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Aim: To compare the effects of dietary fibers on hepatic cellular signaling in mice.
Methods: Mice were randomly divided into four groups (n = 9/group): high-fat diet (HFD)
control, cellulose, psyllium, and sugarcane fiber (SCF) groups. All mice were fed a HFD with
or without 10% dietary fiber (w/w) for 12 weeks. Body weight, food intake, fasting glucose,
and fasting insulin levels were measured. At the end of the study, hepatic fibroblast growth
factor (FGF) 21, AMP-activated protein kinase (AMPK) and insulin signaling protein content
were determined.

Results: Hepatic FGF21 content was significantly lowered, but BKlotho, fibroblast growth
factor receptor 1, fibroblast growth factor receptor 3, and peroxisome proliferator-activated
receptor alpha proteins were significantly increased in the SCF group compared with those
in the HFD group (P < 0.01). SCF supplementation also significantly enhanced insulin and
AMPK signaling, as well as decreased hepatic triglyceride and cholesterol in comparison with
the HFD mice. The study has shown that dietary fiber, especially SCEF, significantly attenuates
lipid accumulation in the liver by enhancing hepatic FGF21, insulin, and AMPK signaling in
mice fed a HFD.

Conclusion: This study suggests that the modulation of gastrointestinal factors by dietary
fibers may play a key role in both enhancing hepatic multiple cellular signaling and reducing
lipid accumulation.
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Introduction

Nonalcoholic fatty liver disease (NAFLD), characterized by excessive lipid accumula-
tion in the liver, is a significant health problem affecting 70 million adults in the USA
(30% of the adult population). An estimated 20% of these individuals have the most
severe form of NAFLD — nonalcoholic steatohepatitis. Although the mechanisms
underlying the disease development and progression are awaiting clarification,' insulin
resistance and obesity-related inflammation, among other possible genetic, dietary,
and lifestyle factors, are thought to play a key role.>?

Hormones such as insulin and glucagon have well-established roles in control-
ling substrate utilization and energy balance in response to nutritional status. Briefly,
insulin activates the insulin receptor tyrosine kinase (IR), which phosphorylates and
recruits different substrate adaptors such as the insulin receptor substrate (IRS) family
of proteins. Tyrosine-phosphorylated IRS then displays binding sites for numerous
signaling partners. A key action of insulin is to stimulate glucose uptake into cells
by inducing translocation of the glucose transporter 4 from intracellular storage to
the plasma membrane.* Phosphatidylinositol 3 kinase (PI 3K) and protein kinase
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B (Akt) are known to play a role in glucose transporter 4
translocation.’

Fibroblast growth factors (FGFs) are a large family of
polypeptide growth factors that are found in organisms rang-
ing from nematodes to humans. In particular, hormone-like
FGF19, FGF21, and FGF23 have been shown to be involved
in glucose, lipid, bile acid, phosphate, and vitamin D metabo-
lism via BKlotho, a protein that binds FGF21 and facilitates
FGF21 activation of FGF receptors (FGFRs — such as FGFR1
and FGFR3). However, the cellular mechanisms underlying
their functions as metabolic regulators are still being defined.®
FGF21 has recently been identified as an important regulator
of glucose and lipid metabolism in animal models.”® FGF21,
induced in the liver in response to fasting, has been shown to
increase hepatic lipid oxidation via increased gene expression
of peroxisome proliferator-activated receptor y coactivator pro-
tein 1 alpha (PGC-1av), a key transcriptional regulator of energy
homeostasis, and causes corresponding increases in fatty acid
oxidation, tricarboxylic acid cycle flux, and gluconeogenesis
without increasing glycogenolysis.” FGF21 is also regulated
by peroxisome proliferator-activated receptor alpha (PPAR)
activation, which plays a critical role in regulating metabolism
during ketosis.”!? It has been observed that transgenic mice
with overexpression of FGF21 are resistant to diet-induced
obesity and metabolic disturbance.! Administration of FGF21
also enhances insulin sensitivity in insulin-resistant animals.
FGF21%s acute glucose-lowering and insulin sensitizing effects
are potentially associated with its metabolic actions in the liver
and adipose tissues.'? In diabetic animals, FGF21 improves
pancreatic beta-cell function and survival by activation of
extracellular signal-regulated kinase 1/2 and Akt signaling
pathways.!* A study has shown that FGF21 regulates energy
homeostasis in adipocytes through activation of AMP-activated
protein kinase (AMPK) and sirtuin 1 (SIRT1), resulting
in enhanced mitochondrial oxidative function.'* Paradoxically,
elevated FGF21 has also been identified as an independent
risk factor related to metabolic syndrome. !>

Dietary fiber consumption may facilitate weight loss and
improve lipid profiles and glucose metabolism.!”"'* However,
the cellular signaling mechanisms of dietary fiber-mediated
improvements in glucose and lipid metabolism remain largely
unknown. Our previous study showed the various effects of
dietary fibers on metabolism in a diet-induced obesity (DIO)
animal. Dietary fibers incorporated into high-fat diets (HFDs)
such as sugarcane fiber (SCF) and psyllium (PSY) appeared
to attenuate weight gain, enhance insulin sensitivity, modulate
leptin and glucagon-like peptide 1 (GLP-1) secretion, and
down-regulate gastric ghrelin gene expression.? Given the

importance of insulin, FGF21, and AMPK signaling in both
glucose and fatty acid metabolism, we hypothesized that
dietary fiber-mediated changes in insulin sensitivity are
involved in these cellular signaling pathways. Thus, using
the tissues from a previously reported cohort of mice fed an
HFD,?® we compared the effects of three dietary fibers on
hepatic FGF21, insulin, and AMPK signaling.

