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Partially hydrolyzed guar gum affects

the expression of genes involved in host
defense functions and cholesterol absorption
in colonic mucosa of db/db male mice

Zenta Yasukawa,"* Yuji Naito,2 Tomohisa Takagi,2 Katsura Mizushima,? Makoto Tokunaga,’ Noriyuki Ishihara,’

Lekh R. Juneja' and Toshikazu Yoshikawa?

"Nutrition Division, Taiyo Kagaku Co. Ltd., 1-3 Takaramachi, Yokkaichi 510-0844, Japan
2Molecular Gastroenterology and Hepatology, Graduate School of Medical Science, Kyoto Prefectural University of Medicine,

Kamigyo-ku, Kyoto 602-8566, Japan

(Received 4 August, 2011; Accepted 15 August, 2011; Published online 22 December, 2011)

Biomedical evidence in the last 20 years has shown that the
consumption of partially hydrolyzed guar gum may influence lipid
and/or carbohydrate metabolism at many levels. Since intestine
represents the first interface to interact with dietary partially
hydrolyzed guar gum in vivo, we evaluated gene expression
profiles in small intestinal mucosa of db/db mice fed with partially
hydrolyzed guar gum in an effort to delineate its effect on the
small intestine. DNA microarray and real-time PCR analyses were
performed to evaluate the gene expression profiles in mice small
intestinal mucosa. Among the 28,853 transcripts represented on
the GeneChip® microarray, no more than 20 genes exhibited up- or
down-regulation by 1.5-fold or more after four weeks following
partially hydrolyzed guar gum consumption. No adverse effects
were apparent. We detected up- or down-regulation of some
genes known to be involved in host defense functions and
cholesterol absorption.
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M etabolic syndrome represents a group of physiological
and biochemical abnormalities characterized by diabetes or
high fasting glucose, central obesity, abnormal cholesterol and
triglyceride levels, and hypertension.!"» The number of patients
diagnosed with metabolic syndrome is rapidly increasing, and this
disease is a major problem in the field of epidemics worldwide
since it increases the risk of cardiovascular and cerebrovascular
disease.®)

Partially hydrolyzed guar gum (PHGG) is a water-soluble
dietary fiber produced by the controlled partial enzymatic hydro-
lysis of guar gum seeds,™ and its average molecular weight is 20 k
(range, 1-100 k). Partially hydrolyzed guar gum, which is readily
soluble in water, has a molecular weight that is almost 10 times
lower and a viscosity that is 200 to 300 times lower than that of
guar gum.® Partially hydrolyzed guar gum is used in a variety of
ways in various beverages and foods such as a bulking agent, an
alternative to wheat flour, a food stabilizer and a source of dietary
fiber.©

Generally, dietary fibers are indigestible food ingredients that
reach the colon and are then fermented by colonic bacteria,
resulting mainly in the formation of short-chain fatty acids
(SCFA) such as acetate, propionate and butyrate.”” An in vitro
study showed that PHGG moderately enhanced the growth of
several bacterial strains,® and fresh feces inoculated with PHGG
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resulted in the production of SCFA.®

Considerable attention over the last 20 years has focused on the
possible beneficial effect of dietary PHGG on treating diarrhea,'”
cholera,'V irritable bowel syndrome,'? and metabolic syndrome-
related functions such as elevated fat and cholesterol levels,(?
and increases in postprandial blood glucose levels.(*'9 Taken
together, it is clear that PHGG is capable of regulating, either
directly or indirectly, a number of processes in the intestine, the
first interactive interface with dietary PHGG in vivo, and other
tissues. Many of these effects are likely to be mediated at the level
of the transcriptome, although the molecular mechanism of action
of PHGG on intestinal cellular processes, including cholesterol
and glucose absorption, remains unknown. Elucidation of the
molecular mechanism of action of PHGG may contribute towards
the development of effective treatments of metabolic syndrome.

