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Abstract

In this study, we investigated the effects of a newly synthesized a-galacto-oligosaccharide mixture
(a-GOSg), 0.5% in drinking water, on high-fat/western-style diet (HFWD)-induced metabolic
abnormality in mice in a study of 13 weeks. Raffinose family oligosaccharides (RFOs) were
included as a comparison. Mice treated with a-GOSg had significantly lower body weight and
body fat (p < 0.05), while RFOs were less effective. Both a-GOSg and RFOs significantly reduced
serum levels of total cholesterol and low-density lipoprotein cholesterol, alanine aminotransferase
and liver lipids. However, only a-GOS significantly decreased the histopathological score for liver
steatosis and downregulated hepatic fatty acid synthesis gene acetyl CoA carboxylase-a. a-GOSg
also significantly reduced the content of bile acids in the small intestine and significantly increased
the abundance of gut Bifidobacterium and decreased the abundance of Clostridium leptum. These
actions are proposed to be key mechanisms contributing to the beneficial health effects of a-
GOSg.

Graphic abstract

A newly synthesized a-galacto-oligosaccharide mixture (a-GOSg) alleviated HFWD-induced
metabolic disorders mainly through the regulation of the intestinal environment.
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1. Introduction

Galacto-oligosaccharides (GOS), one of the most commonly used prebiotics, contain a
mixture of oligosaccharides formed by one to ten galactosyl moieties linked to a terminal
glucose or galactose.l: 2 As non-digestible oligosaccharides, they can be utilized by gut
microflora and modify the composition of gut microbiota.3 GOS have been reported to
enhance the growth of beneficial bacteria (such as bifidobacterium and lactobacillum) and
suppress the growth of pathogenic and putrefactive bacteria.*-8 In addition to being
prebiatics, GOS exhibit other functions, such as preventing constipation, reducing the level
of blood cholesterol, improving mineral absorption and alleviating certain acute or chronic
diseases.’~10 In this study, a newly synthesized a-galacto-oligosaccharides mixturel!
(designated as a-GOSg), derived from galactose (Gal), was investigated together with the
naturally occurring raffinose family oligosaccharides (RFOs) as a comparison. RFOs usually
exist in seeds from different plant families. Having a structure with 1-3 galactose units
linked to a sucrose molecule, RFOs are typical a-GOS.12 RFOs have been shown to
promote the growth of beneficial bacteria and immunomodulation and to alleviate metabolic
abnormalities.>13 Our previous study indicated that the a-GOSg was effective in preventing
DSS-induced colitis than RFOs.14 In the present study, the effects of the newly synthesized
a-GOSg on high-fat diet induced metabolic abnormities were investigated with RFOs
included as a comparison. Our hypothesis is that a-GOSg alleviates metabolic abnormalities
by altering gut microbiota, bile acid and lipid metabolism, or the expression of specific
genes.

Metabolic syndrome is a set of disorders that include central obesity, hyperglycemia, insulin
resistance, hyperlipidemia and hypertension.® The development of metabolic syndrome is a
complex process that involves genetic, environmental, and dietary factors. In the present
study, metabolic syndrome was induced in mice with a high-fat western-style diet (HFWD).
This diet was modified from the “new Western-style diet” developed by Newmark et al,16: 17
which mimics intake levels of nutrients that are major dietary risk factors for human colon
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cancer and other diseases in Western countries (higher fat combined with lower calcium,
vitamin D3, fiber and one-carbon donors). The presently used HFWD was modified from the
“new Western-style diet” by increasing the fat content from 40% to 60% of the total calories
and was used previously in our laboratory to induce obesity and metabolic syndrome.16

Accumulating evidence suggests that dysbiosis of gut microbiota induced by a high fat/high
calorie diet plays a key role in the development of obesity, insulin resistance and other
hallmarks of metabolic syndrome.18:19 Reduction in beneficial bacteria and increases in pro-
inflammatory/pathogenic bacteria are consistently associated with the development of
obesity, adipose tissue and systemic inflammation, and metabolic comorbidities in both
humans and rodents.2%: 21 Currently, low-digestible carbohydrates have been widely studied
and many are shown to be effective prebiotic factors. They are highly selective for the
growth of Bifidobacterium and Lactobacillus, produce short-chain fatty acids and play a
beneficial role in alleviating metabolic and inflammatory disorders such as obesity, diabetes
and inflammatory bowel diseases.22-24 However, the effects of the newly synthesized a.-
GOSg in the prevention of metabolic syndrome were not known. This study aimed to
investigate the effects of a-GOSg on HFWD-induced metabolic abnormalities.

