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Abstract

a-Galacto-oligosaccharides have been reported to have beneficial health effects. The purpose of
this study was to investigate the preventive effects of a newly synthesized a.-galacto-
oligosaccharide mixture (a-GOSg), as well as raffinose family oligosaccharides (RFOs), on
dextran sulfate sodium (DSS)-induced colitis in mice. When administered in drinking water at
0.5% for 15 days, both a-GOSg and RFOs significantly decreased fecal hemoglobin content,
partially prevented colon length shortening, reduced the severity of colon inflammation, and
attenuated DSS-induced upregulation of cyclooxygenase-2. In addition, the activation of the
inflammatory regulator nuclear factor-kappa B was slightly inhibited by a-GOSg. The results
showed that the newly synthesized a.-GOSg preparation has similar anti-inflammatory activities as
RFOs in this colitis model. The anti-inflammatory activity of a-GOSg in humans remains to be
investigated.
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1 Introduction

Galacto-oligosaccharides, comprised of a chain of galactose units with galactosidic linkages,
are generally considered to be prebiotic (Torres, Gongalves, Teixeira, & Rodrigues, 2010). A
variety of beneficial health effects have been reported for this group of compounds, such as
modulating immune activities, reducing serum cholesterol levels, improving mineral
absorption and improving intestinal health (Dai et al., 2014; Rastall & Gibson, 2015;
Vulevic, Juric, Tzortzis, & Gibson, 2013; Weaver et al., 2011). However, the mechanisms of
action are not clearly understood.

Most of the galacto-oligosaccharides used in previous studies were B-galacto-
oligosaccharides, which are typically synthesized by the enzymatic activity of -
galactosidase on lactose in a reaction known as transgalactosylation (Sangwan, Tomar,
Singh, Singh, & Ali, 2011). For example, B-D-galactosidase from Bacillus circulans has
been used to bio catalyze the formation of A-acetyl-oligosaccharides from lactose and A-
acetylglucosamine (Li, Sun, Ye, & Zeng, 2010). A recent study suggested that galacto-
oligosaccharides with §-(1—6) linkages had higher prebiotic index values than those of -
(1—4) linkages (Li, Wang, Sun, Ye, Hu, & Zeng, 2015). a-Galacto-oligosaccharides,
derived from legumes, have been shown to modulate appetite, and decrease inflammation in
overweight adults (Morel, Dai, Ni, Thomas, Parnet, & Fanca-Berthon, 2015). However, the
biological activities of other galacto-oligosaccharides with a-glycosidic linkages still remain
unclear.

In this study, a newly synthesized a.-galacto-oligosaccharide mixture (designated as a.-
GOSg), derived from galactose (Gal), was investigated together with raffinose family
oligosaccharides (RFOs). The structures of the a-GOSg and RFOs are shown in Figure 1.
RFOs, having structures with 1 to 3 galactose units linked to a sucrose molecule (known as
raffinose, stachyose, verbascose, respectively), are typical a-galacto-oligosaccharides. They
have been found in a variety of legumes and exist almost ubiquitously in the plant kingdom.
In abundance, RFOs rank second only to sucrose as naturally occurring soluble
carbohydrates (Kuo, Vanmiddlesworth, & Wolf, 1988). Some a-galacto-oligosaccharides are
also known for their ability to stimulate the growth of beneficial bacteria, especially
Bifidobacterium (Ehara et al., 2016).
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Colitis, also known as inflammatory bowel disease (IBD), usually shows clinical symptoms
of abdominal pain, diarrhea, rectal bleeding, malaise and weight loss (Bouma & Strober,
2003). The incidence and prevalence of IBD are increasing around the world (Molodecky et
al., 2012). Although the exact mechanisms of pathogenesis of IBD are still unclear, several
studies have indicated that intestinal bacteria play a key role. For example, IBD usually
occurs in intestinal regions where bacterial populations are most abundant (Jonkers, Penders,
Masclee, & Pierik, 2012). In addition, the microflora composition of IBD patients usually
differ from healthy controls (Sokol et al., 2006). Some clinical studies have investigated the
effects of probiotics in IBD patients, and found that intake of probiotics attenuated
inflammation-associated symptoms and delayed transition to epithelial dysplasia and cancer
(Appleyard, Cruz, Isidro, Arthur, Jobin, & De Simone, 2011; Reiff & Kelly, 2010). One of
the possible mechanisms is that the growth of commensal protective bacteria can decrease
the colonization of disease-inducing bacteria in the colon. There is emerging interest in the
general public and scientific communities on the possible use of probiotics in the treatment
of colitis.

