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Introduction

The different effects of psyllium husk and orlistat
on weight control, the amelioration of

hypercholesterolemia and non-alcohol fatty liver
disease in obese mice induced by a high-fat diet+
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Linchun Fu @2® and Zhuotao Fu

Obesity is a widespread medical problem, for which many drugs have been developed, each with its own
limitations. Orlistat, a lipase inhibitor, functions as a fat absorption blocker and is a widely used over-the-
counter drug in China. Psyllium husk, in contrast, is a food source rich in dietary fibre and is beneficial for
weight loss because it reduces appetite. Here, it was investigated how psyllium husk treatments affect
mice with a high-fat diet (HFD)-induced obesity, using obesity-related indices, metabolism indices, and
gut microbiota, compared to orlistat treatments. Orlistat had a greater effect on weight loss, whereas psy-
llium husk had a greater effect at reducing serum and liver cholesterol and triglyceride levels. Treatments
had similar effects on controlling the body fat rate, the expression level of farnesoid X receptor, sterol
27-hydroxylase and oxysterol 7-hydroxylase (CYP7B1) in the liver, and the regulation of major bile acids
such as cholic acid, chenodeoxycholic acid, deoxycholic acid, and lithocholic acid in faecal content.
However, the expression of CYP7AL in the liver and the structures of faecal bile acids were different
between the two drugs. Furthermore, although they also had similar effects on the gut microbiota at the
phylum level, there were differences at the genus level for Roseburia, Bacteroides, Faecalibacterium,
Coprobacillus, and Akkernansia, which led to the difference in the serum lipopolysaccharide (LPS) level.
Orlistat increased the food intake of the obese mice that were fed a HFD, which led to an increase in
water intake, serum triglyceride levels, and lower glucose tolerance. Although orlistat is considered a suit-
able drug for weight loss, psyllium husk is a comparatively more cost-effective choice for ameliorating
hypercholesterolemia and non-alcoholic fatty liver disease caused by a HFD.

appetite inhibitors, metabolic stimulants, and nutrition
absorption inhibitors. Examples include phentermine, an

Obesity is a metabolic disease that results from the excessive
accumulation of body fat. When the intake of calories by a
body is greater than its internal consumption, excess calories
are stored as fat, and this leads to obesity if it exceeds normal
physiological requirements. The prevalence of obesity has
doubled since 1980." Obesity is closely related to diseases of
the respiratory, cardiovascular, and immune systems.*™
Popular drugs used to treat obesity fall into three categories:
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appetite suppressant, and topiramate, an antiepileptic, which
have both been approved to treat obesity by the US Food and
Drug Administration (FDA);>® however, they can have signifi-
cant neurorelated side effects.” Phenylpropanolamine, a meta-
bolic stimulant, is used to treat obesity in the US; however, it
is shown to increase the risk of haemorrhagic stroke.® Orlistat,
a nutrition absorption inhibitor, is available worldwide as an
obesity treatment. However, it can have adverse effects such as
oily stools and abdominal pain.” Despite this, orlistat is the
only over-the-counter drug approved by the National Medical
Products Administration in China to treat obesity and was
therefore used as a positive control drug in this study.

Psyllium husk (Plantago ovata) is rich in soluble dietary
fibre and believed to effectively ameliorate obesity.’® Research
showed that psyllium husk reduced serum total cholesterol'!
and low-density lipoprotein cholesterol (LDL-C) levels;'
however, the mechanism by which psyllium husk ameliorates
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serum cholesterol remains unclear. The gut microbiota is
closely related to obesity, as it is often accompanied by gut dys-
biosis."® Rebalancing of the intestinal microbiota can help to
treat obesity.'* Dietary fibre is proved to be beneficial for those
with obesity, as it has prebiotic characteristics that affect the
gut microbiota."> Our preliminary findings showed that both
psyllium husk and orlistat aided in weight loss when com-
bined with diet control and increased exercise. However, many
obese patients had difficulty controlling their diet and did not
want to exercise. The preferred option of the patients was to
lose weight by taking medication alone.

Therefore, in this study, our aim was to investigate simi-
larities and differences in weight control between psyllium
husk and orlistat while not controlling eating or exercise pat-
terns and maintaining a high-fat diet (HFD). We also aimed to
observe the effects of the two drugs on NAFLD and serum
obesity-related indicators in high-fat diet-induced obese mice.
Furthermore, we explored the mechanism of ameliorating
serum and liver cholesterol by the two drugs and observed the
effects of psyllium husk and orlistat on the gut microbiota, as
well as bile acid metabolomics, from the perspective of the gut
microbiota in obese mice.

Our study provides an experimental basis to treat obesity,
hypercholesterolemia, and NAFLD.