The availability of microarray technology, which allows for the
investigation of the effect of substances such as PHGG on gut
function by measuring the simultaneous expression of thousands
of genes, offers the potential to gain valuable insights into the
possible mechanism of action of PHGG. Therefore, in an effort to
better understand the molecular mechanism by which PHGG
affects intestinal cells, we compared the effect of PHGG on global
gene expression in mouse intestinal mucosa using microarray
technology. In addition to investigating the effect on global gene
expression, particular emphasis was given to investigating the
effect of PHGG on the expression of genes pertaining to processes
involved in host defense functions and cholesterol absorption.

Materials and Methods

Partially hydrolyzed guar gum used. A commercial pre-
paration of PHGG, “Sunfiber” (Taiyo Kagaku Co., Ltd., Yokkaichi,
Japan), was used in this study. The PHGG was prepared by treat-
ment of guar gum with B-endogalacto-mannase from a strain of
Aspergillus niger, and the average molecular mass of the PHGG as
measured by HPLC was approximately 20 kDa. The total dietary
fiber content of the PHGG was 80% as determined by the method
of the Association of Official Agricultural Chemists.

Animals and diet. Maintenance of the animals and experi-
mental procedures were carried out in accordance with the guide-
lines of the US National Institutes of Health for the Use of
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Table 1. Composition of AIN-93G diet, modified by an increase in the
quantity of cellulose or substitution of cellulose with PHGG (control
diet)

Ingredients (g/kg) PI(-)|Dé)G IEHSGO/& PSHOGO/&
Cellulose 50 25 0
PHGG 0 25 50
Casein 200

L-cystine 3

Corn starch 397.486
Gelatinized corn starch 132

Sucrose 100

Soybean oil 70

AIN-93 mineral mixture 35

AIN-93G vitamin mixture 10

Choline bitartrate 2.5
t-Butylhydroquinone 0.014

Experimental Animals. The procedures were approved by the
Animal Care Committee of the Taiyo Kagaku Co., Ltd.

Four-week-old male db/db mice, a rodent model of type 2
diabetes, were purchased from Charles River Japan (Yokohama,
Japan). Mice were housed individually in cages in a room kept at
18-24°C and 40-70% relative humidity with a 12-h light/dark
cycle. Animals were allowed free access to their food and drinking
water. First, mice were fed with a diet recommended by the
American Institute of Nutrition, AIN-93G, prepared by Oriental
Yeast Co., Ltd. (Tokyo, Japan) for 1 week during their acclimati-
zation period. They were then divided into three groups of 10
animals each, comprising: (1) 0% PHGG group; diet without
PHGG, (2) 2.5% PHGG group; diet with 2.5% of PHGG and
2.5% of cellulose, (3) 5.0% PHGG group; diet with 5.0% of
PHGG. The composition of each diet is described in Table 1.

Blood and tissue collection. After 4 weeks of feeding, mice
from each group were deprived of food overnight. The following
morning, mice were lightly anesthetized with ether and blood
samples were obtained from the retro-orbital plexus of mice into
a syringe containing heparin. Mice were then killed by cervical
dislocation. The intestinal mucosa (lower 1/3 part of the small
intestine, from the pylorus to vermiform appendix) was recovered
by scraping with glass slides.

Determination of blood lipid parameters and glucose
levels. Plasma was obtained from blood isolated by low speed
centrifugation at 1,700 x g for 10 min at 4°C. Plasma triglyceride
(TG), total cholesterol (T-CHO), high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and
glucose (GLU) levels were analyzed by the Oriental Yeast Co. Ltd.

DNA microarray analysis. RNA was recovered using
ISOGEN (Nippon Gene, Tokyo, Japan) according to the manu-
facturer’s instructions, and subjected to microarray analysis
using Mouse Gene 1.0 ST Array (Affymetrix, Santa Clara, CA)
according to the manufacturer’s instructions. Details of sample
preparation and processing for microarray analysis are available
from Affymetrix.