The administration of probiotics, however, is not the only way to modify the intestinal
microflora. There is also a great interest in prebiotics, which have shown selective
stimulatory effect on the growth of /actobacillus and bifidobacterium in the colon (Steed,
Macfarlane, & Macfarlane, 2008). Changes in intestinal microbiota have been proposed as
the basis for the colonic anti-inflammatory activity of prebiotics.

In this study, we investigated the anti-inflammatory effects of a newly synthesized
oligosaccharide preparation, a.-GOSg, on a colitis model and compared the activities with
those of RFOs. The oligosaccharides were administered in drinking water as a dose of 0.5%,
which approximates (calculated based on energy consumption of mice and humans) the
recommended amount of 5g of a-galacto-oligosaccharides for human consumption by the
China Food and Drug Administration (Approval No. G20040234). Acute colitis was induced
with dextran sulfate sodium (DSS) in mice on a high-fat Western-style diet (HFWD). This
HFWD was modified from the Western-style diet designed by Newmark et al (Newmark et
al., 2001), which mimics dietary risk factors of western populations for colon cancer, by
increasing the total fat content from 40% to 60% of total calorie. The diet contains a higher
level of fat and lower levels of calcium, vitamin D3, choline, folate, and fiber than the
normal AIN (e.g. AIN76A and AIN93M) diet. We have used the HFWD to induce metabolic
syndrome in mice in several studies, and the composition of the diet has been published
(Chen et al., 2011). This HFWD diet was used in this study because it was readily available
(being used in other projects in our laboratory) and because it was expected to promote the
DSS-induced colitis.

2 Materials and methods

2.1. Chemicals and diets

DSS (MW=36,000-50,000) was purchased from MP Biomedicals, LLC (Solon, OH, USA).
High-fat Western-style diet (HFWD; 60% energy as fat; reduced levels of calcium,
vitaminD3, choline, folate, and fiber) was prepared by Research Diets Inc. (New Brunswick,
NJ, USA). The preparation of RFOs used in this study was extracted from soybean
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(containing 81.2% of raffinose, stachyose and verbascose, 16.5% of sucrose and 2.3% of
ash) and was purchased from Nanjing Duolong Bio-tech Co., Ltd (Nanjing, China). a-GOSg
were enzymatically synthesized as described below. a-Galactosidase was purchased from
AMANO International Trading Co., Ltd (Shanghai, China). The structures of a-GOSg and
RFOs are shown in Figure 1.

2.2. Preparation of a-galacto-oligosaccharides

The synthesis of a-GOSg was carried out with galactose as the substrate and a-
galactosidase as the catalyst. Galactose was dissolved in distilled water by autoclaving at
121°C for 20 min (96%, w/v), and then transferred to an incubator at a reaction temperature
of 60°C. The reaction was started by the addition of a-galactosidase (35 U/g-galactose).
After incubation for 24 h, the reaction mixture was heated to 100°C for 10 min to inactivate
the enzyme. The solution was then put onto an activated carbon column (2.5 x 20 cm). The
column was eluted with 4% ethanol to wash off galactose, and then eluted with 20% ethanol.
The fractions containing the reaction products (a-GOSg) were collected, concentrated, and
freeze-dried to yield a white powder. The a-GOSg contained 84% Gal2 (with 52% of Gal-
a-1-6-Gal and 32% of other a-galactoside linked disaccharide) and 16% Gal3 (with 7% of
Gal- a-1-6-Gal-a-1-6-Gal and 9% of other a-galactoside linked trisaccharides) based on
HPLC analysis (Supplementary Figure 1). Results on the MS and NMR characterizations of
different peaks are shown in Supplementary Figures 2 and 3.