Experimental
Drugs and reagents

Psyllium husk [origin: India; execution standard: Q/MBBL
0006S; Leesmum (Shanghai) Industrial Development Co., Ltd,
Shanghai, China] was obtained for this investigation and its
nutritional information is listed in Table 1. Psyllium husk was
ground into a powder using a grinder (Wiltal® type: MG-300).
Approximately 200 g psyllium husk powder samples were kept
in a cool (25 °C) dry room at the Science and Technology
Innovation Center, Guangzhou University of Chinese
Medicine, Guangzhou, China. The powder was dissolved in
distilled water at a concentration of 20 mg mL ™" before it was
given to the mice by gavage. Orlistat (0.12 g per capsule;
execution standard: YBH01682014; Lunan New Time Bio-Tech
Co., Ltd, Linyi China) was dissolved in distilled water at a con-
centration of 12 mg mL™'. High-fat diet (HFD) material
(Research Diets® type: D12492; Research Diets, Inc.) and low-
fat diet (LFD) material (Research Diets® type: D12450];
Research Diets, Inc.) were also obtained for this investigation.
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Animal experiments

The experiments were approved by the Guangzhou University
of Traditional Chinese Medicine Animal Care and Use
Committee (no. 20190621003) and all experiments were in
accordance with the ARRIVE guidelines.'® Six-week-old male
specific pathogen-free (SPF) C57BL/6] mice were purchased
from the Guangzhou University of Traditional Chinese
Medicine Animal Experiment Center (Guangzhou, China).

Mice were kept in a 12 h light/dark cycle at 26 °C. Six mice
were kept in a cage (cage dimensions: 380 mm x 160 mm X
180 mm). The experiments were conducted in a SPF environ-
ment. A total of 36 mice were randomly divided into two
groups, a normal control group (NC, n = 6) that received a LFD,
and the obesity modelling group (OM, n = 30), which was fed a
HFD. The modelling phase lasted 16 weeks. In the OM group,
mice whose body weight was less than 120% of the average
body weight in the NC group were classified as failed models
and excluded from the trial. Eighteen mice in the OM group
were successfully modelled and randomly divided into three
treatment groups: model control group (MC, n = 6), HFD + psy-
llium husk group (HFD + PH, n = 6), and HFD + orlistat group
(HFD + orlistat, n = 6). During the intervention phase, the NC
group received a LFD, whereas obese mice in the MC group
received a HFD, obese mice in the HFD + PH group received a
HFD and were treated with psyllium husk, and obese mice in
the HFD + orlistat group received a HFD and were treated with
orlistat. The six mice in each group were kept in a cage (cage
dimensions: 380 mm x 160 mm x 180 mm), but during weeks
16 and 25, each mouse from each group was moved to an indi-
vidual cage (cage dimensions: 200 mm x 200 mm x 170 mm)
to record their food and water intake. Psyllium husk has ben-
eficial effects when administered in higher doses with
sufficient water."”” However, the husk can expand when mixed
with water, and at high concentration, would block the gavage
needle. Therefore, in this experiment, a dose of 0.14 g kg™
psyllium husk was provided three times a day (approximately
the lowest recommended daily fibre supplement is 20 g per
50 kg for an adult)"” for obese mice. According to Choi et al.,"®
obese mice were administered 20 mg kg™' d~' orlistat. All
groups were treated in the intervention phase, as shown in
Table 2.

Table 2 Times when the corresponding drugs were administered by
gavage

Time

Table 1 Nutritional information Group 9:00-9:30 13:00-13:30 17:00-17:30
Per100g NC Normal saline Normal saline Normal saline

(10 mL kg™) (10 mL kg™) (10 mL kg™)
Energy 795 KkJ MC Normal saline Normal saline Normal saline
Protein 22¢ (10 mL kg™) (10 mL kg™) (10 mL kg™)
Total fat 09¢g HFD + PH Psyllium husk Psyllium husk Psyllium husk
Carbohydrate 3.7¢g (0.14 g kg™) (0.14 g kg™ (0.14 g kg™)
Dietary fiber 82.7¢g HFD + orlistat  Orlistat Normal saline Normal saline
Sodium 83 mg (20 mg kg™ (10 mL kg™) (10 mL kg™)
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Detection of Lee’s index and body fat rate

Lee’s index was used to assess the level of obesity, which
included body length and weight in the calculation.’® A mouse
was placed inside a 500 mL beaker then placed on an elec-
tronic scale to record the weight. The length of each mouse
was determined using a transparent ruler on the ventral
surface to record the distance from the tip of the nose to the
anus. Body weight and length were measured three times.
Then, Lee’s index was used to assess obesity levels as follows:
Lee’s index = 1000 x [body weight (g)]*/*/body length (cm).™
During experimental studies on obese mice, the weight of
white adipose tissue near the epididymis was used to reflect
visceral fat weight.>® We used the weight of white fat on the
left side of the epididymis to reflect the weight of visceral fat
throughout the body. Body fat rate = [(white fat on the left side
of the epididymis) (g)/body weight (g)] x 100%.

Faeces sample collection for 16S rDNA examination and bile
acid-targeted metabolomics detection

Mice faeces were collected on the last two days of week 26 of
treatment. Briefly, we massaged the abdomen and pulled the
tail gently to stimulate defecation. The faeces were then col-
lected in a 2 mL cryopreservation tube and stored at —80 °C.

Assaying a sample for 16S rDNA and sequencing

A QIAamp DNA Stool Mini Kit was used to process the faecal
samples. Amplification of the V4 region of the bacterial 16S
rDNA was conducted by APTBIO Co., Ltd (Shanghai, China) for
sequencing with the Illumina Hiseq 2500 platform.

Determination of bile acids in the faeces

The faecal samples were sent to APTBIO Co., Ltd, Shanghai,
China, where standard targeted metabolomics analysis oper-
ations (ESI 1t) were performed to determine the bile acids in
the faeces.