RT and quantitative PCR analysis. Reverse transcription
(RT) was performed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster, CA), Quantitative
real-time PCR was performed using a Power SYBR® Green
PCR Master Mix and 7300 Real time PCR system (Applied
Biosystems). The B-actin gene was used as an internal control.
PCR reactions for each target and control gene were performed in
triplicate. Primer sequences used were as follows: Oas3 based on
NM 145226: forward, 5'-CCAACCCAAGTGCCAATAAAA-3,
and reverse, 5S'-AACATGACTTGAGATACTATCCAATGCT-3',
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Oaslg based on NM_011852: forward, 5'-GCTGTGGTACCC
ATGTTTTATGAA-3', and reverse, 5'-AACCACCGTCGGCA
CATC-3', Duox2 based on NM_177610: forward, 5'-GCAACCC
AACGTTTTCTTCTG-3', and reverse, 5'-GCAAGCCGTCCG
TTGTG-3', Nlrc5 based on FJ889356: forward, 5'-AAGGGA
CCTCGAGTGACAGTACTACT-3', and reverse, 5-TCCAGCG
GAGCCGATATG-3', Soat! based on NM_009230: forward, 5'-
GAATATCAAACAGGAGCCCTTCA-3', and reverse, 5'-AAG
ACACCTGGCAAGATGGAGTT-3', and f-actin based on
NM_007393: forward, 5-TATCCACCTTCCAGCAGATGT-3',
and reverse, 5'-AGCTCAGTAACAGTCCGCCTA-3'.

Statistical analyses. All results are expressed as mean +
standard deviation (SD). The microarray data were analyzed
statistically using one-way analysis of variance (ANOVA) between
the 0% PHGG, 2.5% PHGG and 5.0% PHGG groups (Partek
Genomics Suite; Partek Inc., St. Louis, MO). Quantitative real-
time PCR, weight gain, food intake, blood lipid parameters and
glucose data were analyzed statistically by a student ¢ test using
the Microsoft Excel data analysis program. p values less than 0.05
and 0.10 were considered to indicate significant difference and a
tendency to be different, respectively.

Results

Effect of PHGG on weight gain and food intake. When
db/db mice were fed diets containing PHGG for 4 weeks, there
was no significant difference among the groups; either in terms of
food intake or weight gain (Table 2).

Effect of PHGG on blood lipid parameters and glucose
levels. Dietary PHGG did not significantly affect plasma lipid
parameters or glucose levels (Table 3). However, lower levels of
LDL-C were found in the 2.5% PHGG group compared to the 0%
PHGG group (p = 0.067), and lower levels of T-CHO (p = 0.095)
and GLU (p=0.080) were found in the 5.0% PHGG group
compared to the 0% PHGG group.

Gene expression analysis. We used a high-density genome-
wide microarray technique for the mRNA expression profile of
small intestinal mucosa in order to investigate the effect of chronic
treatment with PHGG on gene expression changes in the levels
of mRNA. We used the GeneChip® Mouse Gene 1.0 ST Array
(Affymetrix), which interrogates 28,853 well-annotated genes with
770,317 distinct probes. Comparison of the expression profiles

Table 2. Effect of dietary PHGG on weight gain and food intake of mice

0% 2.5% 5.0%

PHGG PHGG PHGG
Initial body weight (g) 17.8+1.4 18.1+1.2 17.7+£1.2
Final body weight (g) 323+ 1.7 31.1+24 31.9+2.0
Weight gain (g) 16.3+5.6 13.0+2.2 14.2 +2.1
Food intake (g/day) 5.8+0.9 5.4+0.4 44+04

Table 3. Effect of dietary PHGG on blood lipid parameters and glucose
levels in mice

0% 2.5% 5.0%
PHGG PHGG PHGG
TG (mg/dI) 78+23 89 = 31 58 + 30
T-CHO (mg/dl) 161+19 141 +31 138 + 19%
HDL-C (mg/dl) 91+ 11 81+18 78+ 12
LDL-C (mg/dl) 6+2 5+ 1% 5+2
GLU (mg/dl) 621+ 105 533+78 429 +187*

Data are shown as mean + SD. *p<0.1 vs 0% PHGG group. TG indicates
triglycerides; T-CHO, total cholesterol; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; GLU, glucose.
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A 2.5% PHGG vs 0% PHGG
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Fig. 1.

