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Basic nutritional investigation

Sequential effects of a high-fiber diet with psyllium husks on the
expression levels of hepatic genes and plasma lipids

Mei-Yen Chan, B.Sc., and Chew-Kiat Heng, Ph.D.*
Department of Pediatrics, Yong Loo Lin School of Medicine, National University of Singapore, Singapore
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bstract Objective: We studied the sequential effects of a high-fiber diet using psyllium husks on hepatic
gene expression and plasma lipid levels.
Methods: C57BL/6J mice were randomly assigned to a control diet or a high-fiber diet containing
10% psyllium husks for 3 weeks (PE-3wk) and 10 weeks (PE-10wk). Oligonucleotide microarrays
were used to screen the transcriptional response at both time points. Genes encoding enzymes regulating
key steps of lipid metabolism were then selected for further validation by quantitative real-time reverse
transcription polymerase chain reaction and their protein expression by western blot assays.
Results: Plasma cholesterol and triacylglycerol levels were reduced in both high-fiber groups.
Three weeks of high-fiber feeding downregulated genes involved in lipogenesis, whereas those
involved in cholesterol and bile acid synthesis were upregulated. With prolonged high-fiber feeding,
genes involved in lipogenesis such as fatty acid synthase (Fasn) were then upregulated. Additional
genes in cholesterol synthesis such as 3-hydroxy-3-methylglutaryl coenzyme A reductase (Hmgcr) were
also upregulated. At week 3, protein expression levels of Fasn were significantly lower in the high-fiber
group but increased at week 10. Protein levels of Hmgcr were significantly increased in PE-10wk mice.
Conclusion: The high-fiber diet containing psyllium husks reduced plasma total cholesterol and
triacylglycerol levels. Cholesterol lowering was most likely mediated by increased bile acid
synthesis. The increased transcript levels of genes related to cholesterol synthesis throughout the
entire feeding period and the subsequent increased lipogenic gene transcript levels could likely
suggest a regulatory mechanism to restore the lowered plasma cholesterol and triacylglycerol
levels. © 2008 Elsevier Inc. All rights reserved.
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It is estimated that by 2020, two-thirds of the global
urden of disease will be attributable to chronic non-
ommunicable diseases, with most strongly associated with
iet [1]. A major diet-related risk factor contributing to the
evelopment of these chronic diseases in developed and
eveloping countries is increased blood cholesterol levels.
ncreased dietary fiber may have beneficial effects in reduc-
ng blood cholesterol levels [2].
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ingapore National Medical Research Council.
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The completion of the human, mouse, and rat genome
equencing has allowed studies to examine the interplay
etween environment factors (e.g., diet) and the genome.
ith the recent advancements in expression array technol-

gy, several studies have examined the relation between diet
nd genetic responses. However, the literature on dietary
ber and gene expression remains scant. Studies are limited

o the gastrointestinal tract [3–5] or only one to two hepatic
enes [6–8]. No microarray studies have yet been carried
ut on the effect of dietary fiber on global hepatic gene
xpression.

The health benefits of increased dietary fiber intake
ere first suggested more than 30 y ago [9]. Since then,

vidences of the link between dietary fiber and cardio-
ascular diseases have accumulated from epidemiologic

bservations [10 –13] and clinical trials [14 –16].
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Of the two main types of dietary fiber, non-viscous
nsoluble fiber has not been shown to have a consistent
holesterol-lowering effect. In contrast, consumption of a
igh-fiber diet containing viscous soluble fiber has been
ssociated with significantly lower plasma total and low-
ensity lipoprotein (LDL) cholesterol levels [17–19]. The
holesterol-lowering effects of viscous soluble dietary fiber
ould be due to 1) increased bile acid synthesis or 2)
educed cholesterol synthesis. Bile acid synthesis accounts
or 40–50% of the daily elimination of cholesterol [20,21]
nd plasma cholesterol is quantitatively the most important
ubstrate for bile acid synthesis [22]. Endogenous choles-
erol biosynthesis accounts for approximately 75–80% of
he total body cholesterol pool [22]. The liver is the main
ite of bile acid synthesis and endogenous cholesterol bio-
ynthesis.