Glucose tolerance test (GTT)

During the experimental period, we measured the fasting
blood glucose levels of the mice during week 28 using an
Omron glucometer [type: isens 631-A, execution standard: ISO
15197:2013, OMRON Healthcare (China) Co., Ltd] and Omron
glucose strips. According to the methods of Andrikopoulos
et al.,>* we obtained approximately 0.5 uL of blood from the
tail vein after 6 h of fasting, after which the mice were intraper-
itoneally administered 2 g kg™ glucose [kinvita, execution
standard: GB/T20880, Kinvita (Fujian) Food Co., Ltd, China)].
Blood glucose levels were measured 30, 60, 90, and 120 min
after intraperitoneal glucose injection.

Blood sample collection

On day 196 (day 84 of the treatment), the mice were fasted for
16 h without restricting their access to water overnight. The
mice were then anaesthetised by intraperitoneal injection of
sodium pentobarbital (50 mg kg™') and after 30 min, blood

This journal is © The Royal Society of Chemistry 2022
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was obtained from the eyeball of each mouse. Blood was cen-
trifuged at 3000g for 15 min and the serum was obtained.

Blood sample assay

The TC, triglyceride (TG), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), lipopoly-
saccharide (LPS), and alanine aminotransferase (ALT) concen-
trations in the serum were estimated using commercially avail-
able kits (Nanjing Jiancheng Bioengineering Institute, China)
according to the manufacturer’s instructions, using a micro-
plate reader [Multiskan Mk3, Thermo Fisher Instrument Co.,
Ltd, Shanghai].

Liver sample assay

The TC and TG concentrations in the liver were estimated
using commercially available kits (Nanjing Jiancheng
Bioengineering Institute, China), similar to that used in the
blood assay samples. The liver samples were sent to APTBIO
Co., Ltd, Shanghai, China. Two samples from the same group
were randomly selected and mixed. Standard tandem mass tag
analysis operations (ESI 2}) were conducted to determine the
proteins in the liver. The protein levels of FXR, CYP7Al,
CYP7B1, sterol 12-hydroxylase (CYP8B1) and CYP27A1, which
were closely associated with liver bile acid metabolism, were
selected from the results for further analysis.

Detection of fat mass and body fat rate

After blood sample collection, the mice were placed abdomen
up and fixed on the operating table and we disinfected their
abdomens with 75% alcohol. After lifting the central skin of
the abdomen with tweezers, scissors were used to cut the skin
and muscle layers from the top down to expose the internal
organs. A large amount of white paraepididymal adipose
tissue was seen in the deep groin of the mice. We held the left
paraepididymal adipose tissue with tweezers and then separ-
ated the other tissue attached to the left paraepididymal
adipose tissue with scissors. The left paraepididymal adipose
tissue was weighed to represent the visceral fat content of the
entire body. Body fat rate = 100% x weight of left paraepididy-
mal adipose tissue (g)/body weight (g).

Histological analysis

To collect liver tissue from the mice, each liver was laid flat on
a piece of tinfoil and placed in a specimen box, tinfoil side
down. The samples were stored at —80 °C until further use.
The liver tissue was then placed on a cryomicrotome (CM3050
S, Leica, Germany) and sliced at a thickness of 10-20 pm. The
liver slices were washed with distilled water before being
treated with hematoxylin for 1 min. The liver slices were then
washed with tap water before the cells were differentiated with
0.5% hydrochloric acid in ethanol solution until the nuclei
turned blue. Liver slices were immersed in Sudan III staining
solution for 30 min and then differentiated with 70% ethanol
for several seconds. Liver slices were immersed in distilled
water, washed gently, and placed on a glass slide with a curved
hook. Finally, the liver slices were sealed with glycerine gela-
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tine after drying. Pathological sections were randomly num-
bered and sent to the Pathology Teaching and Research
Department of the Guangzhou University of Chinese
Medicine. Images were also taken of each pathological section
from random angles, and the optical density (OD) value of
each image was assessed using the pathological image analysis
software Image Pro Plus (version 6.0).

Statistical analysis

The results were analysed using SPSS 23 software and data
were expressed as mean + standard error of the mean (s.e.m.).
When data sets were normally distributed with a satisfactory
homogeneity of variance, the P values were determined using
one-way analysis of variance (ANOVA) with Fisher’s least sig-
nificant difference analysis. Otherwise, the P values were deter-
mined using the Kruskal-Wallis test. Differences were con-
sidered statistically significant at P < 0.05.
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Results

The psyllium husk did not result in significant weight gain,
whereas orlistat reduced body weight

During the experimental period, all mice gained weight and
their weekly body weight measurements are shown in Fig. 1a.
There was a significant difference (P = 0.002) between the NC
group and the other three groups after week 3; whereas in the
interfering phase, there was a significant difference between
the MC group and the two intervention groups from week 19
(Fig. 1a). The body weight of the mice in the NC group
increased significantly with natural weight gain during the
interference phase (1.09-fold; P = 0.002, Fig. 1b), as did the
body weight of those in the MC group when fed a HFD (1.16-
fold; P < 0.001, Fig. 1b). Although the body weight of the mice
in the HFD + PH group did not show a significant change
(0.98-fold; P = 0.329, Fig. 1b), those in the HFD + orlistat group
decreased significantly (0.90-fold; P = 0.039, Fig. 1b).
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Fig. 1 HFD increased body weight and related indexes and this was ameliorated by psyllium husk and orlistat therapies. (a) Weight changes during
the experiment. (b) Body weight before and after therapy. (c) Lee's index at week 10 during the treatment phase. (d) Left paraepididymal fat weight
(fat mass) in week 11 during the treatment stage. (e) Body fat rate at week 11 during the treatment stage. The P values were determined by paired-
sample T test in (b). The P values in the other panels were determined by one-way analysis of variance (ANOVA) with Fisher’s least significant differ-
ence analysis. Data are presented as mean + s.e.m. n = 6 for each group. *: P < 0.05 vs. the MC group. **: P < 0.01 vs. the MC group. ***: P < 0.001

vs. the MC group.
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Psyllium husk and orlistat had similar effects on fat mass,
body fat rate, and Lee’s index

