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Abstract

Objective: This study aimed to investigate the effects of fructo-oligosaccharides (FOS) on serum
lipid levels and to determine the mechanisms underlying these effects and the potential role of
inflammation.

Methods: Male C57BL/6 mice received a normal diet, a high-fat/high-sugar (HFS) diet, or an HFS
diet supplemented with 10% FOS for 10 weeks. In vivo intestinal and serum short-chain fatty acid
(SCFA) levels were measured by gas chromatography. In vivo serum levels of alanine transaminase
(ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglycerides (TG), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), interleukin-6 (IL-6), tumor necrosis factor-o:
(TNF-c), 8-hydroxy-2’-deoxyguanosine (8-OHdG), and malonaldehyde (MDA) were also mea-
sured. Lipid accumulation was visualized. Reactive oxygen species (ROS) generation was evalu-
ated and apoptosis was quantified.

Results: FOS reversed in vivo HFS-induced lipid accumulation in the liver. An HFS diet increased
ALT, AST, TC, TG, and LDL serum levels, decreased HDL serum levels, and increased IL-6,
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TNF-0, 8-OHdG, and MDA levels. These changes were reduced by FOS. FOS also increased
intestinal and serum levels of short chain fatty acids (SCFAs). In vitro, SCFAs ameliorated palmitic
acid-induced ROS production and apoptosis of HepG2 cells.

Conclusion: FOS supplementation lowers serum lipid levels and ameliorates HFS-induced

inflammation by upregulating SCFAs.
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Introduction

Over the past two decades, food and lifestyle
choices have dramatically changed. Because
of the rising incidence of metabolic disor-
ders, including obesity, diabetes, hyperten-
sion, and dyslipidemia, studies have aimed
to identify new sources of dietary fiber
and have attracted increasing attention.'?
Epidemiological and clinical studies have
shown that dietary fiber significantly affects
the intestinal microbiota and intestinal
inflammatory diseases.>* In addition to
promoting a more diverse/balanced intesti-
nal microbiota, dietary fiber is effective for
preventing and treating obesity, diabetes,
and cardiovascular diseases.*® In recent
years, the idea of the gut as an endocrine
organ has been increasingly accepted.
Alterations in the microflora can affect pro-
duction of useful gut hormones, such as
glucagon-like peptide-1, which affects insu-
lin sensitivity and systemic inflammation.’
Variations in intestinal microbiota in con-
junction with specific nutrition can increase
intestinal permeability, which promotes
insulin resistance by sustaining a low-
grade inflammatory state.®
Fructo-oligosaccharides (FOS) are plant-
derived polysaccharides comprising fructose
monomers connected via f§ (2-1) glycosidic
bonds linked to a terminal glucose residue.’

FOS, which are naturally present in various
fruits and vegetables (including chicory),
can be produced from beet sugar and are
frequently used to replace sugars in produc-
tion of low-sugar foods to lower the post-
prandial glycemic response.’ Dietary fibers,
including FOS, are resistant to degradation
in the upper gut, but fermented in the colon
by resident microflora.'® During fermenta-
tion, FOS are metabolized to short-
chain fatty acids (SCFAs) and selectively
stimulate the growth of Bifidobacteria.'' ™"
Inflammation plays a crucial role in insulin
resistance, oxidative stress, and other dis-
eases. Inflammation is not only the primary
factor in occurrence and development of
non-alcoholic fatty liver disease (NAFLD),
but also affects progression and treatment of
NAFLD. SCFAs inhibit liver inflammation,
and many agents can be used to treat high-
fat-induced liver diseases through the anti-
inflammatory effect of SCFAs.'*!”

We hypothesized that FOS affect serum
lipid levels and the inflammatory response
simultaneously owing to the close relation-
ship between inflammation and lipid metab-
olism.'® Therefore, we evaluated the effects
of FOS on serum lipid levels and the mech-
anisms underlying these effects to determine
whether FOS ameliorate the negative effect
of a high-fat/high-sugar (HFS) diet.
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Materials and methods