Of the viscous soluble fibers, psyllium husk appears to be
he most effective in lowering cholesterol levels [23,24] and
as the least adverse side effects [25]. Psyllium or ispaghula
usk (the husk of the seeds of Plantago ovata) is a mixture
f neutral and acid polysaccharides containing galacturonic
cid. Some foods in the human diet could potentially be
nriched with psyllium, such as breads, cereals, and pasta.
he effect of psyllium husks on fasting plasma cholesterol
as been evaluated in individuals with hypercholesterol-
mia, obesity, or diabetes [26,27]. In general, these studies
howed that psyllium husk consumption could bring about a
% reduction in total cholesterol and 7–8% reduction in
DL cholesterol, which were sustainable in the long term

28,29].
Thus far, there have been no studies on the sequential

ffects of a high-fiber diet on hepatic gene expression and
hanges in lipid metabolism. We therefore studied the
ffects of high-fiber feeding over a period of 10 wk using
syllium husks. Its effects on food intake, body weight,
lasma lipids, and transcriptomic profile of hepatic genes,
articularly those involved in lipid metabolism, were also
etermined. Two time-point measurements were used in the
xperimental design to elucidate the early responses to high-
ber feeding at week 3 and whether these responses were
ustained over a longer period of 10 wk.

aterials and methods

ice and diets

Twenty-four 8-wk-old female C57BL/6J mice were sup-
lied by the Laboratory Animal Center, National University
f Singapore (NUS). They were acclimatized in our animal
olding unit for 2 wk, feeding on standard chow before
ommencing their respective diets. They were randomized
nto four groups of six and assigned to the control (C) or
syllium-enriched (PE) diet for both time points. The C diet
as a standard AIN-93M diet (Specialty Foods, Perth, Aus-
ralia), which consisted of 13.5% protein, 4% fat, and 82.5% h
arbohydrate, with a total fiber content of 5%. The formu-
ation of the PE diet was modified from the AIN-93M diet
y supplementing it with 10% psyllium husks (SF03-034,
pecialty Feeds, Perth, Australia). It had a total fiber content
f 15%.

ood intake and body weight

The amount of food intake was measured by subtracting
he residual food and food spillage from the total amount of
ood added weekly. Spilled food was collected on paper
owels placed beneath the cages in which the individual
ouse was kept. After removing feces and wood shavings

rom the paper towels, food spillage was collected and
eighed.
Baseline body measurements of the mice were obtained

hen they first arrived. Subsequently, mice body weights
ere measured weekly at the same time of the day using the

ame machine.

ice sacrifice and collection of tissue

After 3 and 10 wk of the respective dietary treatment, the
ice were sacrificed by cardiac puncture. Blood was col-

ected and livers were quickly removed. Liver samples com-
rising identical lobes were obtained from each mouse.
hese were immediately snap-frozen in liquid nitrogen and
tored at �80°C. All animal experiments were performed
ith the approval of NUS Laboratory Animals Centre.

ipid assays

Plasma total cholesterol, high-density lipoprotein (HDL)
holesterol, and triacylglycerol levels were measured after
n overnight fast using enzymatic assay kits on a Cobas
ira analyzer (Roche, Basel, Switzerland). LDL/very LDL

holesterol levels were determined as the difference be-
ween total and HDL cholesterol levels.

nalysis of gene expression profile by high-density
ligonucleotide microarrays

To determine the gene expression profile of the hepatic
enes in the different groups, the relative abundance of
RNAs in the PE groups was compared with the corre-

ponding controls (e.g., PE-3wk versus C-3wk). The mouse
enome 430A GeneChip (MOE430A, Affymetrix, Santa
lara, CA, USA) containing probes for about 14 400 known
ouse genes were used. Total RNA was isolated from the

ndividual frozen liver tissues using TRIzol reagent (Invitro-
en, Carlsbad, CA, USA) and purified using RNeasy Mini
it (Qiagen, Hilden, Germany). A 2-�L sample was run on
1% denaturing gel to ensure that RNA was not degraded

fter extraction. The purified total RNA was then pooled
rom each group. The preparation of biotinylated cRNA and

ybridization onto the GeneChip were carried out according
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o instructions provided by the Affymetrix protocol with
0–15 �g of total RNA.