The left paraepididymal fat weight (evaluating the fat mass),
body fat rate, and Lee’s index of the obese mice were signifi-
cantly higher than in the NC group (NC and MC group, P <
0.001, Fig. 1c; P < 0.001, Fig. 1d; P < 0.001, Fig. 1e). Compared
to the MC group, psyllium husk and orlistat significantly ame-
liorated fat mass, body fat rate, and Lee’s index [(HFD + PH
and MC groups, P < 0.001, Fig. 1c; P = 0.015, Fig.1d; P = 0.001,
Fig. 1e) (HFD + orlistat and MC group, P < 0.001, Fig. 1c; P =
0.009, Fig. 1d; P < 0.001, Fig. 1e)].

Psyllium husk and orlistat had similar initial effects on food
intake, but differed during intervention

The weekly food intake of each group during the intervention
phase is shown in Fig. 2a. We observed the weekly food intake
of each mouse in the final week of the modelling phase and in
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weeks 1 and 9 of the intervention phase (Fig. 2b). Weekly food
intake did not differ significantly among the four groups
during the final week of the modelling phase. In the first week
of the intervention phase, compared to the MC group, the
weekly food intake of the mice in the HFD + PH and HFD +
orlistat groups was significantly reduced [(MC and HFD + PH
group, P < 0.001, Fig. 2b); (MC and HFD + orlistat group, P <
0.001, Fig. 2b)]. In week 9 of the intervention phase, compared
with the MC group, the weekly food intake of the mice in the
HFD + PH group was significantly reduced (MC and HFD + PH
group, P = 0.049, Fig. 2b), whereas that in the HFD + orlistat
group was significantly increased (MC and HFD + orlistat
group, P < 0.001, Fig. 2b). Changes in food intake before and
after treatment are shown in Fig. 2c. As the body weight of the
mice in the NC group increased naturally, so did their food
intake (1.07-fold; P = 0.042, Fig. 2c). The weekly food intake of
the mice in the MC group did not change significantly after
the treatment phase (1.02-fold; P = 0.607, Fig. 2¢), whereas that

Kk

—

o

25+ NS el
= — | R NC
" *
X 20 [l MC
2 @l HFD+PH
B 151 HFD+Olistat
2
£ 104
£
T
8 5
'8
0-
o < <
(\-\\0 ‘\'b(’ ‘\,bfo
& o2 o2
& &° &°
&\ & &
S & &
2 & &
A N N
& &
00‘. Qaa&
& N
o
o AR 0.99-fold
3
~3 56 P=0.055
2B
> & 100
£z P —
+* = 90 -
g2 N-
T = 30
S
= 70 . .
N -
&0\\& @o&
< il
=~
<> ‘5\
< 00
QOQ 5“0
F
<
3

Fig. 2 Weekly food intake decreased with psyllium husk and increased with orlistat. (a) Weekly total food intake for each group during the experi-
ment (n = 6 in each group). (b) Weekly food intake before intervention and in weeks 1 and 9 of the intervention phase. (c) Food intake before and
after treatment for each group. (d) Weekly total energy intake for the HFD + PH group before and after treatment. For (a), data are presented as the
total number, and n = 6 for each group. For (c), the P values were determined using a paired-sample T test. For (b) and (d), the P values were deter-
mined by one-way analysis of variance (ANOVA) with Fisher’s least significant difference analysis. For (b), (c), and (d), data are presented as mean + s.
e.m. n = 6 for each group. NS: no significant difference. *: P < 0.05 vs. MC group. A: P < 0.05 vs. HFD + orlistat group AAA: P < 0.001 vs. HFD + orli-

stat group.
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of the mice in the HFD + PH group was significantly reduced
(0.96-fold; P = 0.034, Fig. 2c¢), and the weekly total energy
intake (energy offered by the HFD was counted in week 16 of
the modelling phase; energy offered by the HFD and psyllium
husk was counted in week 9 of the interfering phase) reduced
after treatment with the psyllium husk (0.97-fold; P = 0.055,
Fig. 2d). The weekly food intake of the mice in the HFD + orli-
stat group increased significantly after orlistat treatment (1.27-
fold; P = 0.001; Fig. 2c).