Materials and Methods

2.1 Chemicals and diets

Low-fat diet (LF; 10% energy as fat) and HFWD (60% energy as fat, reduced levels of
calcium, vitamin D3, choline, folate, and fiber)16 was prepared by Research Diets Inc. (New
Brunswick, NJ). RFOs (containing 81.2% of raffinose, stachyose and verbascose, 16.5% of
sucrose and 2.3% of ash) were purchased from Nanjing Duolong Bio-tech Co., Ltd
(Nanjing, China). a-GOSg was enzymatically synthesized in our laboratory at Nanjing
Agricultural University as described below.

2.2 Preparation of a-galactooligosaccharides

a-GOSg was synthesized from Galactose using a-galactosidase to catalyze the
oligomerization. Galactose was dissolved in distilled water (96%, w/v) by autoclaving at
121°C for 20 min 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). At interval, the
reaction mixture was heated to 100°C for 10 min to inactivate the enzyme. The solution was
loaded onto an activated carbon column (2.5 x 20 cm). The column was washed with 4%
ethanol to elute galactose, and then eluted with 20% ethanol. The eluates containing the
reaction products were collected, concentrated, and freeze-dried to yield a white powder.
The a-GOSg contained 76.6% Gal2 (46.8% as Gal-a-1-6-Gal), 14.4% Gal3 (6.3% as Gal-
a-1-6-Gal-a-1-6-Gal) and 10% free galactose.l1

2.3 Animal studies

Male C57BL/6J mice (8 weeks old, 20-22 g) were obtained from Jackson Laboratories (Bar
Harbor, ME). All animal experiments were carried out under protocol 91-024 approved by
the Institutional Animal Care and Use Committee at Rutgers University (Piscataway, NJ).
The mice were maintained in shoe-box cages in a controlled room (temperature 24 to 25°C,
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humidity 70%—75%, lighting regimen of 12-hour light-dark cycles), with free access to food
and water. Mice were randomly divided into four groups LFD, HFWD, HFWD + a-GOSg,
and HFWD + RFOs (n = 10 per group); they were maintained on the LFD or HFWD for 13
weeks. In a-GOSg and RFOs treated groups, mice were given a-GOSg or RFOs in drinking
water (5 mg/ml). During the experiment, body weight, food consumption and water
consumption were recorded weekly. Blood glucose levels were measured on weeks 0, 4, 8,
and 12. Tail vein blood and fresh stool samples were collected on weeks 0, 4, 8, 10 and 12.

After treatment for 13 weeks, mice were sacrificed by CO, asphyxiation. Blood was
collected by cardiac puncture; plasma samples were prepared and stored at —80°C.
Gallbladder was removed and stored at —80°C. Liver was quickly removed, one lobe of the
liver was fixed in 10% formalin, one lobe was stored in RNA later solution (Ambion, NJ),
and the remaining was frozen in dry ice and stored at —80°C. Small intestine was collected
and stored in —80°C. Interscapular brown adipose tissue (BAT) and visceral white adipose
tissues (WAT) (mesenteric, epididymal, and retroperitoneal depots) were collected and
weighed.