eneChip data analysis

Microarray Suite 5.0 (Affymetrix) was used to analyze
he scanned image. Expression patterns for each group were
nalyzed according to the following pairwise comparisons.
he mice fed on the high-fiber diet for 3 wk (PE-3wk) were
ompared with their corresponding controls (C-3wk). At
eek 10, the PE-10wk mice were compared with the mice

ed on the standard control AIN-93M diet (C-10wk). The
robe sets were sorted according to stringency criteria. To
btain the robust “increase” expression profile, the experi-
ental probe sets designated “absent” were eliminated and

nly the probe sets flagged as “I” with a signal log ratio
0.5 were selected. For the robust “decrease” profile, the

absent” cells were eliminated from the C samples and only
hose flagged “D” with a signal log ratio ��0.5 were
elected. Data of “fold change” were calculated from the
signal log ratio.” The selected probe sets were then anno-
ated and classified using the NetAffx Gene Ontology Min-
ng Tool.

uantitative real-time reverse-transcription polymerase
hain reaction

Quantitative real-time reverse-transcription polymerase
hain reaction (qRT-PCR) was carried out to validate our
icroarray results. We selected five essential genes that

howed differential expression at the two time points. The
equences of the primers used are listed in Table 1. The
ightCycler SYBR Green I one-step RT-PCR (Roche Di-
gnostics, Basel, Switzerland) method was used to quantify
he starting mRNA of the five target genes. For amplifica-
ion, RNA template, primers, Mn(OAc)2 and LightCycler
NA Master SYBR Green I were mixed well and trans-

erred to LightCycler capillaries (Roche Diagnostics) ac-
ording to the Roche quantitative RT-PCR protocol. The
ignal of the housekeeping gene �-actin was used for nor-
alization. Melting curve analysis was performed to assess

he specificity of the amplified PCR products. The sizes of
he amplified PCR products were verified with 2% agarose
el electrophoresis and visualized by ultraviolet fluores-
ence after staining with ethidium bromide.

able 1
equences of primers used in quantitative real-time reverse transcription P

ene name (gene symbol)

ctin, beta (�-actin)
-Hydroxy-3-methylglutaryl coenzyme A reductase (Hmgcr)
atty acid synthase (Fasn)
arnitine palmitoyltransferase 1A, liver (Cpt1L)
ytochrome P450, family 7, subfamily a, polypeptide 1 (Cyp7a1)
eroxisome proliferator-activated receptor-� (Ppar�)
PCR, polymerase chain reaction.
estern blots

Four mice from each group were randomly selected for
estern blot assays, which were carried out on individual

iver samples. The liver tissues were homogenized in RIPA
uffer containing a mixture of protease inhibitors (Complete
ini EDTA-free, Roche Applied Science, Basel, Switzer-

and). Denatured proteins (30 �g) were loaded onto poly-
crylamide gels. After electrophoresis, proteins were trans-
erred to nitrocellulose membranes (Hybond ECL,
mersham, Buckinghamshire, United Kingdom) and

tained with Ponceau S to confirm equal protein loading.
embranes were then blocked with phosphate buffered

aline containing 0.1% Tween and 5% skimmed milk pow-
er for 1 h at room temperature and later incubated over-
ight at 4°C with a rabbit antibody against 3-hydroxy-3-
ethylglutaryl coenzyme A reductase (Cell Signaling,
everly, MA, USA) or antibody against fatty acid synthase