Materials and methods

Animals

The design of the animal study and the results for carbohydrate
metabolism and body weight were previously reported.”® As
described, thirty-six male 4-week-old C57BL/6 mice were
obtained from the Jackson Laboratory (Bar Harbor, ME).
After arrival, the animals were housed one per cage with
ad libitum access to rodent chow and water for a 2-week
acclimation period under specific pathogen-free conditions
with a 12-hour light—dark cycle. Animals were then randomly
divided into four treatment groups: HFD alone, HFD contain-
ing 10% (wt/wt) cellulose (CEL), HFD containing 10% (w/w)
PSY, and HFD containing 10% (w/w) SCF. At the end of the
12-week study, the mice were fasted overnight and then eutha-
nized via carbon dioxide inhalation followed by decapitation
at the basal condition (n = 5) or insulin-stimulated condition
(n =4, at 10 minutes, insulin injection at a dose of 2 U/kg
body weight) for each group. Liver and other tissues were
collected, quickly placed in a liquid nitrogen container, and
then stored at —80°C until analysis. This animal protocol was
approved by the Institutional Animal Care and Use Commit-
tee of Pennington Biomedical Research Center.

Sources of dietary fiber

PSY husk powder (>75% soluble fiber, average particle
size >100 um) was obtained from Source Naturals (Scotts
Valley, CA). CEL powder (100% insoluble fiber, particle size
=100 um) was obtained from NutriCology (Hayward, CA).
Nano-sized SCF (85% insoluble, 70% of particles <1 pm)
was prepared by Dr Kun Lian at the Center for Advanced
Microstructures and Devices at Louisiana State University.
Briefly, after the sugarcane was crushed to extract the juice,
a proprietary method was used to reduce the remaining
components (bagasse) to nanometer-sized particles (Figure S1).
This processing technology maintains the integrity of the
constituents of the original bagasse as described previously.?

Blood chemistry and hormone analysis
After 4 hours of fasting, blood samples were collected from
the orbital sinus of anesthetized mice at week 11 of the
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study. Plasma insulin, glucose levels, plasma triglyceride,
and cholesterol concentrations were determined as previ-
ously described.?**! Homeostasis model assessment — insulin
resistance (HOMA-IR) was calculated using the following
formula: HOMA-IR = [I, (uU/mL) x G, (mmol/L)]/22.5.%

Lipid extract from liver for triglyceride

and cholesterol measurements

Liver lipid content was determined by the Folch proce-
dure.?! Briefly, liver tissues (about 25 mg) were added to
five volumes of phosphate-buffered saline (PBS) (w/v),
minced with scissors in an Eppendorf (Hamburg, Germany)
microcentrifuge tube, and homogenized. Liver lysates were
added to ten volumes of an extract solvent containing 2:1
chloroform:methanol (v/v). After vortexing, the tubes were
centrifuged at 5000 g for 10 minutes. Aliquots of 100 UL
were removed from the bottom phase, transferred to a new
tube, and dried under nitrogen gas. After drying, 100 puL of
PBS was added to the tube along with 5 UL of the mixture
used to measure triglyceride or cholesterol content using a
tryglyceride reagent kit (Sidma-Aldrich, St Louis, MO) or a
cholesterol quantitation kit (BioVision, Milpitas, CA) as per
manufacturers’ instructions. The results were normalized by
protein concentration.

Immunoblotting analysis

Liver tissue lysates were prepared by homogenization in buf-
fer A (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, pH 7.4; 1% NP-40 (Calbiochem, Darmstadt, Germany);
137 mM NacCl; 1| mM henylmethanesulfonylfluoride; 10 pg/
mL aprotinin; 1 pg/mL pepstatin; 5 pg/mL leupeptin) using
a PRO200 homogenizer (PRO Scientific Inc, Oxford, CT).
The samples were centrifuged at 14 000 g for 20 minutes
at 4°C and protein concentrations of the supernatants were
determined using a protein assay kit (Bio-Rad Laboratories,
Inc, Hercules, CA). Supernatants (50 pg) were resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and subjected to immunoblotting. Protein abundances were
detected with antibodies against insulin receptor substrate 1
(IRS-1), insulin receptor (IR)-p®r130-115D TRS-1 p®ré12 Aktl,
Aktl p=7), AMPK o p™17, AMPK 0.1, AMPK 0.2, FGFR1,
PGC-1a, SIRT1, ACC p©™), ACC, and PPAR« (Upstate,
Lake Placid, NY), FGFR3 (Bioworld Inc, Visalia, CA),
antiphosphotyrosine 20 (PY 20), insulin receptor beta (IR ),
sterol regulatory element-binding protein (SREBP) lc, and
BKlotho antibodies (Santa Cruz Biotech Inc, Santa Cruz, CA),
and B-actin (Affinity BioReagents Inc, Golden, CO) using
Chemiluminescence Reagent Plus from PerkinElmer Life

Science (Boston, MA), and quantified via a Bio-Rad universal
hood II densitometer with Quantity One software (v 4.5; Bio-
Rad, Hercules, CA). The highly conserved structural protein
[-actin was used to normalize protein data and specific pro-
tein phosphorylation was normalized by its corresponding
protein, as stated in the figure captions.