2.3. Animal treatments

Male C57BL/6J mice (8 weeks old, 20-22g) were obtained from Jackson Laboratory (Bar
Harbor, ME, USA). All animal experiments were carried out under protocol 02-027,
approved by the Institutional Animal Care and Use Committee at Rutgers University
(Piscataway, NJ, USA). Mice were maintained in standard shoe-box cages in a controlled
room (temperature 24 to 25°C, humidity 70%-75%, and a lighting regimen of 12-hour light-
dark cycles), with free access to food and water. Twenty mice were randomly allocated into
four groups (5 per group): negative control (NC), DSS, DSS + a-GOSg, and DSS + RFOs.
They were all fed the HFWD for 14 days. In the a-GOSg and RFOs treated groups, mice
were given a-GOSg or RFOs in 0.5% drinking water for all 14 days. Colitis was induced by
administration of 1.5% (w/v) DSS in drinking water from day 8 to day 12 for 5 days. When
DSS and oligosaccharides were both present in drinking water, no turbidity of the solution
was observed. NC group only received water. During the experiment, body weight, solid
fecal weight, and food and water consumption were measured daily. Mice were sacrificed by
CO», asphyxiation 48 h after cessation of DSS treatment. Blood was collected by cardiac
puncture; serum was prepared and stored at —80°C. Liver was quickly removed and stored at
—-80°C. The colon was removed, its length measured (from cecum to anus), rinsed with cold
PBS and cut longitudinally into two halves: one half was stored in RNAlater solution
(Ambion, Austin, TX, USA) for RNA extraction and the other was stored in 10% formalin
for histological evaluation.

2.4. Measurement of fecal hemoglobin content

Fecal samples were collected daily and the samples collected on Days 10, 11, 12 and 13
were analyzed for hemoglobin content. In brief, 25 mg fecal samples were freeze-dried,
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ground into powder and mixed with 0.5 ml water. After boiling for 10 min, the mixtures
were placed on ice. Then, 3 ml of 30% acetic acid were added into the mixtures. The
mixtures were vortexed for 2 min, and then 4.5 ml ethyl acetate was added and mixed by
gently shaking for 2 min. After centrifugation, the clear supernatant (0.5 ml) was collected
and mixed immediately with 0.5 ml TMB working solution (0.6 mmol/L 3,3",5,5"-
tetramethylbenzidine in a mixture of acetic acid/dH,O/ethanol = 20/30/50) and 0.5 ml 3%
H»0,. The absorbance at 660 nm was measured. Standard hemoglobin (Sigma, St. Louis,
MO, USA) was used to prepare 125, 62.5, 31.25, 15.06, 7.53, and 3.76 ug/ml solution for
generating standard curves. The fecal hemoglobin content was based on the standard curve.
The measurements were done in triplicates.

2.5. Histological characterization

The formalin-fixed colon was used to prepare a paraffin embedded Swiss-Roll and sectioned
serially at 4-um thickness to contain the entire Swiss-Roll. The colon tissue slides were
stained with hematoxylin and eosin (H&E) for histological characterization. Two H&E
stained sections per colon were used for histological evaluation and all slides in the entire
experiment were evaluated in a blind manner. The colitis severity was determined by the
colitis score — the sum of the scores of four individual colitis parameters: inflammation
severity (0, none; 1, minimal; 2, moderate; 3, severe), extent of inflammation (0, none; 1,
mucosal; 2, mucosal and submucosal), crypt damage (0, none; 1, one-third of crypt
damaged; 2, two-thirds of crypt damaged; 3, crypts lost, surface epithelium intact; 4, crypts
lost, surface epithelium lost), and percent area involvement (0, 0%; 1, 1-25%; 2, 26-50%; 3,
51-75%; 4, 76—100%). This scoring system is commonly used for evaluating DSS-induced
colitis in mice (Wen, Wang, Yu, Zhao, Zhang, Matin, et al., 2014).

2.6. RNA extraction and real-time quantitative reverse transcription PCR

Total RNA of colon was extracted from the samples stored in RNAlater solution using the
RNeasy Mini Kit (Qiagen Inc., Valencia, USA). The concentration of RNA was determined
by absorbance at 260 nm, and the quality was evaluated by the integrity of 8S and 18S RNA
in agarose electrophoreses. The values of all RNA samples at absorbance 260/280 ranged
between 1.8-2.0, and the RNA electrophoresis showed two bright bands. The PCR reaction
was initiated by a 5 min activation of hot-start DNA polymerase at 95°C followed by 49
cycles of target cDNA amplification. The template was initially denatured at 95°C for 15
seconds followed by a 49-cycle program with 45 seconds annealing at 65°C and 10 seconds
elongation at 72°C and acquisition of SYBR Green fluorescence. The cDNA was prepared
using the SuperScript First-Strand Synthesis System for RT-PCR Kit (Invitrogen/Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol. Real-time
PCR was then carried out by using Power SYBR® Green PCR Master Mix kit (ABI Co.,
Ltd., Foster City, CA, USA) on ABI ViiA™ 7 system (ABI). Primers used for PCR are listed
in Table 1. All specific primers have only one amplification. GAPDH was used as the
internal control and the expression of each target gene was normalized by GAPDH level.