Psyllium husk and orlistat had similar effects on autonomous
water intake initially, but differed in the intervention phase

The weekly autonomous water intake of each group during the
intervention phase is shown in Fig. 3a. In the final week of the
modelling phase and weeks 1 and 9 of the intervention phase,
the autonomous water intake for each mouse was recorded
(Fig. 3b). The weekly autonomous water intake was not signifi-
cantly different among the four groups in the last week of the
modelling phase or in the first week of the intervention phase.
In the last week of the intervention phase, compared with the
other three groups, it was significantly increased in the HFD +
orlistat group [(NC and HFD + orlistat group, P < 0.001,
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Fig. 3b), (MC and HFD + orlistat group, P < 0.001, Fig. 3b),
(HFD + PH and HFD + orlistat group, P < 0.001, Fig. 3b)]. The
changes in autonomous water intake before and after interven-
tion are shown in Fig. 3c. In the NC, MC, and HFD + PH
groups, the amount of weekly autonomous water intake
showed no significant differences before and after intervention
[(NC group, 0.96-fold; P = 0.276, Fig. 3c); (MC group, 0.95-fold;
P = 0.148, Fig. 3c); (HFD + PH group, 0.99-fold; P = 0.391,
Fig. 3¢)]. The weekly autonomous water intake for mice in the
HFD + orlistat group increased significantly (1.24-fold; P =
0.002, Fig. 3c) after orlistat treatment.

Psyllium husk reduced the level of TC and TG in the liver

We estimated the severity of NAFLD by comparing the liver
cholesterol, liver triglyceride, and liver Sudan III staining OD
values of the MC group with the NC and HFD + PH groups,
and found them to be significantly lower [(NC and MC groups,
P < 0.001, Fig. 4a; P < 0.001, Fig. 4b; P < 0.001, Fig. 4c), (HFD +
PH and MC group, P < 0.001, Fig. 4a; P = 0.015, Fig. 4b; P =
0.006, Fig. 4c)]. The HFD + orlistat group were inclined to
lower liver cholesterol and liver Sudan III staining OD values
(HFD + orlistat and MC group, P = 0.058, Fig. 4a; P = 0.097,

2204 -~ NC
ﬁ"‘ MC
E E 2001 - HFD+PH
5o HFD+Olistat
£ 7 180
©
: g
2 O 1607
g -
Q \’W
~ 140+
T T
0 5 10
Intervention phase (week)
=3 C
¢
3 Em NC 40
g = Eo 0.99-fold
x .99-
] - HFD+PH g D 354 0.96-fold 0.95-fold z O
= HFD+Olistat o= 2 Ptz e r P00
£ >3 ’ e o~ o
c;v o £ 304
: 5 =
> o @
o & =
£ S S 254
s S E 1.24-fold
g < P=0.002
< 20 T Ll T L] L] L] T T
k°@ é@‘ K& ‘g@‘ k°& gg} K°& '&@‘
& F OF o F O F R
& < S LS R KR > S
< <~ A - 2NP SN CaP S
S & K o
DS O I
& &

Fig. 3 Orlistat increased water intake. (a) Total weekly water intake for each group during the experiment (n = 6 in each group). (b) Weekly water
intake before intervention and at weeks 1 and 9 during the intervention phase. (c) Water intake before and after treatment for each group. For (a),
data are presented as the total number. n = 6 for each group. For (b), the P values were determined by one-way analysis of variance (ANOVA) with
Fisher's least significant difference analysis. For (c), the P values were determined by the paired-sample T test. For (b) and (c), data are presented as
mean + s.e.m. n = 6 for each group. NS: no significant difference. *: P < 0.05 vs. MC group. AAA: P < 0.001 vs. HFD + orlistat group.
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Fig. 4c). Compared to orlistat, psyllium husk had a better
effect on the reduction of liver cholesterol (HFD + PH and HFD
+ orlistat group, P < 0.001, Fig. 4a) and on the reduction of
liver triglyceride and liver Sudan III staining OD values (HFD +
PH and HFD + orlistat group, P = 0.117, Fig. 4b; P = 0.097,
Fig. 4c). The relative results of Sudan III liver staining are
shown in Fig. 4d.

Psyllium husk and orlistat had similar effects on serum ALT
levels and LDL/HDL ratio, but their LPS, TC, and TG levels
differed

Obese mice had higher serum ALT, LPS, and TC levels as well
as the LDL/HDL ratio than mice in the NC group (NC and MC
groups, P < 0.001, Fig. 5a; P < 0.001, Fig. 5b; P < 0.001, Fig. 5d;
P < 0.001, Fig. 5¢). Compared to the MC group, psyllium husk
and orlistat significantly ameliorated serum ALT, LPS, and TC
levels as well as the LDL/HDL ratio [(HFD + PH and MC
groups, P < 0.001, Fig. 5a; P < 0.001, Fig. 5b; P < 0.001, Fig. 5d;
P < 0.001, Fig. 5¢) (HFD + orlistat and MC group, P < 0.001,
Fig. 5a; P < 0.001, Fig. 5b; P = 0.005, Fig. 5d; P < 0.001,

This journal is © The Royal Society of Chemistry 2022

Fig. 5¢)]. Mice fed a HFD were inclined to have a higher serum
TG level (NC and MC group, P = 0.065, Fig. 5¢); however, when
obese mice were treated with orlistat, serum TG levels
increased significantly [[NC and HFD + orlistat group, P =
0.003, Fig. 5¢); (HFD + PH and HFD + orlistat group, P = 0.015,
Fig. 5€)]. Psyllium husk was more effective at decreasing serum
LPS and serum TC than orlistat (HFD + PH and HFD + orlistat
group, P = 0.015, Fig. 5b; P = 0.070, Fig. 5d).