2.4 Biochemical analyses of blood samples

Blood glucose levels were measured every 4 weeks using an Ascensia Contour Blood
Glucose Meter (Bayer Healthcare LLC, Mishawaka, IN). Mice were fasted overnight (from
9:00 p.m. to 9:00 a.m.) before measurement; cage bedding was changed at 9:00 p.m. to
avoid coprophagy. Blood samples were collected from the tail vein for serum preparation.
ALT levels were determined using an ALT Discrete Pak Kit (Catachem Inc., Bridgeport,
CT). Serum total cholesterol (TC) levels were determined using a Cholesterol Kit (Pointe
Scientific, Inc., Canton, MI). Serum triglyceride (TG) levels were measured using a
Triglycerides Liquid Kit (Pointe Scientific, Inc., Canton, MI). Serum HDL levels were
measured using a Liquid autoHDL Cholesterol Kit (Pointe Scientific, Inc., Canton, MI).
Serum LDL levels were calculated from the levels of cholesterol, triglyceride, and HDL
using a formula: LDL=TC-HDL-TG/5.25 Serum insulin levels were measured using a Rat/
Mouse Insulin ELISA Kit (Millipore Corporation, Billerica, MA), and insulin resistance was
calculated according to the homeostasis assessment model (HOMA-IR).26 Total bile acid
levels in serum samples were measured using a Total Bile Acid Assay Kit (Diazyme
Laboratories, Poway, CA, USA)

2.5 Liver histology

Paraffin-embedded liver sample was sectioned at 4 um thickness and stained with
hematoxylin and eosin (H&E). Two H&E-stained sections (~30 pm apart) per liver were
used for steatosis evaluation in a blind manner. Liver steatosis histopathological score was
based on the sum of four parameters: macrovesicular steatosis, microvesicular steatosis,
hepatocellular hypertrophy, and inflammation.2” Macrovesicular steatosis, microvesicular
steatosis and hepatocellular hypertrophy were separately scored and the severity in each
category was graded, based on the percentage of the total area affected, into the following
categories: 0 (<5%), 1 (5-33%), 2 (34-66%) and 3 (>66%). Inflammation was evaluated by
counting the number of inflammatory foci per field using a 100 x magnification. Five
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different fields were counted and the average was scored into the following categories:
normal (<0.5 focus), slight (0.5-1.0 focus), moderate (1.0-2.0 foci), severe (>2.0 foci).

2.6 Lipid analysis

The analysis of total lipid levels was performed according to a reported method.28 In brief,
100-150 mg liver or stool samples were homogenized in 1 mL of buffer containing 18 mM
Tris HCI, pH 7.5, 300 mM mannitol, 50 mM EGTA, and 0.1 mM phenylmethysulfonyl
fluoride (PMSF). The homogenate (400 pl) was mixed with 2 mL of chloroform-methanol
(2:1) and shaken overnight at room temperature. Then, 1 mL distilled water was added; the
mixture was vortexed and centrifuged for 5 min at 3000 x g. The lower lipid phase was then
collected and dried in a speedy vacuum concentrator. The lipid pellet was dissolved in a
mixture of 60 uL of tert-butanol and 40 uL of Triton X-114: methanol (2:1) mix.
Triglyceride and cholesterol levels were measured using the commercial kits as described
above.

2.7 Measurement of bile acid pool size

The total bile acid pool size was determined as bile acid contents in the small intestine,
gallbladder and liver. In brief, liver tissues (100-150 mg) were weighed, homogenized in 0.5
mL PBS, and mixed with 1 mL ethanol. The mixture was rotate mixed for 1 h and then
centrifuged at 3500 rpm for 5 min. The supernatant was transferred to a new tube; the pellet
was extracted for bile acid with 1.5 mL ethanol (rotating for 1 h) again. The supernatant was
combined and stored at —20°C. The concentrations of bile acids were determined using a
Total Bile Acid Assay Kit (Diazyme Laboratories, Poway, CA). The entire small intestine
sample and gallbladder sample were each homogenized with 3 mL PBS and extracted with 3
mL ethanol for bile acid as described above. The pool size was expressed as micromoles of
bile acid/100 g of body weight.