2.7. ELISA analysis of colon protein level

Frozen colon tissue samples were weighted and added into ice-cold Cell Extraction Solution
(the lysis buffer in mouse COX-2 ELISA kit; Abcam, Cambridge, MA, USA) at 0.1g/ml
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ratio. The tissue samples were then lysed using Omni Bead Raptor 24 (Omni International,
Kennesaw, GA) at lower temperature. The supernatants were collected after the tissue lysis
was centrifuged at 12,000 x g for 10 min at 4°C and stored at —20°C. Protein concentrations
of these samples were determined by BCA protein assay kit (Thermo Scientific, Waltham,
MA, USA). The levels of cyclooxygenase (COX-2) and colony stimulating factor (CSF-1) in
these samples were determined using Mouse COX-2 and Mouse CSF-1 ELISA kits (Abcam)
according to the manufacturer’s protocols. The values of COX-2 and CSF-1 were
normalized by the protein concentration.

2.8. Immunohistochemical staining

Immunohistochemical staining was used to characterize the activation of nuclear factor-
kappa B (NF-xB) in colon tissues. In brief, two tissue sections (~40 pm apart) were
deparaffinated by xylene and rehydrated by a series of ethanol solutions. Then, tissue slides
were boiled in antigen unmasking solution (DAKO, Copenhagen, Denmark) in a microwave
oven for 6 min to unmask antigens. Endogenous peroxidase activity was quenched by 3%
H,0,. Sections were then incubated with 10% normal serum for 1 h at room temperature,
followed by incubation with the primary antibody (rabbit monoclonal anti-NF-xB p65,
1:2000; Abcam) overnight at 4°C. After washing, the tissue sections were incubated with the
prediluted horseradish peroxidase-conjugated secondary antibody (1:200 in 10% normal
serum) for 45 min at room temperature, followed by incubation with avidin-biotinylated
enzyme complex (Vector Laboratories, Burlingame, CA, USA) for 50 min. Slides were
developed with 3, 3’-diaminobenzidine solution (Vector Laboratories). Finally, slides were
counterstained with hematoxylin and mounted with Permount (Sigma-Aldrich, St. Louis,
MO, USA). For negative controls, 1% of non-immune serum in phosphate-buffered saline
(PBS) replaced the primary antibodies. The immunohistochemistry staining of NF-xB p65
was quantified for the entire slide (cut from the Swiss Roll of the colon) using Aperio
ScanScope GL system (Aperio, Vista, CA, USA). The results are presented as the
percentage of the cells with positive stained nucleus.

2.9. Statistical analysis

3 Results

Statistical analysis was performed using SPSS software version 18.0 (SPSS Inc., Chicago,
IL, USA). Data were presented as mean + SD. One-way ANOVA followed by Tukey’s post
hoc test was used to compare multiple groups. Student t-test was used to determine the
differences in two groups. Differences were considered statistically significant when P<
0.05.

3.1. Food and water consumption

It has been reported that DSS treatment causes anorexia in rats (Mercier, Breuille, Mosoni,
Obled, & Patureau Mirand, 2002). In the DSS-control mice, food intake was reduced during
the five days of treatment with DSS and the three days of recovery (Figure 2A). During the
five days of DSS treatment, the mean liquid consumption of each group (NC, DSS, DSS +
a-GOSg or DSS + RFOs) were 3.11, 2.89, 2.54 and 2.92 ml/d/mouse, respectively (Figure
2B). However, significant difference among groups in the mean water consumption of days
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8-12 was not shown by ANOVA. It was noted that a-GOSg significantly decreased water
consumption before the DSS treatment, based on the average water consumption of different
groups for the first 7 days.