Psyllium husk or orlistat could not ameliorate glucose
tolerance

Fasting blood glucose levels in HFD-induced mice increased
(NC and MC groups, P = 0.093, Fig. 5f). Psyllium husk did not
significantly affect fasting blood glucose levels (HFD + PH and
MC groups, P = 0.341, Fig. 5f); however, orlistat significantly
increased fasting blood glucose levels (HFD + PH and MC
groups, P < 0.001, Fig. 5f). The results of the GTT for the mice
are shown in Fig. 5g. Similar to the fasting blood glucose, the
MC group had a higher blood glucose 30, 60, 90, and 120 min
after being given glucose than the NC group (NC and MC

Food Funct., 2022,13, 8829-8849 | 8835
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+ orlistat group AAA: P < 0.001 vs. HFD + orlistat group.

group, P < 0.05, Fig. 5g). Compared to the MC group, psyllium
husk did not significantly influence blood glucose at 30, 60,
90, and 120 min after glucose administration (HFD + PH and
MC group, P > 0.05, Fig. 5g). Orlistat significantly increased
blood glucose levels at 30, 60, 90, and 120 min after glucose
administration (HFD + orlistat and MC group, P < 0.05,
Fig. 5g), and was significantly higher than the HFD + PH
group (HFD + PH and HFD + orlistat group, P < 0.05, Fig. 5g).

Psyllium husk and orlistat had similar effects on the
expression levels of FXR, CYP8B1, CYP27A1, and CYP7B1 in
the liver, but their CYP7A1 levels differed

Obese mice have lower CYP27A1 and CYP7B1 expression levels
than those in the NC group (NC and MC groups, P = 0.109,
Fig. 6¢; P = 0.093, Fig. 6d). Psyllium husk and orlistat signifi-
cantly upregulated CYP27A1 and CYP7B1 expression levels
[HFD + PH and MC groups, P = 0.003, Fig. 6¢; P = 0.018,
Fig. 6d) (HFD + orlistat and MC group, P = 0.027, Fig. 6c; P =
0.021, Fig. 6d)]. Psyllium husk and orlistat downregulated FXR
expression levels [[HFD + PH and MC groups, P = 0.014,
Fig. 6e), (HFD + orlistat and MC group, P = 0.069, Fig. 6e)].
Mice in the HFD + orlistat group had a lower level of CYP7A1

8836 | Food Funct, 2022, 13, 8829-8849

expression than those in the HFD + PH group (HFD + orlistat
and HFD + PH group, P = 0.044, Fig. 6a).

Psyllium husk and orlistat had different effects on alpha
diversity in the faecal microbiota

We evaluated the effect of psyllium husk and orlistat on the
gut microbiota of mice using alpha diversity analysis, and
Shannon index analysis at the operational taxonomic unit
(OTU) level was conducted to assess community diversity. The
Shannon index showed that community diversity was lower in
the HFD + orlistat group than in the other three groups [(NC
and HFD + orlistat group, P = 0.057, Fig. 7a), (MC and HFD +
orlistat group, P = 0.003, Fig. 7a), and (HFD + PH and HFD +
orlistat group, P = 0.076, Fig. 7a)].

Psyllium husk and orlistat had similar effects at the phylum
level, but differed at the genera and species levels of the faecal
microbiota

At the phylum level, after obesity was induced, the relative
abundance of Firmicutes in the MC group increased signifi-
cantly (NC and MC groups, P < 0.001, Fig. 7b), whereas the
relative abundance of Bacteroidetes decreased significantly (NC
and MC groups, P < 0.001, Fig. 7c). Therefore, the ratio of

This journal is © The Royal Society of Chemistry 2022
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Firmicutes/Bacteroidetes (F/B) increased significantly in the MC
group (NC and MC groups, P < 0.001, Fig. 7d). Psyllium husk
and orlistat increased the relative abundance of Firmicutes
[(HFD + PH and MC group, P = 0.001, Fig. 7b) and (HFD + orli-
stat and MC group, P < 0.001, Fig. 7b)] and Bacteroidetes [(HFD
+ PH and MC group, P = 0.011, Fig. 7c) and (HFD + orlistat and
MC group, P < 0.001, Fig. 7c)], but decreased the F/B ratio
[(HFD + PH and MC group, P = 0.001, Fig. 7d) and (HFD + orli-
stat and MC groups, P < 0.001, Fig. 7d)]. The relative abun-
dances of Roseburia, Bacteroides, Faecalibacterium, Sutterella,
Coprobacillus, and Akkermansia did not appear to be signifi-
cantly different between the NC and MC groups. Psyllium
husk and orlistat significantly increased the relative abun-
dance of Sutterella [(HFD + PH and MC group, P = 0.008,
Fig. 8a) (HFD + orlistat and MC group, P < 0.001, Fig. 8a)].
While Bilophila increased significantly in obese mice (NC and
MC groups, P = 0.005, Fig. 8b), psyllium husk tended to down-
regulate the relative abundance of Bilophila (HFD + PH and
MC group, P = 0.066, Fig. 8b), which differed from orlistat
(HFD + PH and HFD + orlistat group, P = 0.066, Fig. 8b). After
treatment with psyllium husk, the relative abundance of
Roseburia, Bacteroides, Faecalibacterium, and Coprobacillus
increased (HFD + PH and MC group, P = 0.096, Fig. 8c; P =
0.054, Fig. 8d; P = 0.033, Fig. 8e; P = 0.003, Fig. 8f). Unlike psy-

This journal is © The Royal Society of Chemistry 2022

llium husk, orlistat significantly increased Akkermansia abun-
dance (HFD + orlistat and MC group, P = 0.001, Fig. 82). At the
species level, we detected Parabacteroides distasonis, which is
closely associated with obesity. Psyllium husk significantly
elevated the relative abundance of Parabacteroides distasonis
(HFD + PH and MC groups, P < 0.001, Fig. 8h) whereas there
was no significant difference among the NC, MC, and HFD +
orlistat groups.