BD Biosciences, Franklin Lakes, NJ, USA). Subsequently,
embranes were incubated with a horseradish peroxidase–

inked goat anti-rabbit immunoglobulin G antibody (Cell
ignaling) for 1 h at room temperature. After application of
hemiluminescent detection reagents (Amersham), Clear-
lue X-ray films (Pierce, Rockford, IL, USA) were exposed

o the blots and the band intensities were determined using
uantity One software (Bio-Rad, Hercules, CA, USA).

tatistical analysis

All results are expressed as means � SDs. Statistical
ignificance of differences was determined by using Stu-
ent’s t test. SPSS 14.0 for Windows (SPSS Inc., Chicago,
L, USA) was used for statistical analysis. The significance
evel was set at P � 0.05.

esults

ood intake

At week 3, food intake was significantly reduced in the
igh-fiber–fed mice (2.76 � 0.06 g/d) compared with their
ontrols (2.92 � 0.08 g/d; Table 2), along with a signifi-
antly lower energy intake (38.1 � 0.9 versus 44.3 � 0.9

rd (5=¡3=) Reverse (5=¡3=) PCR product

cctctatgccaacacagt cacgatggaggggccggactcatc 241 bp
caggagtttggtgactga taagattcaacaactctgctgacc 101 bp
agagtcagtggaggca cagcagcctgtgtattgagtctag 212 bp
gtgttcaaaggaggag gctatattcgttcacacatgc 173 bp

cttcctgctttgccttg tggatacattcagttcagggagtc 168 bp
cttggggatgaaga tgaatcctattagcctccgatcac 126 bp
CR

Forwa

taaaga
tgtggc
tctgtga
actgtaa
actgtg
tcctacg
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J/d). At week 10, we observed a significant increase in
ood intake but not in energy intake in the high-fiber fed
ice compared with the controls.

ouse body weights

At baseline, there were no significant differences in body
eights between PE-3wk and C-3wk mice (17.0 � 0.9
ersus 17.8 � 0.5 g, respectively) and between PE-10wk
nd C-10wk mice (16.9 � 1.6 versus 17.5 � 1.4 g, respec-
ively). Fiber feeding did not seem to affect the body
eights because there were no significant differences in the
nal body weight between the PE groups and their respec-

ive controls at weeks 3 and 10 (Table 2). Although PE-3wk
ice gained slightly less weight from their initial body
eights (0.5 � 0.4 g) compared with the C-3wk mice

0.6 � 0.4 g), this was not significantly different. At week
0, there was also no significant difference in weight gained
etween PE-10wk and C-10wk mice (2.8 � 1.3 versus
.3 � 1.2 g, respectively).

lasma lipid levels

At the start of the feeding study, there were no differ-
nces in plasma total cholesterol, HDL cholesterol, LDL
holesterol, and triacylglycerol levels in the PE groups
ersus their respective C groups (Fig. 1A). Total choles-
erol levels were significantly lower in the PE-3wk group
ompared with the C-3wk group. The levels were reduced
y 27%, from 2.02 � 0.08 mmol/L (C-3wk mice) to 1.49

0.18 mmol/L (PE-3wk mice). At week 10, total cho-
esterol levels remained significantly lower in the PE-fed
ice compared with their controls (1.39 � 0.06 versus

.14 � 0.22 mmol/L, respectively). There was no signif-
cant reduction in total cholesterol levels between the
E-fed mice at weeks 3 and 10. There were no significant
hanges in LDL cholesterol levels, although there was a
rend of reduction with psyllium feeding (Fig. 1B). Sig-
ificant reductions in HDL cholesterol were observed in
he PE-fed groups compared with their controls (Fig. 1C).
ecause the benefit of lowering total cholesterol levels

which confer lower cardiovascular risks) are usually

able 2
ood intake, energy intake, and body weight*

PE-3wk mice

ood intake (g) 2.76 � 0.06†

nergy intake (kJ) 38.1 � 0.9†

inal body weight (g) 17.5 � 1.3
ain in body weight (g) 0.5 � 0.4

C-3wk, 3-wk control diet; C-10wk, 10-wk control diet; PE-3wk, 3-wk hig
syllium husk.
* Values are means � SDs (n � 6/group).
† P � 0.01 versus corresponding C group.
ccompanied by a reduction in protective HDL choles- (
erol levels, we calculated the total/HDL cholesterol ratio
o determine the net effect (Fig. 1D). There was a mar-
inally lower ratio (not significant) in the PE-3wk mice
ompared with the C-3wk mice. In contrast, the ratio
ppeared to have increased in the PE-10wk mice versus
-10wk mice, although not significantly. There was no