3.2. Body weight and fecal weight

Body weights of mice are shown in Figure 2C. The average body weight of each group was
similar at the start. After treatment with DSS for three days, the body weight of the DSS-
treated groups started to drop. At the end of the experiment, there was a significant
difference between the NC and DSS groups (27.8 + 2.1 g versus 19.9 £ 2.4, 22.0 + 0.7, 22.1
+ 1.8 g, P<0.05), but there was no significant difference among the three DSS-treated
groups. Bloody stools were found from the mice of DSS-treated groups on the third day of
DSS treatment. There was also much less solid fecal mass in the three DSS-treated groups
(Figure 2D). After treatment with DSS for five days, there was severe diarrhea with bloody
stools in mice in all three groups.

3.3. Effects on fecal hemoglobin levels

There was no fecal hemoglobin found in the NC group and the fecal hemoglobin contents in
the DSS group were the highest among all groups (Figure 3A). The mean fecal hemoglobin
contents on days 10, 11, 12 and 13 of the group treated with a-GOSg or RFOs were lower
than the group treated with DSS alone. The mean + SD (n=4) of the fecal hemoglobin levels
of group NC, DSS, DSS + a-GOSg and DSS + RFOs were 0.07 + 0.032, 3.01 + 1.20°, 0.77
+0.482 and 1.29 + 0.332, respectively (3P represent significant differences among groups, P
< 0.05 by ANOVA), suggesting a protective effect against intestinal bleeding.

3.4. Colon length shortening

Visually, the colons of the NC group were normal with fecal pellets inside, but there were
little or no pellets inside of the colons of the DSS group, due to diarrhea (Figure 3B). In the
two groups treated with a-GOSg or RFOs, there were shaped fecal pellets in the colon. The
colon length from the cecum to the anus of each mouse was measured. Compared to the NC
group, the colon of the DSS group was markedly shortened (5.40 + 0.47 versus 8.52 + 0.31
cm, P<0.05). Treatment with a-GOSg and RFOs partially, but significantly, prevented the
shortening (P < 0.05), suggesting a protective effect.

3.5. Effects on histopathology and colonic expression of inflammatory factors

Histopathological changes in colitis were analyzed and scored in colon tissues collected
three days after termination of DSS treatment. Representative H&E stained histological
sections and histopathology scores are shown in Figure 4. The colon of NC mice showed
intact epithelium, well-organized crypt, no neutrophil infiltration in mucosa and submucosa,
and no ulceration or erosion. In contrast, the colon tissues from the DSS group showed
severe inflammatory lesions, characterized by complete loss of crypts, surface erosion and
ulceration, and acute transmural inflammatory infiltrates. For mice treated with
oligosaccharides, there was a significant reduction in inflammation and injury. Colon tissues
from the DSS + a-GOSg group showed mild inflammation and colon mucosa that had
tightly packed glands with a normal amount of goblet cells. In the DSS + RFOs group, colon
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tissue had moderately severe inflammation in mucosa and two-thirds of the crypts were
damaged, but the surface epithelium remained intact. Based on the colitis score, both a-
GOSg and RFOs treatments significantly decreased (~ < 0.05) the severity of inflammation
and prevented damage of the crypts, with a-GOSg showing a stronger effect. Colon
inflammation was also assessed by the levels of pro-inflammatory genes (TNF-a, IL-1p,
IL-6, COX-2, MCP-1 and CSF-1) determined by gPCR (Figure 4). Mice from the DSS
group showed upregulation of these pro-inflammatory genes. Treatment with a-GOSg and
RFOs significantly suppressed the DSS-induced upregulation of COX-2 and CSF-1. IL-6
was only reduced by RFOs. The DSS-induced upregulation of IL-1p, MCP-1 and TNF-a
appeared to be reduced by a-GOSg and RFOs, but the reduction was not statistically
significant.

3.6. Effects on nuclear levels of NF-xB p65 and protein expression of COX-2 and CSF-1

The activation of NF-xB was assessed by the nuclear levels of NF-xB p65 as determined by
immunohistochemistry. Most of the positive NF-xB p65 staining was observed in cytoplasm
in the NC group. In the DSS group, a significantly higher level of positive NF-xB p65 was
found in the nucleus (Figure 5). a-GOSg and RFOs treatments appeared to reduce the DSS-
induced nuclear accumulation of NF-xB p65. However, a significant difference was only
observed in the DSS + a-GOSg group by t-test (£ < 0.05). Colonic protein levels of COX-2
and CSF-1 were determined by ELISA (Figure 5F,G). The DSS-induced overexpression of
COX-2 was significantly decreased by a-GOSg and RFOs (P < 0.05), which is consistent
with results on gene expression. The slight decrease of CSF-1 protein level by a-GOSg and
RFOs was not statistically significant.