Animals and dietary treatments

This study was approved by the ethical
review board for laboratory animal use at
The Affiliated Wuxi Maternity and Child
Health Care Hospital of Nanjing Medical
University. Sixty 8-week old male C57BL/
6 mice were purchased from Yangzhou
University and acclimated for 1 week
before starting the experiments. The room
temperature was 18 to 22°C and humidity
was 60%. The mice were randomly divided
into three groups of 20 mice in each group
and they received a normal diet (control
group), an HFS diet (HFS group, 30% of
energy derived from fat and 50% from
sugar; purchased from Model Animal
Research Centre of Nanjing University), or
an HFS diet supplemented with 10% FOS
(HFS+ FOS group; FOS were purchased
from Shanghai General Pharmaceutical
Co., Ltd., Shanghai, China). Mice were pro-
vided ad libitum access to food and water
and kept on a 12:12-hour light:dark cycle
in wire-bottomed cages to reduce copropha-
gic activity with groups of 3 to 4 mice/cage.
After 10 weeks of continuous feeding, mice
were anesthetized with 1% pentobarbital
sodium (40 mg/kg) by intraperitoneal injec-
tion. Blood samples (0.5-1.0mL) were
collected from the orbital sinuses of the
mice after removing the eyeball and blood
samples were preserved at —80°C. Livers
and epididymal white adipose tissues were
obtained from the mice and fixed in 10%
buffered formalin. All mice were then eutha-
nized by an overdose of pentobarbital
sodium.

Gut SCFA analysis

Colon contents (1 mL) were added to a
microfuge tube containing 20 uL of 50%
H,SO,. The sample was incubated at 18 to
22°C and centrifuged for 3 minutes at

1500 xg. A volume of 600 uL of superna-
tant was then transferred to a new micro-
fuge tube, 120 pL of 25% metaphosphoric
acid was added, and the sample was
allowed to stand for 30 minutes at 37°C.
The samples were centrifuged again and
the supernatant was transferred to a gas
chromatograph vial. The concentrations of
individual SCFAs were measured using a
PerkinElmer Autosystem gas chromatogra-
phy device (Waltham, MA, USA) by using
4% Carbowax 20M on 80/120 mesh
Carbopack B-DA, with a 1.8 x2-mm
column. Nitrogen was used as a carrier
gas, the injector temperature was 170°C,
and the detector temperature was 175°C.
The column temperature was maintained
at 115°C for 45 minutes. Nitrogen flow
was maintained at 25 mL/minute.

Assessment of serum parameters

Blood samples were centrifuged (10,000 xg
at 4°C) for 10 minutes and serum levels of
alanine transaminase (ALT), aspartate ami-
notransferase (AST), total cholesterol (TC),
triglycerides (TG), high-density lipoprotein
(HDL), low-density lipoprotein (LDL),
interleukin-6 (IL-6), tumor necrosis factor-o
(TNF-o), 8-hydroxy-2’-deoxyguanosine
(8-OHdG), and malonaldehyde (MDA)
were determined by enzyme-linked immu-
nosorbent assay (ELISA)  (Abcam,
Cambridge, UK). SCFA serum levels were
measured by gas chromatography.

Histopathological analysis

To evaluate the histopathological changes
in lipid accumulation caused by FOS, liver
and white adipose tissue samples were fixed
in 10% buffered formalin and embedded in
paraffin. Standard 3-pum sections were cut
and stained with hematoxylin and ecosin
(H&E). Random fields in the stained sec-
tions were observed with a microscope
(Olympus, Tokyo, Japan). Images of the
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stained sections in each group were exam-
ined with a medical image analysis system
(Medical 5.0 Digital Medical Image
Analysis System, Canon, Tokyo, Japan).

Cell culture and treatment

Human hepatoblastoma HepG2 cells were
purchased from the Shanghai Institute of
Biochemistry and Cell Biology (Shanghai,
China). HepG?2 cells were plated in tissue
culture dishes that were coated with type 1
collagen (at a density of 200,000 cells/cm?)
in hepatocyte basal growth medium
(Lonza, Basel, Switzerland) supplemented
with growth factors and 2% fetal bovine
serum. The plates were incubated at 37°C
in a tissue culture incubator (5% CO,) for
4 to 5 hours. The medium was changed to
hepatocyte maintenance media during the
experiment. HepG2 cells were grown in
Dulbecco’s modified Eagle’s medium con-
taining 10% fetal bovine serum, 2 mmol/L
glutamine, 100 U/mL penicillin, 100 ng/mL
streptomycin, and 0.25 pg/mL amphotericin
B. For the experiments, HepG2 cells were
first incubated with 0.5mM palmitic acid
(PA) complexed with bovine serum albumin
for 24 hours to induce fat accumulation.'’
The cells were then incubated with or with-
out 0.5 mM acetate, which is an SCFA, for
24 hours.