ignificant difference in the ratio between the two PE groups.
e observed a slight and non-significant reduction in plasma

riacylglycerol levels in PE-3wk compared with C-3wk mice
Fig. 1E). At week 10, the levels were significantly reduced by
2% in the PE groups compared with the controls. There was
urther significant reduction of plasma triacylglycerol levels in
he PE-10wk mice versus the PE-3wk mice as the high-fiber
eeding continued.

ranscription profiling of hepatic genes involved in fatty
cid oxidation and lipogenesis

Under in vivo conditions, changes in differential gene
xpression due to dietary treatment are expected to be small
nd often below a two-fold change [30,31]. As such, any
ene expression changes from the microarray screening
reater than a threshold of signal-log (base 2) ratio � 0.5
i.e., 1.4-fold difference in levels) were considered to be
otentially relevant.

ene expression profiles at week 3

Genes involved in �-oxidation of fatty acids, such as
cox1, Acaa2, Acsl1, Acsl4, Crat, Cpt1a, Ehhadh, Hadhb,

nd Pte2b, were upregulated in the PE-3wk mice (Fig. 2).
pt1a, the gene encoding the rate-limiting enzyme for fatty
cid oxidation, was upregulated by 1.6-fold. Concomitant
ith the upregulation of genes involved in fat breakdown,
enes encoding enzymes involved in lipid biosynthesis were
ownregulated. These included Srebf1, Bucs1, Dgat2, and
asn. Srebf1, which was highly suppressed by 3.7-fold, is a
embrane-bound transcription factor that enhances tran-

cription of genes required for fatty acid synthesis. Fasn, a
ey lipogenic gene, was highly suppressed by four-fold

k mice PE-10wk mice C-10wk mice

� 0.08 3.24 � 0.14† 3.01 � 0.04
� 0.9 44.8 � 2.0 45.7 � 0.6
� 0.7 19.6 � 0.5 19.8 � 0.3
� 0.4 2.8 � 1.3 2.3 � 1.2

r diet containing psyllium husk; PE-10wk, 10-wk high-fiber diet containing
C-3w

2.92
44.3
18.4

0.6

h-fibe
Fig. 2).
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ene expression profiles at week 10

Genes involved in fatty acid �-oxidation were no
onger upregulated in week 10. In fact some were actually
ownregulated (e.g., Cpt1a, Cpt2, and Dci; Fig. 2).
par�, which controls the peroxisomal �-oxidation path-
ay of fatty acids, was downregulated by 2.3-fold. Some
f the downregulated genes involved in fatty acid bio-
ynthesis (e.g., Fasn and Acly) at week 3 were found to
e upregulated after 10 wk of the high-fiber diet. Fasn
as upregulated by 1.7-fold. Other genes such as Scd1,
tgs1, and Alox5ap that were involved in fatty acid
iosynthesis were also upregulated.

ranscription profiling of hepatic genes involved in
holesterol metabolism

After 3 wk of high-fiber feeding, three genes involved in
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ith a greater increase in Hmgcs1 (2-fold) and Cyp51

2.2-fold) compared with their controls. In addition, more
enes involved in the cholesterol biosynthesis pathway,
uch as Nsdh1, Hmgcr, Idil, Sc4mol, Stard4, and Dhcr7,
ere upregulated in the PE-10wk group (Fig. 2). Hmgcr,
hich encodes the rate-limiting enzyme for cholesterol syn-

hesis, was upregulated by two-fold at week 10. None of the
enes involved in the cholesterol synthesis pathway were
ownregulated at both time points.