2.8 Analysis of liver gene expression

Total RNA was extracted from the liver using a Rneasy Mini Kit (Qiagen Inc., Valencia,
CA). The content of RNA was estimated by measuring the absorbance at 260 nm. Purified
total RNA was reverse-transcribed using the SuperScript First-Strand Synthesis System for
RT-PCR Kit (Qiagen Inc., Valencia, CA) according to the manufacturer’s protocol. Primer
sequences are shown as Table 1. Real-time PCR was performed by using an RT-PCR system
(ABI ViiA™ 7 system) and Power SYBR® Green PCR Master Mix Kit (ABI Co., Ltd.
Foster City, CA). In brief, the reaction was initiated by a 5 min activation at 95°C followed
by 40 cycles of target cDNA amplification (15 s denaturing at 95°C and 35 s elongation at
60°C). All mRNA expression was normalized against GAPDH expression. The expression
level of the target gene was calculated by the 2~ 22CT method.

2.9 Analysis of fecal microbial species

Total DNA was extracted from fresh fecal microbial samples according to the
manufacturer’s instructions of a TIANamp Stool DNA Kit (Tiangen Biotechnology Co.,
Ltd., Beijing, China). The resulting DNA samples were assessed spectrophotometrically
using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The
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specific primers for the 16S rRNA gene targeting group of different intestinal microbial
species are shown in Table 2.5 The gPCR reaction was performed by using an RT-PCR
system (ABI ViiA™ 7 system) according to the instructions of the Power SYBR® Green
PCR Master Mix Kit (ABI Co., Ltd. Foster City, CA). The reaction was initiated by a 5 min
activation at 95°C followed by 40 cycles of target cDNA amplification (15 s denaturing at
95°C and 35 s elongation at 60°C). The standard DNA template was used for quantification
of target DNA copy number. In brief, a series of 10 times gradient dilutions of the standard
products was used and at least six non-zero standard concentrations per assay were applied.
The concentration of the target flora was expressed as log10 copy number. Each reaction
was carried out in triplicate.

2.10 Statistical Analysis

Statistical analysis was performed using SPSS software version 22.0. Data were presented as
mean + SD. Data were analyzed using one-way ANOVA and Student’s t-test. The level of
statistical significance was set at p < 0.05.

3. Results

3.1 Body weight and body fat

The average food consumption of LFD, HFWD, HFWD + a-GOSg, and HFWD + RFOs
groups were 2.85 + 0.22, 2.66 £ 0.13, 2.72 £ 0.20, and 2.57 £ 0.22 g/day per mouse,
respectively. There was no significant difference in food consumption among the four groups
throughout the experiment. The average water consumption of the four groups were
respectively 3.51 + 0.26, 3.15 + 0.21, 3.25 + 0.32, and 3.11 + 0.32 ml/day per mouse. The
water consumption was lower in mice fed the HFWD, and supplementation with a-GOSg or
RFOs did not produce a significant effect. Mice in HFWD groups showed significantly
higher body weight gain compared to the LFD group as shown in Figure 1A, but no
significant differences were shown among the three HFWD-fed groups by ANOVA.
However, the body weights of HFWD + a-GOSg group were lower than the HFWD group
after week 9 based on Student’s t-test. Consistent with the effects on body weight, HFWD
also significantly increased the weights of BAT and total WAT, including mesenteric,
epididymal and retroperitoneal adipose tissues (p < 0.05, Figure 1B, 1C). Both a-GOSg and
RFOs significantly decreased the weight of retroperitoneal adipose tissues (v < 0.05).
Furthermore, a-GOSg significantly reduced the total WAT weight (p < 0.05).

3.2 Blood levels of glucose and insulin

The changes in fasting blood glucose levels are shown in Figure 2A. HFWD fed mice
significantly increased blood glucose levels after week 4 (p < 0.05) and continued to
increase afterwards; while the blood glucose level of the LFD group stayed at the same
value. At the end of the experiment, mice from the HFWD group showed blood glucose
level 116% higher than that of the LFD group. Nevertheless, the blood glucose level was not
significantly affected by the treatment with a-GOSg or RFOs. HFWD also significantly
increased insulin level and insulin resistance (p < 0.05, Figure 2B, 2C). a-GOSg appeared to
reduce insulin level and HOMA-IR (by 26-28%); however, the difference was not
statistically significant.
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3.3 Serum levels of alt, cholesterol and triglycerides

Serum ALT levels were measured every two weeks after week 8 (Figure 3A). The ALT
levels were almost the same among the four groups on week 8. However, the ALT levels of
mice in the HFWD group were significantly elevated by week 10 (p < 0.05). Both a-GOSg
and RFOs significantly decreased ALT levels to the level of the LFD group on weeks 10 and
12.