Liver PI 3K activity assay

Hepatic IRS-1-associated PI 3K activities at baseline
(0 minutes) and 10-minutes post-insulin stimulation
(2 U/kg body weight via intraperitoneal injection) were
assessed as previously described.?® Briefly, 500 pg of liver
lysate protein was immunoprecipitated with 3 g of IRS-1
antibody and protein A agarose. IRS-1 immune complexes
were incubated (10 minutes, 22°C) in 50 uL of 20 mM Tris/
HCI (pH 7.0) buffer containing 50 uM [y-**P]adenosine
5’-triphosphate (5 pCi; PerkinElmer), 10 mM MgCl,, 2 mM
MnCl,, 100 mM NaCl, 2 mM ethylenediaminetetraacetic
acid, and 10 pug of phosphatidylinositol (PI). After thin-
layer chromatography, isotope-labeled phosphatidylinositol
3-phosphate (PI-3P) was visualized by autoradiography and
quantitated by densitometer.

Liver FGF21 content assessment

Liver tissues (~25 mg) were minced with scissors in ten vol-
umes of homogenization buffer (w/v) in a microcentrifuge
tube and homogenized using a Bio-Gen Pro 200 micro-
homogenizer (PRO Scientific, Oxford, CT). Samples were
centrifuged at 15 000 g for 15 minutes. For FGF21 measure-
ment, 50 UL of supernatant was used with a Mouse FGF-21
ELISA Kit (R&D Systems, Minneapolis, MN), according
to instructions of the manufacturer. The FGF21 standard
ranges were from 82 to 6667 pg/mL. Intra- and interassay
coefficients of variation (CVs) of FGF21 were 4.5% and
6.1%, respectively. The result of FGF21 quality control was
278 pg/mL (range 191-319 pg/mL).

RNA isolation, reverse transcription,

and quantitative polymerase chain
reaction (PCR)

RNA was isolated from liver tissues using TRIzol® reagent
(Invitrogen, Carlsbad, CA) and purified using an RNeasy
Mini Kit (Qiagen, Valencia, CA). Isolated RNA was reverse
transcribed into cDNA by following the protocol of the
SuperScript III First-Strand Synthesis System (Invitrogen).
The primer sequences of candidate genes were designed using
Primer Express® Software (v 3.0; Applied Biosystems, Foster,
CA) and are shown in Table 1. All primers were ordered
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Table | Sequence of listing primers

Accession number Gene Primer sequence

Forward Reverse
NM_020013 FGF21 GACCCCCTGAGCATGGTAGAG GGAAGAGTCAGGACGCATAGCT
NM_001079908 FGFRI CGATCCGCAGCCTCACAT GTTGTCTGGCCCGATCTTACTC
NM_008010 FGFR3 GCAAGGTGTACAGCGATGCA CCGTTCACTTCCACGTGCTT
NM_0I1144 PPARc CAAGAGGCTGTGTGACCTAGTGA GACTAAATTTTGCATGTGTGCATCT
NM_031180 PKlotho TCCAACAGGGCACTGCAAA GCTCGCAGCAGAACAAACG
NM_008904 PGCl o GGACAGTCTCCCCGTGGAT TCCATCTGTCAGTGCATCAAATG
NM_007393 Pactin ACCAGTTCGCCATGGATGAC TGCCGGAGCCGTTGTC

from Integrated DNA Technologies, Inc (Coralville, IA). The
quantitative PCR reaction was conducted in 384-well PCR
reaction plates on an ABI Prism Sequence Detector 7900
(Applied Biosystems) with Bio-Rad iTagTM SYBR Green
Supermix ROX Kits (Hercules, CA). PCR amplification was
performed in duplicate and was normalized to B-actin.

Statistical analysis
Results were expressed as mean + standard error of the mean.
Differences between two groups were tested with Student’s
unpaired ¢ test. Differences among the four groups were
tested using one-way analysis of variance and least-significant
difference or Tamhane’s T2 tests.**

A P value =0.05 was considered statistically
significant.