ranscription profiling of hepatic genes involved in bile
cid synthesis

The gene encoding the rate-limiting enzyme involved
n bile acid synthesis, Cyp7a1, was highly upregulated by
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xpression was downregulated by 1.4-fold after 10 wk of
igh-fiber feeding enriched with psyllium husks com-
ared with the control group. HNF4�, a key hepatic
ranscription factor that can regulate Cyp7a1, showed
ncreased expression in PE-3wk and PE-10wk mice by
.6- and 1.5-fold, respectively. Cyp39a1 is also involved
n the conversion of cholesterol to bile acids. Its sub-
trates include oxysterols such as 25-hydroxycholesterol,
7-hydroxycholesterol, and 24-hydroxycholesterol. It has
een shown that Cyp39a1 has a preference for the sub-

ig. 2. Microarray profiling of hepatic genes involved in lipid metabolism
ata of “fold change” were calculated from the “signal log ratio.” The sc
trate 24-hydroxycholesterol. Its expression was elevated r
n the livers of PE-3wk and PE-10wk mice by 2.3- and
.7-fold, respectively.

uantitative real-time RT-PCR

We validated our microarray findings by conducting
eal-time PCR assays on selected genes, such as Cpt1, Fasn,
mgcr, Cyp7a1, and Ppar�. These were selected because

hey encode enzymes regulating the key steps of lipid me-
abolism. For instance, Cpt1a is the gene encoding the

ted by high-fiber feeding (green � downregulation, red � upregulation).
presented as fold change.
regula
ate-limiting enzyme for mitochondrial fatty acid oxidation.
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asn encodes a key lipogenic enzyme, and Hmgcr encodes
he rate-limiting enzyme for cholesterol synthesis. Cyp7a1
ncodes the enzyme regulating the rate-limiting step in the
eutral pathway of bile acid synthesis.

Figure 3 presents the gene expression levels of Cpt1,
asn, Hmgcr, Cyp7a1, and Ppar� measured by quantitative
T-PCR. There was a slight but non-significant reduction in

he expression of Cpt1a in the PE-3wk mice but a non-
ignificant increase was observed at week 10. PE-3wk mice
ad a lower expression of Fasn but this trend was reversed
nd was statistically significant from the controls at week
0. There were no significant differences in Ppar� expres-
ion levels between the PE mice and their corresponding
ontrols at weeks 3 and 10.

Both PE groups had significantly higher expression of
mgcr than their respective C groups (P � 0.05). The
E-3wk mice had significantly higher mRNA levels of
yp7A1 than the C-3wk mice. At week 10, expression

evels of Cyp7A1 were lower in PE-10wk than in C-10wk
ice (not significant).

estern blot

We verified the differential expression of Hmgcr and
asn at the protein levels by western blot analysis. We
emonstrated that the PE-10wk group had significantly
igher protein expression levels of Hmgcr compared with
he C-10wk group (Fig. 4). There was no observable
ifference in protein expression in the PE-3wk group
ersus the C-3 wk group (data not shown). We also found
hat the PE-3wk group had a significantly lower expres-
ion of Fasn protein levels than the C-3wk group. At
eek 10, we observed increased Fasn protein levels in the

ig. 3. Gene expression levels measured by quantitative real-time reverse-
ranscription polymerase chain reaction. Results are presented as means �
D (n � 6/group). *P � 0.05 versus corresponding C group. C-3wk, 3-wk
ontrol diet; C-10wk, 10-wk control diet; PE-3wk, 3-wk high-fiber diet
ontaining psyllium husk; PE-10wk, 10-wk high-fiber diet containing psyl-
ium husk.
E mice (Fig. 5). C
iscussion