Cellular reactive oxygen species
production

Reactive oxygen species (ROS) generation
in HepG2 cells was evaluated by the dichlor-
odihydrofluorescein  diacetate (DCFDA)
method. Briefly, the cells were incubated
with 10 uM DCFDA for 30 minutes. After
removing excess DCFDA, the cells were
washed and then exposed to 100ng/mL
lipopolysaccharide for 4 hours at 37°C.
The cells were collected and lysed in
phosphate-buffered saline (PBS) containing
0.5% Triton X-100. Fluorescence of the

samples was monitored at an excitation
wavelength of 485 nm and an emission
wavelength of 538 nm.'®

Quantification of apoptosis by the
terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling assay

DNA fragmentation of apoptotic cells was
detected by the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling
(TUNEL) assay (Roche Applied Science,
Basel, Switzerland). For the TUNEL
assay, acetate treated and untreated cells
were fixed with 4% paraformaldehyde in
PBS for 20 minutes at room temperature.
Cells were then washed with PBS for
30 minutes and incubated with permeabili-
zation solution (0.1% Triton X-100 in 0.1%
sodium citrate) for 2 minutes on ice. The
cells were washed twice and incubated in a
humidified atmosphere with TUNEL reac-
tion mixture for 60 minutes at 37°C in the
dark. A volume of 50 pL peroxidase was
then added and incubated for 20 to
30 minutes at 37°C. After washing three
times with PBS, 75pL diaminobenzidine
was added and incubated for 10 minutes.
After washing with PBS, the cells were
stained with hematoxylin for 30 seconds,
followed by washing. Finally, the cells
were analyzed by optical microscopy.

Statistical analysis

IBM SPSS 22.0 (IBM Co., Armonk, NY,
USA) was used for statistical analyses and
all figures were created in GraphPad Prism
5.0 (GraphPad Software, Inc., La Jolla,
CA, USA). Data are expressed as mean +
standard deviation. Differences between
two groups were analyzed by one-way anal-
ysis of variance followed by Tukey’s test.
P values < 0.05 were considered statistically
significant.
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Results

FOS reverse the effect of HFS on
fat deposition and liver function

FOS ameliorated HFS diet-induced histo-
logical and functional changes in the
mouse liver (Figure 1). Liver sections from
the HFS group showed tissue inflammation
compared with the control group. This
inflammation was much less in the
HFS+FOS group compared with the HFS
group. Mice in the HFS group showed a
large amount of lipid deposition and micro-
vesicular steatosis in the liver, with small
lipid droplets in the cells. However, FOS
supplementation significantly reduced hepat-
ic steatosis (P <0.01 vs. the HFS group),
which suggested a lipid-lowering effect
(Figure la and 1d). Mice in the HFS group
showed significantly higher ALT and AST

levels than those in the control group (both
P<0.01), and FOS reversed this change
(P<0.01 vs. the HFS group). Serum ALT
and AST levels were significantly lower in
the control group compared with the other
two groups (both P <0.01 Figure 1b—c).

Effect of FOS on serum lipid levels

The ELISA assay showed large differences
in serum lipids levels among the three groups
of mice. Mice in the HFS group showed sig-
nificantly higher TC, TG, and LDL levels,
and lower HDL levels compared with the
control group (all P<0.01). However, die-
tary FOS reversed these changes. Serum
TC, TG, and LDL levels were significantly
lower and HDL levels were higher in the
FOS group compared with the HFS group
(all P<0.01, Figure 2a—d).

(b)
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Figure I. FOS supplementation ameliorates HFS diet-induced histological and functional changes in the mouse
liver. (a) H&E-stained liver tissue at 40x magnification. (b) Serum ALT levels (IU/L). (c) Serum AST levels (IU/L).
(d) Ratio of fat in the liver. Data (b and c) are presented as mean = standard deviation (n =20 in each group).
#P < 0.01 vs. the control group; *P < 0.01 vs. the HFS group. FOS, fructo-oligosaccharides; H&E, hematoxylin
and eosin; ALT, alanine transaminase; AST, aspartate aminotransferase; HFS, high-fat/high-sugar.
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Figure 2. FOS supplementation improves serum lipid levels in HFS-fed mice. (a) TG levels (mmol/L);

(b) TC levels (mmol/L); (c) LDL levels (mmol/L); and (d) HDL levels (mmol/L). Data are presented as mean
+ standard deviation (n =20 in each group). **P < 0.0l vs. the control group; #P < 0.05, *P < 0.01 vs. the
HFS group. FOS, fructo-oligosaccharides; TG, triglycerides; TC, total cholesterol; HDL, high-density lipo-
protein; LDL, low-density lipoprotein; HFS, high-fat/high-sugar.