5.0% PHGG vs 0% PHGG

Number of transcripts putatively associated with chronic treatment of PHGG. A Venn diagram showing the number of transcripts differing

significantly between differing composition of PHGG (A) Transcripts of genes significantly up-regulated between 0% PHGG diet group and 2.5%
PHGG diet group, and between 0% PHGG diet group and 5.0% PHGG diet group. Combination of these two comparisons by Venn diagram
illustrates the number of genes up-regulated by chronic treatment of PHGG. (B) Transcripts of genes significantly down-regulated between 0%
PHGG diet group and 2.5% PHGG diet group, and between 0% PHGG diet group and 5.0% PHGG diet group. Combination of these two
comparisons by Venn diagram illustrates the number of genes down-regulated by chronic treatment of PHGG. Genes that satisfied the criteria of
fold change >1.5 and p value >0.05 were considered significantly regulated.

Table 4. The common up-regulated transcripts by PHGG

Fold-change
Probe ID Gef‘e Description 2.5% PHGG 5.0% PHGG
assignment

vs 0% PHGG vs 0% PHGG
10424670 NM_010416 hematopoietic cell transcript 1 1.90 4.16
10533213 NM_145226 2'-5' oligoadenylate synthetase 3 3.49 2.92
10486956 NM_177610 dual oxidase 2 3.34 2.87
10533246 NM_011852 2'-5' oligoadenylate synthetase 1g 2.88 2.16
10439321 NM_021301 solute carrier family 15 1.89 1.93
10533256 NM_145211 2'-5' oligoadenylate synthetase 1a 2.65 1.91
10574166 NM_153507 copine Il 1.53 1.72
10524631 NM_145209 2'-5' oligoadenylate synthetase-like 1 1.95 1.70
10574145 FJ889356 NLR family, CARD domain containing 5 1.57 1.58

in PHGG-treated db/db mice enabled the identification of differ-
entially regulated genes associated with the feeding of PHGG.

The present study showed that of the 28,853 transcripts
examined, 54 were up-regulated (41 probes) or down-regulated
(13 probes) by >1.5-fold in 2.5% PHGG-treated mice, and 207
were up-regulated (45 probes) or down-regulated (162 probes) by
>1.5-fold in 5.0% PHGG-treated mice in comparison with 0.0%
PHGG-treated mice (Fig. 1). A Venn diagram revealed 9 common
transcripts that were up-regulated and 8 common transcripts that
were down-regulated by PHGG (Fig. 1). Common up-regulated
and down-regulated transcripts are listed in Tables 4 and 5, respec-
tively.

As described in the Discussion, the expression of 2'-5' oligo-
adenylate synthetases (Oas), dual oxidase 2 (Duox2), and NLR
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family, CARD domain containing 5 (Nlrc5) are considered to in-
volve host defense functions, while the expression of Sterol O-ac-
yltransferase 1 (Soatl) is considered to involve cholesterol
absorption in intestine. Hence, we further analyzed the gene
expression of the seven molecules Oas3, OaslG, OaslA, Oasll,
Duox2, Nilrc5 and Soat] by quantitative real-time PCR to confirm
the results obtained from the microarray analysis. PHGG treat-
ment markedly increased the gene expression of Oas3, OasliG,
Duox2 and Nlrc5, and decreased the gene expression of SOATI
compared with vehicle administration (Fig. 2). With regard to the
gene expression of Oas3, Duox2, OaslG, Nlrc5 and Soatl, the
results obtained from the quantitative real-time PCR analysis
paralleled those obtained from the microarray analysis.
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Table 5. The common down-regulated transcripts by PHGG