Our findings confirmed the beneficial effects of consum-
ng a high-fiber diet containing psyllium husks in lowering
holesterol levels. Within 3 wk of starting the high-fiber
iet, total cholesterol levels were significantly reduced by
7% compared with the control mice. Total cholesterol
evels remained suppressed with prolonged high-fiber feed-
ng. However, there was no further significant reduction as
he feeding period continued. We observed a significant
eduction in HDL cholesterol but not in LDL cholesterol
evels in the high-fiber groups. This could be due to the fact
hat the major fraction of plasma cholesterol in mice is HDL
nd not LDL. This could be because mice do not have
lasma cholesterol ester transfer protein activity. There are
wo major suggested mechanisms through which soluble
ber can reduce cholesterol. These are through the inhibi-

ion of hepatic cholesterol synthesis or through higher rate
f clearance with increased bile acid synthesis. With regard
o cholesterol synthesis, we found that none of the genes
nvolved in hepatic cholesterol biosynthesis were down-
egulated after high-fiber feeding at both time points. In-
tead, they were found to be upregulated at week 3. Addi-
ional genes were upregulated at week 10. Some even
howed further increases in their gene expression levels. These
ene expression levels were further verified by western blot
ssay of Hmgcr. Hmgcr encodes the rate-limiting enzyme
or cholesterol synthesis. Its protein levels were signifi-
antly higher in the PE-wk10 mice compared with the
ontrols. This might be a response by the mice to adapt to
he reduced plasma cholesterol levels. Miettinen and Tarpila
32] suggested that cholesterol synthesis could increase to
ffset fecal sterol losses when hyperlipidemic subjects were
ed soluble viscous fiber. Our observations of the hepatic
enes involved in cholesterol synthesis at the mRNA level
rovided further molecular evidence for their work.

In contrast, our transcription profiling of the livers
howed molecular evidence supporting the concept that
here was increased bile acid synthesis in mice fed with high
ber enriched with psyllium husks, as evidenced by the
hanges in genes such as Cyp7A1, Cyp39A1, and Ldlr.
yp7A1 governs the rate-limiting step in the neutral path-
ay of bile acid synthesis from cholesterol. In the liver,

holesterol is converted to bile acids. This removes it from
he active cholesterol pool and results in an upregulation of
epatic LDL receptors (Ldlr) and, hence, decreased plasma
holesterol levels. Cyp7A1 was highly upregulated in the
E-3wk mice. This was confirmed by quantitative RT-PCR
erformed on individual mRNA samples from the PE-3wk
ice. Our observation on the increased expression levels of
yp7a1 in the PE-3wk mice are in agreement with findings

eported by Yang et al. [6]. They found increased Cyp7a1
RNA levels in rats fed on barley (which is also high in

iscous soluble fiber) for 2 wk. However, it was notable that
he prolonged high-fiber feeding induced a downward trend in

yp7a1 mRNA levels. The suppressed Cyp7a1 mRNA levels
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t week 10 could be due to feedback inhibition by the bile acids
eturning to the liver through the enterohepatic circulation.

In addition to Cyp7a1, we found that the PE mice had
levated mRNA levels of Cyp39a1. Cyp39a1 also preferen-
ially converts 24-hydroxycholesterol into bile acids. Re-
ently, there were numerous studies that suggested a pivotal
ole of 24-hydroxycholesterol in the link between increased
holesterol levels and the risk of developing Alzheimer’s dis-
ase, as reviewed by Bjorkhem et al. [33]. There is evidence to
uggest that plasma levels of 24-hydroxycholesterol are higher
n patients with Alzheimer’s disease than in healthy subjects
33]. Our findings with regard to the increased level of
xpression of Cyp39a1 could possibly highlight another
otential benefit of consuming a high-fiber diet enriched
ith soluble viscous fiber. Our observations also suggested

hat the lowering of plasma cholesterol by psyllium husks
ould likely be exerted at a more upstream level of tran-
cription, i.e., through the upregulation of HNF4�. HNF4�
s a key hepatic transcription factor that can regulate the
xpression of Cyp7A1 [34].