Effect of FOS on inflammation and
oxidative stress

The ELISA assay also showed that serum
IL-6, TNF-a, 8-OHdG, and MDA levels in
mice in the HFS group were significantly
higher than those in the control group (all
P <0.01). FOS significantly reduced these
high levels of inflammatory cytokines and
oxidative stress (all P<0.01 vs. the HFS
group, Figure 3a—d).

Effect of FOS on gut and serum SCFA
levels

Mice in the HFS group had significantly
lower intestinal (Figure 4a—c) and serum

levels (Figure 4d—f) of acetate, propionate,
and butyrate than did those in the control
group (all P <0.05). Mice in the HFS+FOS
group had significantly higher intestinal
and serum levels of acetate, propionate,
and butyrate than did those in the HFS
group (all P <0.01).

SCFAs inhibit ROS production and
apoptosis in HepG2 cells

Stimulation of HepG2 cells with PA led
to significantly higher ROS production com-
pared with controls (P < 0.01), while 0.5 mM

acetate (SCFA) significantly reduced the
PA-induced increase in ROS levels in
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Figure 3. FOS supplementation reduces serum levels of inflammatory cytokines and oxidative stress in
HFS-fed mice. (a) TNF-o levels (ng/mL); (b) IL-6 levels (ng/mL); (c) MDA levels (mmol/L); and (d) 8-OHdG
levels (ng/mL). Data are presented as mean = standard deviation (n =20 in each group). **P < 0.01 vs. the
control group; #P < 0.05, P < 0.01 vs. the HFS group. FOS, fructo-oligosaccharides; TNF-o, tumor necrosis
factor-o; IL-6, interleukin-6; 8-OHdG, 8-hydroxy-2’-deoxyguanosine; MDA, malonaldehyde; HFS, high-fat/

high-sugar.

HepG2 cells (P<0.01, Figure 5a—b). The
number of TUNEL-positive apoptotic cells
in the PA-treated group was significantly
higher than that in the control group
(P <0.01). After treatment with acetate, the
number of TUNEL-positive cells was signif-
icantly lower in PA-treated cells (P < 0.01,
Figure 5c—d).

Discussion

A significant effect of gut microbiota on the
body’s weight and insulin resistance was

recently shown in patients with type 2 dia-
betes.'” Supplementation with probiotics or
prebiotics modulates the immune response
and oxidative stress in patients with diabe-
tes or mice with irritable bowel syn-
drome.>?° In this study, we examined the
effect of FOS supplementation on serum
lipid levels and inflammation by HFS feed-
ing in mice and found that SCFAs may
have an important role in this process.
This is the first study to demonstrate that
the FOS diet can not only increase intesti-
nal SCFAs, but also inhibit inflammation
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Figure 4. FOS supplementation increases intestinal and serum short-chain fatty acid (SCFA) levels in HFS-
fed mice. (2) Intestinal acetate levels (mM); (b) intestinal propionate levels (mM); (c) intestinal butyrate levels
(mM); (d) serum acetate levels (mM); (e) serum propionate levels (mM); and (f) serum butyrate levels (mM).
Data are presented as mean = standard deviation (n =20 in each group). *P < 0.05, *P < 0.01 vs. the
control group; #P < 0.01 vs. the HFS group. FOS, fructo-oligosaccharides; HFS, high-fat/high-sugar.
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Figure 5. SCFAs (acetate, 0.5 mM) inhibit palmitic acid (PA)-induced ROS production and apoptosis in
HepG2 cells. (a) Representative fluorescence images of ROS. (b) Cellular ROS levels. (c) Representative
images of apoptosis. (d) The rate of apoptosis. Data (b and d) are presented as mean = standard deviation

(n=120). #P < 0.01 vs. the control group; *P < 0.01 vs. the PA group. SCFAs, short chain fatty acids; PA,
palmitic acid; ROS, reactive oxygen species.
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and reduce oxidative stress, eventually pro-
tecting the liver from apoptosis or lipid
deposition and reducing systemic lipid
levels.