4 Discussion

In this study, acute mucosal injury was induced by administration of 1.5% DSS in drinking
water in mice on the HFWD. Symptoms of diarrhea, body weight loss, hematochezia, and
colon length shortening were observed in DSS-treated mice. Colon histopathology of mice
from the DSS group showed crypt abscess, mucosal erosion and mucosal inflammatory cell
infiltration. The results were consistent with other reports (Park et al., 2015; Sann, Erichsen,
Hessmann, Pahl, & Hoffmeyer, 2013). All these changes were ameliorated by a-GOSg and
RFOs, reflecting alleviation of colitis. In addition, a-GOSg and RFOs also significantly
suppressed the DSS-induced expression of some pro-inflammatory factors: COX-2, IL-6 or
CSF-1.

In our work, a semi-synthetic modified AIN type diet was used and colitis was induced by a
rather low concentration of DSS (1.5%); whereas in many previous reports much higher
concentrations (2 — 3%) of DSS were used (Kverka, Rossmann et al., 2011; Okayasu,
Hatakeyama, Yamada, Ohkusa, Inagaki, & Nakaya, 1990). This difference could be due to
the fact that the latter studies used “chow diets”, which contained phytochemicals that
induce aryl hydrocarbon receptor and prevent colonic inflammation (Li et al., 2011). In
theory, the high-fat and low-calcium/vitamin D/folate/choline status of the HFWD should
contribute to colon inflammation (Dolan & Chang, 2017; Newmark et al., 2001). In this
experiment, it took five days of 1.5% DSS treatment to produce colitis. In other studies in
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our laboratory with C57BL/6J mice on the AIN93 M diet (10% calories from fat), it took 10
days to produce less severe colitis by 1.5% DSS (Yang, C.S. et al., unpublished results).
However, the possible synergistic effect of DSS and HFWD in the induction of colitis needs
to be substantiated by direct comparisons in the same experiment.

In the present work, we demonstrate the anti-inflammatory effects of a-GOSg and RFOs. a-
GOSg was more effective than RFOs in decreasing the histological score of colitis and fecal
hemoglobin levels. However, a-GOSg also contained more oligosaccharides than RFOs
(containing 14.5% sucrose). In structure, a-GOSg are only composed of galactose, whereas
RFOs have a sucrose molecule as a terminal. It remains to be investigated whether this
structural difference translates to difference in biological activity. Similar beneficial effects
of other oligosaccharides in attenuating colitis have also been reported. In a DSS-induced
colitis model, administration of fructo-oligosaccharides reduced disease activity index,
colonic crypt loss and histological damage in mice (Winkler, Butler, & Symonds, 2007).
However, in another experiment, fructo-oligosaccharides did not reduce DSS-induced
colitis, whereas resistant starch did (Moreau et al., 2003). A reduction of inflammation in the
DSS model was also shown with goat milk oligosaccharides (Lara-Villoslada et al., 2006).

Many pro-inflammatory cytokines are transcriptionally regulated by NF-xB, and their
increased expression has been implicated in the pathogenesis of IBD (Lee et al., 2006). NF-
xB can be activated by a variety of inducers (e.g., cytokines), which activate the 1«B kinase
complex (IKK). Once activated, the NF-xB complex translocates to the nucleus to activate
many pro-inflammatory cytokines and enzymes (Lawrence, 2009). In IBD, NF-xB promotes
the expression of many pro-inflammatory cytokines, including IL-1p, IL-6 and TNF-a, as
well as pro-inflammatory mediators, such as COX-2 and nitric oxide synthase (iNOS) (Tak
& Firestein, 2001). In the present study, the activation of NF-xB and related gene expression
by DSS was clearly demonstrated. Of these downstream factors, however, only COX-2
expression was significantly decreased at the mRNA and protein levels by a-GOSg and
RFOs. COX-2, an enzyme that catalyzes the transformation of arachidonic acid to pro-
inflammatory PGE2, plays an important role in the inflammatory process. The NF-xB p65
level was only slightly suppressed by a-GOSg (p < 0.05 by t-test only), but not RFOs.
CSF-1 is a hematopoietic growth factor involved in inflammation and the proliferation,
differentiation and survival of monocytes, macrophages and bone marrow progenitor cells
(Marshall, Cameron, Lightwood, & Lawson, 2007). However, CSF-1 expression was
decreased only at the mRNA level. The molecular mechanisms for the suppression of CSF-1
by a-GOSg and RFOs are not known. It could be a consequence of the anti-inflammatory
action of these compounds.