Although both groups of PE mice did not show any

ig. 4. Western blot analysis of 3-hydroxy-3-methylglutaryl coenzyme A re
ice (odd-numbered lanes) and mice fed on psyllium husks for 10 wk (ev
-actin bands in C-10wk versus PE-10wk mice. Each bar represents mean
0-wk control diet; PE-10wk, 10-wk high-fiber diet containing psyllium h
educed expression of hepatic genes involved in cholesterol l
ynthesis, genes related to lipogenesis were downregulated
t week 3 in the high-fiber fed mice. Conversely, the genes
nvolved in fatty acid oxidation were upregulated in PE-3wk
ompared with C-3wk mice. However, these trends reversed
t week 10. The transcription profiling of the mice livers
evealed that prolonged high-fiber feeding resulted in in-
reased mRNA levels of lipogenic genes and decreased
RNA levels of genes involved in fatty acid oxidation. The
estern blot assays of Fasn, a key gene involved in lipo-
enesis, were also in agreement with its gene expression
evels. Its protein levels were significantly lower in the
ivers of the PE-fed mice compared with controls at week 3.
owever, Fasn protein levels were significantly raised with
rolonged high-fiber feeding. These differential mRNA lev-
ls of the genes involved in lipogenesis suggested that the
ice might have been attempting to adapt to the lower

lasma triacylglycerol levels. This could also possibly in-
icate that non-adipose tissue such as the liver was respond-
ng by regulating its triacylglycerol content.

The early responses to a high-fiber diet, aimed at reduc-
ng mRNA levels of lipogenic genes and increasing mRNA

se (Hmgcr). (A) Western blot analysis of Hmgcr in the livers from control
mbered lanes). (B) Densitometry analysis of Hmgcr bands normalized to
(for each group of mice n � 4). *P � 0.05 versus control group. C-10wk,
ducta
en-nu

� SD
evels of lipolysis genes, changed after a longer high-fiber
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eeding period. This suggested that different mechanisms
ay be induced by prolonged high-fiber feeding to adapt to

he decreased fat stores in the body. The increased mRNA
evels of hepatic genes involved in cholesterol synthesis
hroughout the entire feeding period could likely point to a
obust regulatory mechanism in place to regulate plasma
holesterol levels. In turn this could possibly explain why a
ore substantive reduction in plasma cholesterol levels was

ot observed in the PE-10wk mice.
Concerning weight, our findings revealed that a diet high

n fiber enriched with psyllium husks did not promote
eight loss because the weights of both PE groups were

omparable to the C groups. It was notable that, although
e observed a reduction in energy intake by the PE-3wk
ice intake, they showed no significant weight loss. Be-

ause the average energy cost of weight loss is known to be

ig. 5. Western blot analysis of fatty acid synthase (Fasn). (A) Western blot
nalysis of Fasn in the livers from the CE-3wk group (odd-numbered lanes)
nd PE-3wk group (even-numbered lanes). (B) Western blot analysis of
asn in the livers from the C-10wk group (odd-numbered lanes) and
E-10wk group (even-numbered lanes). (C) Densitometric analysis of Fasn
ands normalized by �-actin bands in the C versus corresponding PE
roups. Each bar represents mean � SD (for each group of mice n � 4).
P � 0.05 versus C group. C-3wk, 3-wk control diet; C-10wk, 10-wk
ontrol diet; PE-3wk, 3-wk high-fiber diet containing psyllium husk; PE-
0wk, 10-wk high-fiber diet containing psyllium husk.
bout 30 kJ/g of body weight, the expected average weight
oss in the PE-3wk group should be about 4 g in the mice
ver the 3 wk of high-fiber feeding. Not only was there an
bsence of weight loss, but the PE-3wk mice had increased
ody weights by 0.5 � 0.4 g. Therefore, our data over the
ntire fiber feeding period did not seem to support the
heory suggested by others [35,36] that consumption of a
igh-fiber diet containing viscous soluble fiber would pro-
ote weight loss.

onclusion

Weight was unaffected by the high-fiber diet containing
syllium husks. Conversely, plasma cholesterol and triac-
lglycerol levels were lowered. We observed that the high-
ber diet could differentially regulate the expression levels
f hepatic genes involved in lipid metabolism and that these
ffects were dependent on the length of feeding.
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