The serum cholesterol and triglyceride concentrations were measured at the end of the
experiment on week 13 (Figure 3B—E). The serum LDL cholesterol and total cholesterol
levels of the HFWD fed mice were significantly higher than those fed the LFD (p < 0.05).
Treatments with a-GOSg and RFOs significantly decreased serum total cholesterol and LDL
cholesterol levels (p < 0.05). However, there was no significant difference in HDL
cholesterol and triglyceride levels among the four groups.

3.4 Liver steatosis

At the time of sacrifice, the liver was quickly removed and weighted. Mice fed the HFWD
showed significant increased liver weight (o < 0.05) and a-GOSg treatment significantly
reduced the liver weight (p < 0.05), while RFOs treatment did not significantly change the
liver weight (Figure 4A). Biochemical analysis revealed that the liver lipid content of the
HFWD group was significantly higher than the other three treatment groups (p < 0.05,
Figure 4B).

The development of fatty liver was also examined after sacrifice. As compared to mice fed
the LFD, all 10 mice fed the HFWD had enlarged liver, pink in color with white spots on the
surface. Interestingly, only 2 of 10 mice in the a-GOSg group, and 4 of 10 mice in the RFOs
group showed features of fatty liver. Histopathological analysis showed increased lipid
deposition in the livers of HFWD fed mice (Figure 4D). In all livers, the cytoplasm of the
centrilobular hepatocytes showed microvesicular steatosis (the presence of numerous small
lipid droplets) as well as macrovesicular steatosis (the presence of large lipid droplets).
Clusters of inflammatory cells were also observed. In the a-GOSg-treated group, the liver
showed slight fatty degeneration, with the average percentage of microvesicular steatosis
and macrovesicular steatosis less than 33%. Livers of several mice from this group showed a
markedly attenuated degree of liver steatosis (compared to those of the HFWD group), with
the fatty change primarily consisting of the accumulation of widely scattered large lipid
droplets in the centrilobular zone, with little evidence of microvesicular involvement. Thus,
a-GOSg treatment significantly reduced the severity of fatty liver (o < 0.05) (Figure 4E).
RFOs appeared to be less effective; mice showed moderate fatty degeneration, with
appearance of microvesicular steatosis in the liver.

3.5 Bile acid pool size

In HFWD-fed mice, the bile acid levels in gallbladder and small intestine were significantly
lower (p < 0.05) than those of the LFD group (Figure 5). Both a-GOSg and RFOs did not
significantly change the total bile acid pool size, and RFOs did not significantly change the
tissue distribution of bile acids. However, a-GOSg significantly increased the hepatic bile
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acid level and decreased the small intestinal bile acid level (p < 0.05), which may be caused
by obstruction of bile flow. However, we do not have evidence for this possibility.

3.6 Expression of metabolic genes

In the liver samples of the HFWD group, the mRNA levels of acetyl CoA carboxylase
(ACC)-a and fatty acid synthase (FAS) genes were significantly down-regulated, while the
expression of carnitine palmitoyl transferase (CPT)-1 was significantly up-regulated (o <
0.05, Figure 6). a-GOSg further significantly attenuated the expression of ACC-a (p<
0.05). The two oligosaccharides, however, had no effects on the expression of FAS and
CPT-1.

3.7 Fecal lipids and gut microbiota

The lipid contents in the fecal samples of mice treated with a-GOSg and RFOs were
significantly higher than those of the HFWD group (p < 0.05, Figure 4C), suggesting that a-
GOSg and RFOs treatment decreased the absorption of lipid.