Psyllium husk and orlistat had different effects on faecal bile
acid composition, which was closely related to the gut
microbiota and host metabolism parameters

The total faecal bile acid levels of HFD-induced obese mice
increased significantly (MC and NC groups, 1.65-fold, P <
0.001, Fig. of). Orlistat significantly reduced total faecal bile
acid levels (HFD + orlistat and MC group, 0.79-fold, P = 0.022,
Fig. 9f), and psyllium husk further reduced total faecal bile
acid levels [(HFD + PH and MC group, 0.56-fold, P < 0.001,
Fig. 9f), (HFD + PH and HFD + orlistat group, 0.70-fold, P =
0.022, Fig. 9f)]. There was a significant difference between the
NC and MC groups in the main types of bile acid detected (NC
and MC groups, P < 0.05, Fig. 9a-e). After treatment with psy-
llium husk, CA, CDCA, DCA, LCA, and muricholic acid (MCA)
levels decreased significantly in the faeces (HFD + PH and MC

Food Funct., 2022,13, 8829-8349 | 8837
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groups, P < 0.05, Fig. 9a—e). Orlistat significantly decreased the
levels of CDCA and LCA (HFD + orlistat and MC group, P <
0.05, Fig. 9c¢ and d). The CA, CDCA, DCA, and MCA levels in
the faecal content of mice treated with psyllium husk were sig-
nificantly lower than those of mice treated with orlistat (HFD +
PH and HFD + orlistat group, P < 0.05, Fig. 9). The ratio of (CA +
DCA)/(CDCA + LCA + MCA + HDCA + UDCA) increased signifi-
cantly in the MC group compared with the NC group (MC and
NC groups, P < 0.001, Fig. 9g). Psyllium husk significantly
reduced the ratio (HFD + PH and MC group, P = 0.018, Fig. 9g),
which differed significantly from orlistat (HFD + PH and HFD +
orlistat group, P = 0.002, Fig. 9g). The results of Spearman’s cor-
relation analysis between obese related indexes, faecal bile acid
(BA), and gut microbiota are shown in Fig. 10.

Discussion

This study compared the effect of psyllium husk and orlistat
on obese mice induced by a HFD. Orlistat had a greater effect

8838 | Food Funct, 2022, 13, 8829-8349

on weight loss, whereas psyllium husk treatment resulted in a
larger reduction in liver triglyceride and cholesterol levels.
Orlistat impaired glucose tolerance in obese mice induced by a
HFD, whereas psyllium husk did not. Both downregulated the
expression of FXR and upregulated the expression of CYP27A1
and CYP7B1 in the liver; however, they had different effects on
the expression of CYP7A1, which affected the metabolism of
BA and led to differences in lipid absorption. The two drugs
bound the BAs through different mechanisms, thus reducing
BA reabsorption, which probably led to the change in the com-
position of faecal BAs and the difference in the gut microbiota,
which led to the difference in serum LPS levels that had an
influence on NAFLD.

We investigated the functional mechanisms of psyllium
husk and compared them with orlistat as a means of weight
control without diet restrictions or excessive exercise in mice.
Currently, in obese mice models, ob gene modification or a
HFD are predominately used.”*>* There are two main research
strategies used with HFD models: (1) to supply a HFD while
administering drug intervention; or (2) to feed a HFD for a

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Psyllium husk and orlistat had different effects on obesity-related bacteria at the genus and species levels. Relative abundance of (a)
Sutterella, (b) Bilophila, (c) Roseburia, (d) Bacteroides, (e) Faecalibacterium, (f) Coprobacillus, (g) Akkermansia, and (h) Parabacteroides distasonis. The
P values were determined using the Kruskal—Wallis test. Each point represents an individual mouse, n = 6 for each group. *: P < 0.05 vs. MC group.
** P < 0.01vs. MC group. ***: P < 0.001 vs. MC group. A: P < 0.05 vs. HFD + orlistat group. AA: P < 0.01 vs. HFD + orlistat group. AAA: P < 0.001 vs.

HFD + orlistat group.

period, then select animals that meet the criteria for an
obesity model, followed by drug intervention. This study com-
pared the effects of psyllium husk and orlistat on diet-induced
obesity. Obese mice fed a HFD can survive to middle and old
age (36-65 weeks of age) with relatively few deaths.***’
However, ob/ob mice were found to have a significantly shorter
life span and deaths occurred frequently over a six-month
period;*® consequently ob/ob mice were not selected as the
animal model for this study.

This journal is © The Royal Society of Chemistry 2022

Using drug intervention as soon as mice are fed a HFD can
increase uncertainty, as there may be obesity-resistant mice in
each group; therefore, drug intervention was applied after the
obese mouse model induced by a HFD was established.