Results
Effects of dietary fibers on glucose and
lipid metabolism, hormones, and body

weight in mice fed a HFD
Data on body weight, blood glucose, insulin, GLP-1 and leptin
from this animal cohort have been reported previously, and

are outlined in Table 1 for demonstration purposes.” In brief,
after the 12-week intervention, it was observed that SCF- and
PSY-supplemented mice had significantly reduced fasting
plasma glucose and insulin and significantly enhanced insulin
sensitivity, as measured by HOMA-IR, in comparison with
mice fed only a HFD (P < 0.05 and P < 0.01, respectively;
Table 2). Moreover, SCF significantly reduced fasting plasma
triglyceride levels and body weight but only modestly decreased
plasma cholesterol. In contrast, CEL-supplemented mice had
significantly reduced insulin sensitivity in comparison with
mice fed only a HFD (P < 0.05). Mice in PSY and SCF supple-
ment groups had reduced plasma leptin and increased GLP-1
levels compared with those in the HFD group, but there was
no difference between the CEL and HFD groups. Interestingly,
intervention with all of the dietary fibers did not appear to
significantly alter caloric intake (Table 2).

Effects of dietary fibers on hepatic
lipid content, FGF21 signaling and gene

expression of FGF21 signaling in mice
Mice supplemented with PSY had moderately decreased liver
triglyceride content and mice supplemented with SCF had

Table 2 Clinical parameters in mice with dietary fiber supplementation

Group (n = 9/group) HFD CEL PSY SCF

Caloric intake (kcal/kg/day)' 497 + 11 494+ 18 516 +29 498 + 30
Body weight (g)' 36.1 = 1.06 39.6 £ |.17+# 368 % 1.67 31.8+ |.14*
Fasting glucose (mg/dL)’ 192 + 14 182+ 10 152 + 7+ 149 £ | |**
Fasting insulin (ng/mL)' 3.94+0.52 5.24 + 0.78%*# 3.02 + 0.34* 2.36 + 0.22°%*
HOMA-IR 0.34 + 0.003 0.43 £ 0.003*## 0.21 £0.001** 0.16 £ 0.002**
Plasma cholesterol (mg/dL) 2309 234+9 214+ 10 210£5
Plasma triglyceride (mg/dL) 97+7 107 +7 95+7 80 + 5*
Plasma GLP-1 (pg/mL)' 7.04 +1.08 6.84 + 0.44 14.1 £ 1.26%%F 14.21 £ 0.94%F*
Plasma leptin (pg/mL)' 3871 +£279 5054 + 370%# 1020 £ |96+ 1097 £ 257+

Notes: Plasma samples were collected at study week |1 after 4 hours of fasting. Mean = SEM (n = 9/group), *P < 0.05; **P < 0.01; ***P < 0.001, dietary fiber group vs
HFD group; #P < 0.01; ##P < 0.001, SCF or PSY vs CEL group. 'Data from Wang ZQ, Zuberi AR, Zhang XH, et al. Effects of dietary fibers on weight gain, carbohydrate

metabolism, and gastric ghrelin gene expression in mice fed a high-fat diet. Metabolism. 2007;56(12):1635-1642.2°

Abbreviations: CEL, cellulose; GLP-1, glucagon-like peptide |; HFD, high-fat diet; HOMA-IR, homeostasis model assessment — insulin resistance; PSY, psyllium; SCF, sugar

cane fiber.
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significantly reduced liver triglyceride content in comparison
with mice in the HFD and CEL groups and there was no sig-
nificant difference between the HFD and CEL groups. SCF
also significantly reduced liver cholesterol content in com-
parison with CEL (P < 0.05, Figure 1A and B). However, the
lipid content in the liver did not significantly differ between
PSY and SCF animals when compared with control. It was
also observed that all fibers significantly increased cholesterol
content in feces. PSY and SCF greatly increased glycerol
content in feces, but CEL did not alter feces glycerol levels
when compared with the HFD group (Figure S2B and C).
FGF21 levels in the hepatic lysates were significantly lower
in the SCF mice than in the HFD and CEL mice (Figure 2A).
To evaluate the effects of dietary fibers on FGF21 signal-
ing, hepatic FGF21 signaling proteins were also measured
by western blotting. The data show that SCF significantly
increased BKlotho, FGFR1, FGFR3, and PPARo protein
abundance (first three proteins P < 0.01; PPARo. P < 0.001).
CEL and PSY significantly increased PPARo content when
compared with the HFD alone (P < 0.05, Figure 2B). All the
dietary fibers modestly increased hepatic PGC-10. content in
comparison with the HFD alone, but there were no signifi-
cant differences between these groups (P = NS). Except for
unaltered FGF21 mRNA, gene expression analysis shows a
similar pattern to FGF21 signaling protein content measured
by western blotting in the dietary supplemented mice: SCF
significantly increased gene expression of SKlotho, FGFRI,
FGFR3, PPARa, and PGC-1 ¢ in the livers of mice supple-
mented with this, compared with mice in the HFD group
(Figure 3A); PSY only significantly increased SKlotho,
while CEL significantly increased SKlotho, FGFRI, and
PPARo mRNA content. None of the dietary fibers signifi-
cantly altered hepatic FGF21 gene expression (Figure 3A).
In addition, the gene expression of SKlotho, FGFRI, and

A Liver triglyceride content in mice

300

250
200 #
150
100
50
0
HFD CEL PSY SCF

(mglg)

PPARocin the PSY group was significantly lower than in the
SCF group. There were no significant correlations between
FGF21 protein and FGF21 mRNA, between FGF21 mRNA
and PGC-1a mRNA, or between FGF21 mRNA and PPAR o
mRNA (r = 0.06, 0.269, and 0.07, respectively, P = NS).
However, there were significant correlations in the gene
expression between hepatic PGC-1 ozand PPAR o (Figure 3B)
and between PPARa and FGFRI (Figure 3C). There was no
relationship between hepatic FGF21 and FGFRI (Figure 3D)
and significant negative correlation between FGF21 and
FGFR3 in all groups of mice (Figure 3E). There were signifi-
cant relationships in the gene expression between PGC-1 o
and BKlotho (Figure 3F) and between PGC-1o and FGFRI
(Figure 3G).