The shift of specific gut microflora is shown in Table 3. The total amount of intestinal
bacteria did not change with the dietary treatment for 13 weeks, but the structure of
intestinal microflora shifted. The mice fed the HFWD showed significant less amount of
Bifidobacterium (p < 0.05). a-GOSg treatment significantly increased the quantity of
Bifidobacterium and decreased the quantity of Clostridium leptum, while RFOs only
decreased the quantity of Clostridium leptum (p < 0.05). No significant differences were
observed on the amount of Bacteroides and Eubacterium rectale among the different groups.

4. Discussion

In this study, mice fed the HFWD had excessive weight gain and higher levels of serum total
cholesterol, glucose and ALT, as well as increased insulin resistance, as compared to the
LFD group. It also led to hepatic steatosis with the cytoplasm of the centrilobular
hepatocytes showed microvesicular and macrovesicular steatosis. The HFWD had a higher
fat content but insufficient amount of calcium, vitamin D3, and methyl-donor nutrients.
Methyl-donor nutrients such as choline are essential for lipid transport and metabolism;
deficiency of methyl donor nutrients is known to promote the development of hepatic
steatosis and result in elevated ALT levels in the blood.29 Our results are consistent with
previous reports'® and demonstrate that the HFWD affords a robust model of metabolic
syndrome and hepatic steatosis.

The present results provide direct evidence showing that a-GOSg significantly decreased
body weight, total adipose tissue weight and liver steatosis, as well as down regulated the
hepatic expression of ACC-a. ACC-a catalyzes the first committed step in fatty acid
biosynthesis.3% Our result suggests that a-GOSg may inhibit de novo fatty acid biosynthesis.
RFOs also significantly decreased weight of the retroperitoneal fat and the levels of liver
lipid, serum cholesterol and serum ALT. At the dose used, a-GOSg was more effective than
RFOs in preventing many of the deleterious effects induced by HFWD. In structure, a-
GOSg is only composed of galactose and more than 50% is composed with a.—1-6-
galactoside linkages, while RFOs end with the structure of Gul-B—1-2-Fru. Structural
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differences of oligosaccharides could influence their biological activities.}1:31-32 Sanz et al.
33 compared the influence of different glycosidic linkages and monosaccharide compositions
of disaccharides on the selectivity of microbial fermentation, and found that disaccharides
with 1-2, 1-4, and 1-6 linkages were more effective than those with 1-1, 1-3 and 1-5
linkages in promoting the proliferation of bifidobacteria and lactobacilli. Fructose-
containing disaccharides usually had lower prebiotic indexes than galactobiose.33 Another
study showed that glycosidic with 1-6 and 1-2 linkages between galactose and glucose
monomers were significantly more resistant to gastrointestinal digestion than 1-4 linkage.34
Our previous work also indicated that a-GOS linked with a-(1—6)-galactosidic linkage had
better immunomodulatory effect than other linkage types.1! However, the structural basis for
the higher activities of a-GOSg (than RFOs) remains to be elucidated. Another issue is that
the preparation of RFOs contained 16.5% free sucrose and the preparation of GOSg
contained 10% free galactose. It is unclear whether the presence of these disaccharide and
monosaccharide would affect the relative strength of the a-GOSg and RFOs.

Many reports suggested that diet-induced obesity is associated with alterations in gut
microbiota with decreased lactobacilli (beneficial microbial genera), leading to increased
metabolic syndrome.17:3% Animal studies and human trials have shown that some probiotics
effectively lowered hepatic steatosis, colon inflammation, blood glucose level and insulin
concentrations.1%36 Oligosaccharides are prebiotics, which have been reported to increase
the abundance of health-promoting bacteria such as bifidobacteria and lactobacilli.35 In this
study, species that are more responsive to oligosaccharides and related to metabolic
abnormities were characterized. We found that a-GOSg significantly increased the quantity
of Bifidobacterium and decreased that of Clostridium leptum. While RFOs only significantly
reduced the amount of Clostridium leptum. Bifidobacterium has been shown to ameliorate
visceral fat accumulation and insulin sensitivity of the mice fed high fat diet.3” Reduction of
Clostridium leptum has been shown to be associated with the alleviation of metabolic
abnormalities.38 The shift of these microbial species by a-GOSg may help alleviate some
metabolic abnormities. However, there were some inconsistencies between our results and
previous reports. Bifidobacterium and Lactobacillus have shown to be enriched by RFOs.
5.39-40 | our study, in comparison to the HFWD group, RFOs group had higher quantities
in Bifidobacterum (8.31 £ 0.51 vs. 7.78 + 0.37) and Lactobacillus (8.32 £ 0.28 vs. 7.93