Fold-change
Probe ID Gene Description 2.5% PHGG 5.0% PHGG
assignment -2 70 o7
vs 0% PHGG vs 0% PHGG
10498797 XR_035682 predicted gene 5277 0.65 0.66
10430679 —_ —_ 0.61 0.64
10359161 NM_009230 sterol O-acyltransferase 1 0.65 0.60
10421970 —_ —_ 0.64 0.57
10582658 NM_007428 angiotensinogen 0.64 0.53
10571567 NM_172752 sorbin and SH3 domain containing 2 0.64 0.52
10538706 BC137623 multimerin 1 0.66 0.49
10372503 NM_010195 leucine rich repeat containing G protein 0.54 0.48
coupled receptor 5
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Fig. 2. Dietary effects of PHGG on gene expression in db/db mouse intestinal mucosa as assessed by real-time PCR. RNA was harvested from mouse

intestinal mucosa and analyzed for Oas3, Oas1g, Duox2, Nirc5 and Soat1, as well as actin by real-time PCR, as described in Materials and Methods.
Data presented represent mean + SD (n = 7). One and two asterisks indicate p values of <0.05 and <0.01, respectively, as determined by student

t tests.

Discussion

The objective of this study was to determine whether PHGG
affects gene expression in diabetic mouse small intestine at the
mRNA level. Using microarray technology, we showed that 9
genes were up-regulated and 8 genes were down-regulated by
chronic treatment with PHGG (Tables 4 and 5).

Dual oxidases; DUOX1 and DUOX2 localize to the apical
plasma membrane of epithelial cells in major airways, salivary
glands and the gastrointestinal tract, and provide extracellular
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hydrogen peroxide for lactoperoxidase to produce antimicrobial
hypothiocyanite ions.'” 2'-5' Oligoadenylate synthetases (OAS)
are enzymes induced by and mediate the antiviral action of
interferon, and synthesize 2',5'-linked phosphodiester bonds to
polymerize ATP into oligomers of adenosine.!®!®) These unique
2',5'-oligomers specifically activate the latent form of RNaseL,
leading to viral RNA degradation. Nucleotide-binding oligo-
merization domain-like receptor NLRCS5 is a cytosolic protein
which functions in innate immune responses.?® Since DUOX2,
OAS3, OAS1G and NLRCS5 participate in host defense functions
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as mentioned above, dietary PHGG may increase immune func-
tions. We previously reported on the preventive effect of PHGG
on the colonization of Salmonella enteritidis in young and laying
hens.®"” Our present results derived from the gene expression
assay shed light on the mechanism of this preventive effect.

Sterol O-acyltransferase (SOAT; Acyl-coenzyme A:cholesterol
acyltransferase/ACAT) is an intracellular enzyme that catalyzes
the formation of cholesteryl esters from cholesterol and fatty acyl-
coenzyme A.?? In mammals, two isoenzymes, SOATI and
SOAT?2, encoded by two different genes, are present. SOATI is
expressed in many tissues;*® in mice, the highest expression
levels are in macrophages, adrenal glands, dermal sebaceous
glands and preputial glands. SOATTI is also expressed in athero-
sclerotic lesions. SOAT?2, however, is expressed only in the liver
and intestine. Although SOAT2 is the major cholesterol-esterifying
enzyme in mouse enterocytes as shown by studies of SOAT2-
deficient mice,®*?> we showed the possibility that PHGG
decreased blood cholesterol through down-regulating Soat!
mRNA and decreasing cholesterol esterification in mouse small
intestine.

Dietary fiber has been reported to exert hypocholesterolemic
effects.®® Several mechanisms of this cholesterol-lowering effect
of dietary fiber have been suggested, such as direct binding of
cholesterol within the intestinal lumen, interference with the
diffusion of luminal cholesterol toward the epithelial cell surface,
and antagonization of the cholesterol emulsification process.?
Information concerning the effect of dietary fiber consumption
on the expression of genes that regulate intestinal cholesterol
absorption and hepatic sterol balance is limited. For the most part,
published reports on the molecular mechanisms associated with
the hypocholesterolemic effects of dietary fibers have pertained to
the hepatic mRNA expression of HMG-CoAR and CYP7A1.2729
Additionally, GG consumption has been shown to reduce hepatic
free-cholesterol concentrations and increase SREBP2-dependent
hepatic LDLR mRNA and protein expression.®® GG consumption
was also shown to increase hepatic ABCGS5/G8 mRNA and
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