Effects of dietary fibers on hepatic insulin
signaling in mice

Since SCF and PSY significantly reduced glucose and insulin
concentrations and increased insulin sensitivity, we further
evaluated the effects of these dietary fibers on hepatic insulin
signaling in all groups of animals. It was shown that SCF
supplementation significantly increased tyrosine phosphory-
lation of IRS-1, IR, and Aktl in comparison with an unsup-
plemented HFD (P < 0.01 and P < 0.001, Figure 4A), while
PSY significantly increased basal and insulin-stimulated PY
20 content (Figure 4A). CEL greatly increased basal and
insulin-stimulated phosphorylation of Akt1 content. CEL and
PSY did not alter phosphorylation of PY 20, IRS-1, or IR.
Thus, SCF supplementation significantly increased hepatic
phosphorylation of PY 20, IR, and Aktl and significantly
increased insulin-stimulated phosphorylation of IRS-1, but
not basal. SCF also greatly increased PI 3K activity at basal
and insulin-stimulated conditions in mice (P < 0.001 and
P <0.01, Figure 4B). CEL modestly increased PI 3K activity

B Liver cholesterol content in mice
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#
125
75
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25
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HFD CEL PSY SCF
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e

Figure | Effects of dietary fiber on hepatic lipid content in mice fed a HFD. Triglyceride and cholesterol levels in liver were measured after lipid extraction as described in
the methods. (A) shows liver triglyceride concentration and (B) shows liver cholesterol levels. The results were normalized by protein concentrations.
Notes: Mean + standard error of the mean (n = 9/group). *P < 0.05, SCF-supplemented group vs HFD-only group; *P < 0.05, SCF vs CEL.

Abbreviations: CEL, cellulose; HFD, high-fat diet; PSY, psyllium; SCF, sugar cane fiber.
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Figure 2 Hepatic fibroblast growth factor (FGF) 21 signaling in mice treated with dietary fiber. (A) FGF2I content of liver lysates, as measured by Rat/Mouse Fibroblast
Growth Factor 21 (FGF21) ELISA Kit from Millipore (Billerica, MA). Hepatic FGF2| proteins were measured by western blotting. Liver lysates were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis, then transferred into nitrocellulose membranes. BKlotho, fibroblast growth factor receptor (FGFR) I, FGFR3, peroxisome
proliferator-activated receptor alpha (PPARw), and peroxisome proliferator-activated receptor 7y coactivator protein | alpha (PGC-lc) were determined using their
corresponding specific antibodies, shown in (B). Results were normalized with B-actin.

Notes: Mean = standard error of the mean (n = 9/group). *P < 0.05; **P < 0.01; ***P < 0.001, dietary fiber group vs HFD group; P < 0.05; #P < 0.01, CEL or PSY vs

SCF group.

Abbreviations: CEL, cellulose; HFD, high-fat diet; PSY, psyllium; SCF, sugar cane fiber.

relative to the HFD group. PSY had significantly reduced
insulin-stimulated PI 3K activity when compared with the
SCF group (P < 0.0001, Figure 4B).

Effects of dietary fiber supplementation

on hepatic AMPK signaling in mice

FGF21 regulates energy homeostasis in adipocytes through
the activation of AMPK and SIRT1, resulting in enhanced
mitochondrial oxidative function.'"" AMPK signaling path-
way proteins in the liver were measured and data show that
supplementation with all three dietary fibers significantly
increased phosphorylation of AMPK [AMPK p(r172],
Phosphorylated AMPK abundance was increased about
2.5-fold in the SCF group and 1.5~1.4 fold in the CEL and

PSY groups compared with the HFD group (P < 0.001 and
P < 0.05, respectively). Only SCF significantly increased
AMPKal protein abundance (P < 0.05), but none of the
three fibers were found to have altered AMPKo2 protein
content when the supplemented animals were compared
with those in the HFD group. Mice fed dietary fibers had
significantly higher levels of ACC phosphorylation than the
HFD animals. The ratio of ACC p to ACC increased 2.45-fold
(P < 0.05) in the CEL, 3.91-fold (P < 0.01) in the PSY, and
4.45-fold (P < 0.001) in the SCF supplemented groups in
comparison with the HFD group. Although hepatic SIRT1
and SREBP lc were modestly increased in the SCF mice,
there were no significant differences among all the groups
(Figure 5).
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Figure 3 Gene expression of fibroblast growth factor (FGF) 21 signaling pathway in the liver and correlation between the gene levels. Hepatic FGF21 signaling-related gene
expression was analyzed by real-time polymerase chain reaction assay. (A) FGF2I and its related gene expression levels; (B-G) show the correlations among genes.
Notes: Mean * standard error of the mean (n = 9/group). *P < 0.05; **P < 0.01; ***P < 0.001, dietary fiber-supplemented group vs HFD-only group; P < 0.05, CEL or
PSY vs SCF group.