The critical role of gastrointestinal
microbiota in human health, including met-
abolic syndrome and inflammatory bowel
disease, has attracted increasing attention."
There is growing interest in using dietary
approaches to modulate the composition
and metabolic function of gut microbial
communities, which eventually affect gas-
trointestinal health and disease prevention
or treatment.'” Consumption of dietary
fiber and prebiotics is the most commonly
used strategy for modulating gut micro-
biota."” The most complex carbohydrates
and plant polysaccharides that are con-
sumed in the diet are metabolized by
microbes, which generate SCFAs, particu-
larly acetate, propionate, and butyrate, and
gases (H, and CO,). SCFAs have been
reported to greatly affect gastrointestinal
epithelial integrity, glucose homeostasis,
lipid metabolism, appetite regulation, and
immune function.>' Because of differences
in fiber and prebiotic consumption, individ-
ual responses to dietary intervention vary
and are related to a combination of host
genetics,”> adequate dosages of the dietary
polysaccharide of interest,”® and the unique
microbiota composition of the individual.**
In the current study, the HFS diet
decreased intestinal concentrations of
SCFAs, including acetate, propionate, and
butyrate. However, mice supplemented
with the FOS diet showed greater cecal con-
centrations of acetate, propionate, and buty-
rate compared with mice fed regular chow or
the HFS diet. This finding indicated that FOS
maintained homeostasis of intestinal SCFAs
during exposure to HFS.

The anti-obesity effect of probiotic or
prebiotic administration on metabolic syn-
drome has been evaluated in clinical studies
and obese rats or diabetic mice.?>*¢
Decreased body weight gain, adipocyte

size, adiposity, and insulin resistance were
observed after prebiotic supplementation
in several obese animal models.””*® In a
recent report, high-fat diet-induced accu-
mulation of large adipocytes promoted
peroxisome proliferator-activated receptor
gamma-activated differentiation factors,
which resulted in elevated G-protein-
coupled receptor 43 expression in subcuta-
neous adipose tissue.”” However, prebiotic
supplementation paradoxically counter-
acted G-protein-coupled receptor 43 over-
expression in male C57BL/6J mice that
were fed a high-fat diet.”” The role of pre-
biotic consumption on improving lipid
metabolism and preventing cardiovascular
disease has become a research hotspot.”®
Synbiotic foods containing prebiotics can
reduce serum TG and LDL levels and
increase HDL levels.”® Our study showed
that FOS reversed the high serum levels of
TC, TG, and LDL and low HDL levels in
HFS-fed mice. Additionally, serum ALT
and AST levels in the HFS group were sig-
nificantly higher than those in the control
group and the FOS diet partially reversed
this change. Histological changes in the
liver showed that FOS inhibited fat deposi-
tion. The results of our study regarding the
effect of FOS diet on liver function and
lipid metabolism are consistent with those
of previous research showing a close rela-
tionship between diets containing probiot-
ics or prebiotics and development of
NAFLD.*-!

We also evaluated the effect of FOS on
inflammation in mice fed an HFS diet.
We found that the FOS diet reduced high
levels of inflammation and oxidative stress
in mice fed the HFS diet. An HFS diet ele-
vated levels of I1L-6, TNF-«, 8-OHdG, and
MDA, which were significantly reduced by
FOS supplementation. A previous study
showed that a prebiotic blend composed
of FOS, galactooligosaccharide, inulin,
and anthocyanins significantly decreased
pro-inflammatory cytokines levels in
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infected Caco-2 cells and mice with irritable
bowel syndrome. Loss of body weight,
reduced expression of the tight junction
protein occludin, and changes in the micro-
biota composition induced by infections are
significantly improved by prebiotic blend
intervention. These changes are associated
with the peroxisome proliferator-activated
receptor pathway.””

A previous study showed a close rela-
tionship between FOS and intestinal
SCFA production in a stress-induced irrita-
ble bowel syndrome mouse model.*” In this
previous study, FOS administration in mice
subjected to water avoidance stress led to
higher intestinal production of individual
(acetic, propionic, and butyric acids), as
well as total, SCFAs. To further examine
whether FOS affected serum lipid and
inflammation via SCFAs, we evaluated
ROS production and apoptosis in HepG?2
cells. In vitro experiments showed that
SCFAs significantly inhibited ROS produc-
tion and apoptosis of HepG2 cells. This
finding suggested that FOS lowered serum
lipid levels and suppressed apoptosis of
liver cells by inhibiting oxidative stress
and inflammation.

In summary, FOS supplementation pro-
tects against inflammation and decreases
serum lipid levels in mice fed an HFS
diet by decreasing ROS production and
liver cell apoptosis. Therapeutic FOS sup-
plementation may inhibit inflammation
and lower serum lipid levels by regulating
SCFAs.
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