+ 0.21). However, they were not statistically different. One possibility is that these bacteria
were increased by RFOs, but our data did not reach statistical significance. Another
possibility is that in our experimental system, RFOs did not significantly increase these
bacteria. The previously reported increase of these bacteria by RFOs were mainly obtained
from J/n vitro fermentation experiment and one study in mice with a commercial
oligosaccharide mixture “Deshipue stachyose granules” > 39-40

Bile acids are produced in hepatocytes, stored in the gallbladder, and released into the
duodenum upon ingestion of a meal to facilitate absorption of triglycerides, cholesterol and
fat-soluble vitamins.#! Gut microbiota may influence bile acid metabolism by promoting
deconjugation, dehydrogenation, and hydroxylation of primary bile acids in the distal small
intestine and colon?2 and affect the level of bile acids in the small intestine. The lower levels
of bile acids in the small intestine of a-GOSg-treated mice, as we observed, could affect the
formation of micelles and decrease the adsorption of lipids, resulting in more lipid excretion
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in feces.#2: 43 Decreased lipid absorption could also lead to the lower levels of blood lipids
and hepatic steatosis. Therefore, modulating the composition of intestinal microbes and their
metabolism of bile acids may play a central role in the alleviation of metabolic syndrome by
a-GOSg. a-GOSg may also directly affect the metabolism of cholesterol, bile acids and
lipids. Further studies on these mechanisms are needed.

In conclusion, our study demonstrates for the first time that a-GOSg administration
attenuated HFWD-induced metabolic disorders, including decreased body fat weight and
levels of LDL cholesterol and TC. It also affected bile acid metabolism and decreased lipid
absorption, hepatic expression of ACC-a, liver lipid content and the severity of liver
steatosis. On the other hand, RFOs were less or not effective in affecting these parameters.
Administration of a-GOSg also increased the abundance of the beneficial bacteria
Bifidobacterium and decreased that of the deleterious bacteria Clostridium leptun, whereas
the RFOs decreased Clostridium leptum but not significantly increased Bifidobacterium. The
beneficial effects of a-GOSg on metabolic syndrome may be due to that 1) a-GOSg
increase the abundance of beneficial gut bacteria and suppress deleterious gut bacteria, 2) a-
GOSg decreases lipid absorption by decreasing intestinal BA content, and 3) a-GOSg
inhibits the de novo fatty acid biosynthesis process by downregulating ACC-a. gene. The
possible beneficial health effects of a-GOSg in humans remain to be investigated.
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effects of a-gosg and rfos on body weight (a), brown adipose tissue weight (b) and white
adipose tissue weight (c). white adipose tissue including mesenteric, epididymal,
retroperitoneal, and total white adipose tissue. data are expressed as mean + sd, n=10 for all
groups. & represent significant differences among different groups (p < 0.05) by anova. for
a, significant difference between the Ifd group and the hfwd-fed groups was observed in all
data points after week 1; * represents significant difference between hfwd group and hfwd +

a-gosg group (p < 0.05) by student’s t-test observed after week 9.
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effects of a-gosg and rfos on fasting blood glucose level (a), insulin level (b) and homa-ir
(c). data are expressed as mean + sd, n=10 for all groups. &P represents significant
differences between different groups (p < 0.05) by anova.
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fig. 3.