Abbreviations: AU, arbitrary unit; CEL, cellulose; HFD, high-fat diet; PPARq., peroxisome proliferator-activated receptor alpha; PGC- 10, peroxisome proliferator-activated
receptor Y coactivator protein | alpha; PSY, psyllium; SCF, sugar cane fiber.
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Figure 4 Effects of dietary fibers on insulin signaling protein abundance and phosphatidylinositol 3 kinase (Pl 3K) activity in mice livers. Liver lysates were subjected to
sodium dodecyl sulfate polyacrylamide gel electrophoresis and insulin signaling pathway proteins were detected with corresponding specific antibodies as shown in the
figures. (A) shows that phosphorylation of antiphosphotyrosine 20 (PY 20), insulin receptor substrate (IRS) I, insulin receptor beta (IR B), and Aktl were normalized by
their corresponding protein contents and PY 20 was normalized by B-actin. (B) Hepatic IRS-1-associated Pl 3K activity in mice. Liver lysates from basal and insulin-stimulated
mice were immunoprecipitated with IRS-1 antibody and protein A agarose. The immune complexes were incubated with reaction buffer containing [y-*?Pladenosine 5’-
triphosphate, MgCl,, MnCl,, and phosphatidylinositol for 20 minutes. Autoradiograph was performed after thin-layer chromatography.

Notes: Data presented as mean * standard error of the mean (n = 9/group). *P < 0.05; **P < 0.01; ***P < 0.001, dietary fiber-supplemented group vs HFD-only group;
#P < 0.05; #P < 0.01; *#P < 0.001; CEL or PSY vs SCF group.

Abbreviations: CEL, cellulose; HFD, high-fat diet; PSY, psyllium; SCF, sugar cane fiber.
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Figure 5 Effects of dietary fibers on liver AMP-activated protein kinase (AMPK) signaling in mice. The protein abundances of AMPKal, AMPKa2, ACC, SIRTI, sterol
regulatory element-binding protein (SREBP) Ic and phosphorylated AMPK ¢, and ACC were measured by immunoblotting.
Notes: Data are shown as mean * standard error of the mean (n = 9/group). *P < 0.05; **P < 0.01; ***P < 0.001, dietary fiber-supplemented group vs HFD-only group;

#P < 0.01, CEL or PSY vs SCF group.

Abbreviations: CEL, cellulose; HFD, high-fat diet; PSY, psyllium; SCF, sugar cane fiber.

Discussion

Dietary fiber has an important role in contributing to meta-
bolic health in humans. Proposed possible mechanisms for
metabolic improvements with dietary fiber include reduced
glucose and lipid absorption, increased hepatic extrac-
tion of insulin, improved insulin sensitivity at the cellular
level, increased binding of bile acids, and promotion of
satiety.'?>?¢ These effects may be related to its physical
properties, structure, and the fiber compositions, particle
sizes, amount and type of fiber, viscosity, and soluble and
insoluble content.!”?*? Colonic fermentation of naturally
available high-fiber foods can also be mainly attributed to
soluble fiber, whereas no difference between soluble and
insoluble dietary fiber consumption on the regulation of
body weight has been observed.?” It was also noticed that
the consumption of not only soluble dietary fiber but also
insoluble cereal dietary fiber and whole grains is consistently
associated with a reduced risk of type 2 diabetes in a large
prospective cohort study.?® Indeed, our prior study revealed
that the effects of SCF (85% insoluble fiber) on reducing
glucose and lipid levels was greater than PSY (75% soluble
fiber).?® These effects were felt to be mediated in part by
SCF’s nano-sized particles and by its bioactive components.

Dietary fiber consumption was demonstrated to contribute to
anumber of metabolic effects in addition to changes in body
weight. These favorable effects included improved insulin
sensitivity, modulation of the secretion of certain gut hor-
mones, and alteration of various metabolic and inflammatory
markers associated with metabolic syndrome. '8

