in DSS-treated mice. *P < 0.01 significantly
less compared with control (no DSS) group; mice given rutin, hypoxoside, and caffeic acid
had normalized food intake at the sixth day DSS-treated compared with animals not given
DSS control; #< 0.05 significantly less in DSS-only group on food intake after the sixth

day DSS-treated than the control diet (no DSS).
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Rutin, hypoxoside and caffeic acid normalized colonic myeloperoxidase (MPO) activity in
DSS-treated mice. *£ < 0.05 greater compared with control (no DSS) group.
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Pro-inflammatory gene expressions in rutin, hypoxoside and caffeic acid with or without
DSS-treated mice (n=6). (A) Rutin, hypoxoside and caffeic acid normalized IL-17 and iNOS
gene expressions in DSS-treated mice. *P < 0.05 greater in DSS-only group compared with
control (no DSS) group. (B) Rutin, hypoxoside or caffeic acid normalized IL-4 gene
expressions and caffeic acid normalized CYP4B1 gene expression in DSS-treated mice. #P <
0.05 less in DSS-only group compared with control (no DSS) group; $£< 0.05 less
compared with control (no DSS) group.

Exp Biol Med (Maywood). Author manuscript; available in PMC 2013 August 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ye et al.

Page 19
A
2 14 1 @ DSS only
9 12 -
— O DSS+Caffeic
8 107 Acid
g 8-
o
s 67
S
o 44
k7
= 2 -
(S)
= 0 r . r .
(o]
g 0.0 1.0 2.0 3.0 4.0
Colonic MPO activity( U/g tissue)
B
14 - o DSS only

ODSS+Caffeic
10 A Acid

00 05 10 15 20 25 3.0 35 4.0

Colonic histopathological score
o N B O

IL-17 expression of relative quantitation to GAPDH

Figure®6.

Relationship between colonic MPO activity/ IL-17 expression and histopathology score in
DSS-only control and caffeic acid-treated with DSS mice. (A) Colonic histopathological
score was significantly associated with colonic MPO activity in DSS-only control (r=0.83,
P=0.04); and in caffeic acid-treated with DSS mice (r=0.92,£=0.009). (B) Colonic
histopathological score was significantly associated with IL-17 expression in DSS-only
control (r=0.88, £=0.02); and in caffeic acid-treated with DSS mice (r=0.89, £=0.02).
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Figure7.
Colon histopathology (A-E, magnification = 400X, Scale bar = 50um). Colon from mouse

given DSS only (A), Rutin + DSS (B) Hypoxicide + DSS (C), Caffeic acid + DSS (D), and
control mouse given neither DSS or dietary supplement (E). Note that caffeic acid treatment
leads to reduced inflammatory cell infiltration within the lamina propria and prevents
epithelial ulceration. * A< 0.01less in caffeic acid + DSS and no DSS as compared with
DSS-only control.
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Sequences of Primers Were Used for Reverse Transcription Polymerase Chain Reaction Amplification

Table 1

Gene— Primer  Sequence (5'—3") Amplification  Accession
Object product size
(bp)
GAPDH Forward TCACCACCATGGAGAAGGC 168
Reverse GCTAAGCAGTTGGTGGTGCA
IL-1-beta Forward CAACCAACAAGTGATATTCTCCATG 152 M15131
Reverse  GATCCACACTCTCCAGCTGCA X04964
IL-4 Forward ACAGGAGAAGGGACGCCAT 95 M25892
Reverse  GAAGCCCTACAGACGAGCTCA X05253
IL-6 Forward GAGGATACCACTCCCAACAGACC 141 X54542
Reverse  AAGTGCATCATCGTTGTTCATACA M20572
IL-10 Forward GGTTGCCAAGCCTTATCGGA 191 M37897
Reverse  ACCTGCTCCACTGCCTTGCT M84340
IL-17 Forward GCTCCAGAAGGCCCTCAGA 142 NM_010552
Reverse  AGCTTTCCCTCCGCATTGA U35108
IFN-gamma  Forward TCAAGTGGCATAGATGTGGAAGAA 92 K00083
Reverse TGGCTCTGCAGGATTTTCATG M74466
TNF-alpha Forward CATCTTCTCAAAATTCGAGTGACAA 175 M13049
Reverse  TGGGAGTAGACAAGGTACAACCC Y00467
iNOS Forward CAGCTGGGCTGTACAAACCTT 95 U43428
Reverse CATTGGAAGTGAAGCGTTTCG L23806
ICAM-1 Forward CCGCAGGTCCAATTCACACT 143 X52264
Reverse TCCAGCCGAGGACCATACAG X15372
CYP4B1 Forward CACCTGGACTTCCTCGACAT 233
Reverse  TCATCCCACTGGAAGGAGTC
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Table 2

Colon Lengths Were Increased by Caffeic Acid or Hypoxoside and Food Intakes Were Improved by Each
Phenolic in C3H/HeOuJ Mouse Model of ColitisZ

Colon lenth Food intake
(mm) (9/d)
First day before  Second day after  Final day after
DSS DSS DSS
DSs-only 52.5+5.0" 57+12# 5.8+0.9 7 45+0.7%
Rutin and DSS 54,8457 5.320.9 5.320.7 5.1+0.6
Hypoxoside and DSS 57.1+5.5 5.2+1.3 5.1+1.7 49+1.4
Caffeic acid and DSS 58.8+3.2 5.5+0.7 5.6+1.3 5.1+1.1
Control diet (no DSS) 57.2+5.6 5.8+0.8 6.0+1.4 5.8+0.9
Rutin (no DSS) 57.6+4.4 5.3+1.1 5.5+0.9 5.7+0.8
Hypoxoside (no DSS) 59.6+4.9 5.2+1.3 5.1+1.3 5.3+1.2
Caffeic acid (no DSS) 60.0+4.3 5.6+0.8 5.3+0.6 5.5+0.9

*

P<0.01 significantly shorter compared to the control diet (no DSS) with other treatment groups in colon length
#P< 0.01 significantly greater compared with food intake on final day after DSS, within DSS-only group
¢P< 0.05 significantly less than the control diet (no DSS) in final day food intake after DSS

Jln the experimental period, C3H/HeOuJ mice were fed AIN 93G supplemented with rutin, caffeic acid, or hypoxoside.
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Table 3

Histopathology Scores Were Decreased by Caffeic Acid treatment in C3H/HeOuJ Mouse Model of Colitis

Treatment Colon histopathology score  Cecal histopathology score
DSS-only 10.01.8" 10.9+2.5%

Rutin and DSS 8.0£2.0” 9.2+4.7%
Hypoxoside and DSS 8.8+1.7% 9.0+2.8%

Caffeic acid and DSS 6.3+x1.2 6.9+2.8

Control (no DSS) 43+1.4 7.1+4.8

Rutin (no DSS) 4.8+1.0 5.1+1.4
Hypoxoside (no DSS) 5.0£0.9 5.7+1.6

Caffeic acid (no DSS) 4.8+15 4.8+1.2

Scoring for the colonic and cecal histopathology evaluation of gastrointestinal inflammation included mucosal height, inflammatory cells, erosions,
inflammatory score, and edema score in C3H/HeOuJ mouse treated with rutin, hypoxoside and caffeic acid with or without DSS.

*
P < 0.01 significantly greater than control (no DSS) in colon histopathology score

#P< 0.01 significantly greater than control (no DSS) in cecal histopathology score.
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