effects of a-gosg and rfos on serum alt levels (a), total cholesterol level (b), hdl cholesterol
level (c), Idl cholesterol level (d), and triglyceride level (e). the alt levels were measured
every 2 weeks after week 8. other parameters were measured at week 13 after sacrifice. data
are expressed as mean + sd, n=10 for all groups. &€ represents significant differences among
different groups (p < 0.05) of the same week by anova.
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fig. 4.
effects of a-gosg and rfos on hfwd-induced liver steatosis. (a) liver weight. (b) liver lipid

content. (c) fecal lipid content. (d) histological sections of liver tissue stained with
hematoxylin and eosin: (a) Ifd group; (b) hfwd group; (c) hfwd + a-gosg group; (d) hfwd +
rfos. () liver steatosis histopathological score of each group. data are expressed as mean *
sd, n=10 for all groups. & represents significant differences among different groups (p <
0.05) by anova.
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effects of a-gosg and rfos on bile acid pool size. data are expressed as mean + sd, n=10 for
all groups. the bile acid pool size was expressed as micromoles of bile acid/100 g of body
weight. &€ represents significant differences among different groups (p < 0.05) by anova.
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effects of a-gosg and rfos on expression of hepatic lipid metabolism genes. the relative

expression levels of genes in the liver tissue are expressed as mean + sd, n=10 for all groups.
gapdh was used as an internal control for normalizing the mrna level. the results were
repeated in at least 3 independent experiments. &€ represents significant differences among
different groups (p < 0.05) by anova.
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Table 1.
Primer Sequences Used in Real-Time PCR (RTqPCR) Assays

Gene Sequence (5’-3%) Annealing temperature (°C)
F:AGGAGGGAAAGGGATCAGAAAAG

ACC-a 60
R:CAGAGCAGTCACGACCAAACAAA
F:CTGAGATCCCAGCACTTCTTGA

FAS 60
R:GCCTCCGAAGCCAAATGAG
F:CATCCACGCCATACTGCT

CPT-1 60
R:GACCTTGAAGTAACGGCCTC
F:AGGTCGGTGTGAACGGATTTG

GAPDH 60

R:TGTAGACCATGTAGTTGAGGTCA
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Table 2.

Group-specific Primers Based on 16S rRNA Sequences Used for qPCR

Target bacterial group Sequence (5’-37) PCR product size (bp)
F: ACTCCTACGGGAGGCAGCAG

All bacteria 192
R: ATTACCGCGGCTGCTGG
F: GAGAGGAAGGTCCCCCAC

Bacteroides 108
R: CGCTACTTGGCTGGTTCAG
F: CGCGTCYGGTGTGAAAG

Bifidobacterium 244
R: CCCCACATCCAGCATCCA
F: GAGGCAGCAGTAGGGAATCTTC

Lactobacillus 126
R: GGCCAGTTACTACCTCTATCCTTCTTC
F: AAATGACGGTACCTGACTAA

Clostridium coccoides /Eubacterium rectale group 242
R: CTTTGAGTTTCATTCTTGCGAA
F: GCACAAGCAGTGGAGT

Clostridium leptum group 441

R: CTTCCTCCGTTTTGTCAA
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Table 3.

Effects of different treatments on colonic microbiota composition

Treatments
Bacterial group
LFD HFWD HFWD +a-GOSg HFWD + RFOs
All bacteria a a a a
11790217 11644038 11.50 £ 0.08 11.24+0.68

Becteroides 11.03+013% 1095+026% 10770087 1057056 2

Bifidobacterium 934+025° 77820377 8.46+0.237 831+051 %

Lactobacillus 82340229 793x021% 8.29+0.197 8.32+0.28°¢

Clostridium coccoides/ Eubacterium rectale group 9 gg +0.40% 961+034 % 957+028% 0.45+061%

Clostridium leptum group 9514035% 1002+0307  918+0297 9.04+0.66 7

Data are expressed as log10 copy number/g of freeze-dried fecal sample.

a_crepresent significant differences among different groups of certain bacterial group (p < 0.05).
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