Comparison of the effects of dietary

fibers on hepatic insulin signaling

Obesity is a condition that impairs multiple cellular
signaling pathways, resulting in resistance to FGF21,
insulin, and leptin.!>!¢2° In this study, we observed that SCF
and PSY supplementation significantly enhanced hepatic
insulin signaling (Figure 4) in comparison with a HFD
alone. SCF, which significantly increased both basal and
insulin-stimulated tyrosine phosphorylation of IRS-1, IR
B, and Aktl, appears to be the most effective of the three
dietary fibers studied. In contrast, CEL supplementation
in this study affected neither plasma glucose nor hepatic
insulin signaling. In insulin-resistant states, elevated
free fatty acid flux into the intestine, downregulation of
intestinal insulin signaling, and upregulation of microsomal
triglyceride transfer protein all appear to stimulate intestinal
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lipoprotein production. Gut peptides — that is, GLP-1 and
GLP-2 — may be important regulators of intestinal lipid
absorption and lipoprotein production.*® Therefore, SCF
and PSY, by significantly elevating plasma GLP-1 levels,
could be said to mediate the favorable lipid effects via
modulation of these incretins.?” GLP-1 also mediates its
effect on gastrointestinal motility, appetite, food intake,
and glucagon secretion directly in an amylin-independent
fashion.’! Moreover, long-term treatment with GLP-1 or its
analog can improve insulin sensitivity, as it was observed
that GLP-1 and exendin-4 (a peptide analog of GLP-1)
increased insulin-mediated glucose uptake in intact and
tumor necrosis factor-alpha-treated 3T3-L1 adipocytes
by increasing phosphorylated IR B, IRS-1, Akt, and
glycogen synthase kinase 3.32 A single administration of a
recombinant adenovirus expressing GLP-1 was shown to
result in the long-term remission of diabetes in ob/ob mice
by improving insulin sensitivity via restoration of insulin
signaling and reduction of hepatic gluconeogenesis.?

SCEF significantly enhanced hepatic
FGF21 signaling

Other studies have shown that transgenic mice with over
expression of FGF21 were resistant to DIO and metabolic
disturbances, while FGF21 administration enhanced insulin
sensitivity in insulin resistant animals.!"'> However, it was
recently reported that increased levels of FGF21 can be an
independent risk factor related to metabolic syndrome and can
also represent an independent predictor of liver steatosis.***
The paradoxical increase of serum FGF21 levels in obese
individuals may be explained by a compensatory response or
resistance to FGF21.% In the present study, SCF supplemen-
tation significantly reduced hepatic FGF21 abundance and
increased BKlotho, FGFR1, FGFR3, and PPAR 0. contents in
comparison with an unsupplemented HFD, indicating FGF21
negative feedback regulates its receptors, while PSY and CEL
modestly altered liver FGF21 signaling. Although plasma
FGF21 concentrations were not available in this study, liver
FGF21 content measured using enzyme-linked immunosor-
bent assay may mirror plasma FGF21 levels, since the liver
is the major source of circulating FGF21. Conversely, no
significant relationship between hepatic FGF21 protein abun-
dance and FGF21 mRNA levels was observed. The effects
of dietary fiber on post-translational modification, such as
alteration in the rates of protein synthesis and degradation,
are not precisely known.

Another possible mechanism is that SCF may have
significantly reduced hepatic FGF21 content by enhancing

FGF21 signaling. Consistent with findings that FGF21 reverses
hepatic steatosis, increases energy expenditure, and improves
insulin sensitivity in DIO mice,”” our data reveal that SCF
supplementation significantly enhanced both liver FGF21 and
insulin signaling in mice in comparison with a HFD alone.
Based on the evidence that hyperinsulinemia induces skeletal
muscle production of FGF21'¢ and a PI 3K/Aktl signaling
pathway-dependent mechanism also regulates FGF21, the
effects of SCF on enhancing insulin signaling and attenuating
insulin resistance may greatly help to reduce liver FGF21 con-
tent. Alternatively, FGF21 treatment has been found to induce
mRNA and protein expression of PGC-10., suggesting that
PGC-10.may play a role in regulating FGF21 action.** How-
ever, our finding that all dietary fibers did not significantly
alter PGC-1o indicates that the effect of SCF on FGF21 is
not dependent on PGC-10. because SCF significantly reduced
rather than increased hepatic FGF21 content.

All animals supplemented with dietary fiber demonstrated
significantly increased hepatic phosphorylation of AMPK
independent of SIRT1 and SREBP lc. It is well documented
that activation of AMPK can greatly increase fatty acid oxi-
dation and inhibit lipid synthesis and glucose production by
modulating the transcription of genes involved in lipogenesis
and mitochondrial biogenesis.***! HFD supplementation with
dietary fiber, especially SCF, dramatically increased hepatic
phosphorylation of AMPK and ACC in comparison with a
HFD alone (P < 0.05 in CEL and PSY and P < 0.001 in SCF,
respectively). However, none of these fibers were shown to
affect SIRT1 and SREBP 1c content.

Our data suggest that the effects of dietary fiber on acti-
vation of hepatic AMPK signaling may not be associated
with the SIRT1 and SREBP 1c¢ pathways. Enhanced AMPK
signaling in the SCF-treated mice could also account for the
reduction of plasma glucose and lipid levels and the attenu-
ation of hepatic lipid accumulation. Short-chain fatty acids
produced during the colonic fermentation of fiber beneficially
influence circulating concentrations of free fatty acids and
gut hormones involved in the regulation of blood glucose and
body mass.** Butyrate —a major end product of dietary starch
and fiber produced naturally during digestion by anaerobic
bacteria in the cecum and colon — may be a contributing
mechanism for increased endogenous secretions of total
GLP-1 and peptide YY (PYY) in rodents.* A more recent
study revealed that different fiber sources can induce differ-
ent physiological responses in overweight cats, including the
reduction of energy digestibility, greater inclination to favor
glucose metabolism (with SCF), or gut health improvement
(with beet pulp), according to their different solubilities
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and fermentation rates.** On the other hand, to serve as a
sorbent material in the gut, smaller particles of dietary fiber
may be more active than the coarse, because more small-
sized particles than large-sized particles greatly increases
the surface area in the same weight of fiber. Therefore, both
fiber source and particle size may play an important role in
fermentability and energy intake. Indeed, in this study, dietary
fiber not only significantly increased the amount of feces
through its bulk effect (Figure S2A) but also reduced lipid
absorption. We observed that the glycerol content of feces
was significantly higher in the PSY and SCF groups and the
cholesterol content of feces was significantly higher in all
three fiber groups than in the HFD group (Figure S2A—C).