The precise molecular mechanisms of the presently observed anti-inflammatory actions of
a-GOSg and RFOs are unclear. One possibility is that a-GOSg and RFOs directly interact
with epithelial or immune cells. Pretreatment of rats with goat milk oligosaccharides,
lactulose-oligosaccharides or fructose-oligosaccharides has been shown to significantly
ameliorate intestinal inflammatory process (Koleva, Valcheva, Sun, Ganzle, & Dieleman,
2012; Lara-Villoslada et al., 2006). Human milk oligosaccharides and bovine colostrum
oligosaccharides have shown effects on gene expression of colonic epithelial cells (Lane,
O’Callaghan, Carrington, & Hickey, 2013). Chitosan oligosaccharides have shown to
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suppress inducible iNOS and nuclear translocation of NF-xB p65 in RAW264.7 cells (Kim
etal., 2014).

Another possibility is through their prebiotic activities. In a similar study with HFWD on
fecal microbiota, after 13 weeks of feeding, the abundance of bifidobacteriawas lower (as
compared to mice fed a low-fat diet), and it was significantly increased in mice that also
received a-GOSg, but not RFOs (Dai et al., unpublished data). On the other hand, the
abundance of the Clostridium leptum group was decreased by either a-GOSg or RFOs. The
dietary treatments did not significantly affect the abundance of Bacteroids, Lactobacilliand
Eubacterium rectale/Clostridium coccoides group (Dai et al., unpublished data). In other
studies, the protective effect of oligosaccharides was associated with increased production of
organic acids and luminal microbiota balance (Algieri et al., 2014). The metabolic products
of gut microbial may lead to the translocation of NF-xB into the nucleus to activate the
expression of cytokines, chemokines and other effectors, which play an important role in
supporting epithelial function (Wells, Rossi, Meijerink, & van Baarlen, 2011). The enhanced
abundance of bifidobacterium and Jactobacillus by galacto-oligosaccharides and RFOs in the
colon have also been demonstrated (Sangwan, Tomar, Singh, Singh, & Ali, 2011; Vulevic,
Juric, Tzortzis, & Gibson, 2013). In the present short-term experiment, it is unclear whether
and when the changes in microbiota play a significant role.

5 Conclusion

In conclusion, we demonstrated that oral administration of a-GOSg and RFOs exerted
significant protective effects against DSS-induced colitis. The beneficial effects of a-GOSg
and RFOs are associated with the suppression of COX-2 expression and possibly other NF-
xB related pro-inflammatory genes. The newly synthesized a-GOSg has comparable
activation to RFOs. More studies are warranted to further investigate the potential beneficial
health effects of a-GOSg in humans.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Newly synthesized a-galacto-oligosaccharides (a-GOSg) alleviates colitis in
mice.

a-GOSg has comparable activities than raffinose family oligosaccharides.

Anti-inflammatory effects of a-GOSg are associated with suppression of
COX-2.
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Figure 1.
Chemical structures of a-GOSg and RFOs.
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Figure 2.

Food and water consumption and effects of treatments on body weight and solid fecal
weight. Food consumption (A) and water consumption (B) were measured daily. The mean
+ SD (n=7) of water consumption of the first 7 days for groups NC, DSS, DSS + a-GOSg
and DSS + RFOs were 3.42 + 0.242P, 3,56 +0.44%, 2.95 + 0.202 and 3.81 + 0.30° ml/mouse/
day, respectively. P represent significant differences among groups by ANOVA test (P<
0.05). Body weights were measured every day at 9:00 a.m. (C). Solid fecal samples were
collected for 24 h daily and weighted at the time of sample collection (D). DSS treatment
started at 9:00 a.m. on day 8 and ended at 9:00 a.m. on day 13. Body weights are shown as
mean + SD (n=5). Other parameters were calculated from the daily measurement for each
cage (5 mice). * represent significant differences among DSS treated groups and NC group
by ANOVA test (P< 0.05). The body weight started to show significant differences from day
12.
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Figure 3.
Effects of different treatments on fecal hemoglobin content and colon length. A.

Hemoglobin levels were determined in solid fecal samples collected on different days. D10,
D11 and D12 were the third, fourth and fifth day of DSS treatment and D13 was the first day
after stopping DSS. The value is the mean of a triplicated determination of the one fecal
sample collected daily from each cage. For days 10, 11, 12 and 13, the mean = SD (n=4) of
the fecal hemoglobin levels of groups NC, DSS, DSS + a-GOSg and DSS + RFOs were
0.07 +0.032, 3.01 + 1.20P, 0.77 + 0.482 and 1.29 + 0.33?, respectively (2P represent
significant differences among groups, P < 0.05 by ANOVA followed by Tukey’s post hoc
test). B. photos of colon length (one representative colon from each group). C. Colon length
of each group, the length of each group (mean * SD, n=5). @P.¢ represent significant
differences among different groups by ANOVA test (P< 0.05).
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Figure 4.
Effects of treatments on histopathological changes and colonic expression of inflammatory

factors (IL-6, COX-2, CSF-1, IL-1B, TNF-a, MCP-1). Histological sections of colonic
tissue stained with hematoxylin and eosin are shown: (A) NC group; (B) DSS group; (C)
DSS + a-GOSg group; (D) DSS + RFOs; (E) colitis score of each group (mean = SD,
n=10); (F) the data of gene expression expressed as mean + SD (n=5). a—d represent
significant differences among different groups by ANOVA test (P < 0.05).
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Figure 5.
Effects of treatments on levels of NF-xB p65 by immunohistochemical analysis (A-E) as

well as COX-2 (F) and CSF-1 (G) expression determined by ELISA in DSS-treated mice.
For immunohistochemical staining: (A) NC group; (B) DSS group; (C) DSS + a-GOSg
group; (D) DSS + RFOs; (E) Positive staining was scored (using Aperio ScanScope GL
system and expressed as a percentage of positive stained cells/total cells (mean = SD, n=10).
The protein levels of COX-2 and CSF-1 determined by ELISA were expressed as mean +

SD (n=10). a-b represent significant differences between different groups by ANOVA test (P
< 0.05). * represent significant differences between DSS group and DSS + a-GOSg by
student’s t-test (£ < 0.05). ANOVA showed no significant difference among DSS treated
groups.
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Primer Sequences Used in Real-Time PCR (RTgPCR) Assays in Colonic Tissue

Table 1

Gene

Sequence (5”-3")

Annealing temperature (°C)

TNF-a

IL-1a

IL-6

COX-2

MCP-1

CSF-1

GAPDH

F:CCCTCACACTCAGATCATCTTCT
R:GCTACGACGTGGGCTACAG

F:CTGTGACTCATGGGATGATGATG
R:CGGAGCCTGTAGTGCAGTTG

F:TAGTCCTTCCTACCCCAATTTCC
R:TTGGTCCTTAGCCACTCCTTC

F:AGGTCATTGGTGGAGAGGTG
R:CCTGCTTGAGTATGTCGCAC

F:GAGGACAGATGTGGTGGGTTT
R:AGGAGTCAACTCAGCTTTCTCTT

F:GGCTTGGCTTGGGATGATTCT
R:GAGGGTCTGGCAGGTACTC

F:AGGTCGGTGTGAACGGATTTG
R:TGTAGACCATGTAGTTGAGGTCA

60

60

60

60

60

60

60

Food Res Int. Author manuscript; available in PMC 2019 July 01.

Page 20



	Abstract
	Graphical Abstract
	1 Introduction
	2 Materials and methods
	2.1. Chemicals and diets
	2.2. Preparation of α-galacto-oligosaccharides
	2.3. Animal treatments
	2.4. Measurement of fecal hemoglobin content
	2.5. Histological characterization
	2.6. RNA extraction and real-time quantitative reverse transcription PCR
	2.7. ELISA analysis of colon protein level
	2.8. Immunohistochemical staining
	2.9. Statistical analysis

	3 Results
	3.1. Food and water consumption
	3.2. Body weight and fecal weight
	3.3. Effects on fecal hemoglobin levels
	3.4. Colon length shortening
	3.5. Effects on histopathology and colonic expression of inflammatory factors
	3.6. Effects on nuclear levels of NF-κB p65 and protein expression of COX-2 and CSF-1

	4 Discussion
	5 Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