Unlike CEL and PSY, the effects of SCF on enhanced
cellular signaling may also be attributed to its bioactive
components such as policosanol, a natural compound derived
from sugar cane wax, and other unidentified molecules.
Policosanol has been demonstrated to activate AMPK
and 3-hydroxy-3-methyl-glutaryl coenzyme A reductase
in hepatoma cells and in mouse liver after intragastric
administration.* Moreover, nano-sized SCF was more
effective than non-nano-sized CEL and PSY because
the smaller particles are more activated than the coarser
particles. Although we did not measure butyrate levels,
our data show that SCF significantly increased hepatic
AMPK phosphorylation and plasma GLP-1 concentrations,
supporting the notion that butyrate may induce AMPK
activation through expression of GLP—1.%

It has been found that the ability of GLP-1 to reduce food
intake has a central mechanism, as GLP-1 centrally adminis-
tered in the lateral ventricles of rats significantly reduced food
intake, strongly suggesting that GLP-1 acts through a direct
central nervous system-mediated mechanism to control food
intake.*’ Therefore, the reason why SCF did not affect food
intake in our study may be that the endogenously elevated
GLP-1 from SCF ingestion was insufficient to affect satiety
when compared with central injection of exogenous GLP-1.
Taken together, SCF enhanced multiple cellular signaling and
promoted cross-talking in signaling pathways that may be
mediated by gastrointestinal factors such as GLP-1, ghrelin,
and butyrate.

Conclusion

SCF appears to have enhanced metabolic effects over CEL
and PSY in improving glucose and lipid metabolism in mice
fed a HFD. SCF significantly enhanced hepatic FGF21,
insulin and AMPK signaling in this study. This has extended
our insight into the possible mechanisms that may underlie

the beneficial effects of dietary fiber, suggesting that gas-
trointestinal factors such as ghrelin, GLP-1, and butyrate
may play a crucial role in enhancing FGF21, insulin, and
AMPK signaling, consequently attenuating NAFLD and
insulin resistance.
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Supplementary figures

Figure S| Sugar cane fiber processing conditions.
Notes: After blending, a proprietary method was used to reduce the remaining components (bagasse) to nanometer-sized particles. The particle sizes of sugarcane fiber
were: blended > condition |5 > condition 30 > condition 45 > condition 60, in which 70% of particles were less than | um.

International Journal of Nanomedicine 2012:7 submit your manuscript | www.dovepress.com 3011
Dovepress


www.dovepress.com
www.dovepress.com
www.dovepress.com

Wang et al Dove

A

Feces size

= & % o

Feces weight in mice

250
>
T 200 b
=)
E
= 150
=
o
o 100
3
@ 50
o
g
0
HFD CEL PSY SCF
B . : c : :
Glycerol levels in feces of mice Cholesterol levels in feces of mice
__ 800 i s 70
=
270 = o0
s 600 * g 50
2
8 500 3 40
2 400 ° 30
=)
» 300 S
8 200 @ 20
L 100 E 10 -
0 0
HFD CEL PSY SCF HFD CEL PSY SCF

Figure S2 Feces weight and lipid contents in mice fed various dietary fibers. (A) Feces size and weight. The different colors are due to food dye. Feces were collected over
a 24-hour period and weighed. (B) and (C) show the glycerol and cholesterol content of mouse feces. Lipids were extracted from feces using chloroform:methanol (1:2,
vIv). Glycerol and cholesterol levels in the feces were determined using using a free glycerol determination kit, cat # FG0100 (Sidma-Aldrich, St Louis, MO) or a cholesterol
quantitation kit, cat # K603-100 (BioVision, Milpitas, CA), respectively.

Notes: Data are shown as mean = standard error of the mean (n = 9/group). *P < 0.05; ***P < 0.001, dietary fiber groups vs unsupplemented high-fat diet group. *#P < 0.05;
##p < 0.001, comparison between dietary groups.

Abbreviations: CEL, cellulose; HFD, high-fat diet; PSY, psyllium; SCF, sugar cane fiber.

International Journal of Nanomedicine

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology
in diagnostics, therapeutics, and drug delivery systems throughout
the biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

Dove

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic databases. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal

3012

submit your manuscript

Dove

International Journal of Nanomedicine 2012:7


http://www.dovepress.com/international-journal-of-nanomedicine-journal
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