Although psyllium husk did not significantly reduce the
weight of HFD-fed mice, it maintained a comparatively stable
weight in the mice, whereas orlistat significantly reduced the
body weight of HFD-induced obese mice. From the perspective
of weight loss, the effect of orlistat was superior to that of psy-
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stat group. AA: P < 0.01 vs. HFD + orlistat group. (i) Schematic illustration of BA synthesis in the liver. The classical pathway is initiated by CYP7A1
and converts cholesterol into C4. CYP8B1 competes with CYP27A1 for C4. When the CYP8BL level is increased or the CPY27A1 level is decreased,
more C4 will react with CYP8BL first and produce more CA. While when the CPY27A1 level is increased or the CYP8BI1 level is decreased, more C4
will react with CPY27A1 first and produce more CDCA. The alternative synthesis pathway is initiated by CPY27A1 and converts cholesterol into
27-hydroxycholesterol. 27-Hydroxycholesterol reacts with CYP7B1 and produces CDCA. CDCA is converted into UDCA by 7a/p-HSDH, and MCA by
CYP2C70 in the liver. LCA can be hydroxylated to HDCA and MCA in the liver. In the intestine, the gut microbiota converts CA into DCA, similar to
CDCA to LCA. Therefore, the faecal ratio of (CA + DCA)/(CDCA + LCA + MCA + HDCA + UDCA) may reflect the expression of CYP8B1, CYP27A1 and

CYP7B1 in the liver.

llium husk (Fig. 1a and b). HFD-induced obese mice had a
Lee’s index higher than the LFD-fed mice. Those treated with
psyllium husk or orlistat had a lower Lee’s index (P < 0.05,
Fig. 1c). Compared to the MC group, mice treated with psy-
llium husk or orlistat had less white fat and a lower body fat
ratio (P < 0.05, Fig. 1d and e). These results showed that psy-
llium husk and orlistat ameliorated HFD-induced obesity, but
that orlistat was more effective for weight loss. Obese mice
treated with psyllium husk did not show significant changes
in water intake (0.99-fold, P = 0.391, Fig. 3c), whereas the food
intake of the mice was significantly reduced (0.96-fold, P =
0.034, Fig. 2c). We considered whether the reduction in energy
intake due to the reduction in the consumption of a HFD was
like the reduction in energy provided by the intragastric

8840 | Food Funct, 2022, 13, 8829-8849

administration of psyllium husk. After interference by psyllium
husk, the weekly total energy intake (energy offered by psy-
llium husk and the HFD was counted) of the mice decreased
(P = 0.055, Fig. 2d). Therefore, it was suspected that psyllium
husk reduced the intake of the HFD via other mechanisms,
such as expansion through interaction with water and satiety,
rather than providing sufficient energy to replace the energy
offered by the HFD. Furthermore, research and analysis are
required to identify and confirm the probable mechanisms.
Interestingly, in our study, orlistat significantly increased food
intake (P = 0.001, Fig. 2¢c) and water intake (P = 0.002, Fig. 3c),
indicating that mice treated with orlistat consumed more food
to obtain enough energy. As the HFD contained lard, protein,
and sucrose, we suggest that the mice absorbed increased

This journal is © The Royal Society of Chemistry 2022
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relation). *: P < 0.05. **: P < 0.01.

levels of protein and sucrose to compensate for fat malabsorp-
tion. Excess sucrose is hydrolysed by the gut, transformed into
monosaccharides, and finally absorbed by the small intestine.
The increase in monosaccharide concentrations in plasma
increases crystalloid osmotic pressure, which stimulates the
osmotic pressure receptor of the extracellular fluid,”” and the
signal is transmitted to the thirst centre.”® In addition, due to
fat diarrhoea induced by orlistat (Fig. S11), mice consumed
high levels of food to replenish their electrolytes and increased
their water intake to hydrate their bodies.

We examined serum glycolipid metabolism-related markers
and found that obese mice fed a HFD had higher fasting
blood glucose levels than mice fed a LFD. The psyllium husk
did not reduce fasting blood glucose levels when compared to
the MC group. It remains unknown whether psyllium husk
ameliorates type II diabetes. Our results support the hypoth-
esis that psyllium husk does not significantly affect fasting
blood glucose. The substance-disease relationship between
psyllium husk and type II diabetes remains controversial.>®

This journal is © The Royal Society of Chemistry 2022

Interestingly, the HFD + orlistat group had the highest fasting
blood glucose levels among the four groups (P < 0.05, Fig. 5f).
Similar to fasting blood glucose, mice in the MC and HFD +
PH groups had a lower glucose tolerance than those in the NC
group. The HFD + orlistat group had the lowest glucose toler-
ance among the four groups (P < 0.05, Fig. 52). As mentioned
previously, orlistat made it difficult for fat in the HFD to be
absorbed, producing an effect similar to that of a high-sucrose
diet. Other studies previously found that rats fed a high-
sucrose diet had a lower glucose tolerance than those fed a
standard chow diet.>** Moreover, a high-sucrose diet does not
induce obesity.** Although the food intake of mice in the orli-
stat + HFD group increased (P = 0.001, Fig. 2c), the body
weight of mice in the orlistat group decreased (P = 0.039,
Fig. 1b). This was partly reflected by orlistat reducing the
amount of fat absorbed from the HFD, which caused mice to
consume more sugar to maintain their energy balance. As
expected, mice in the MC group had higher serum TC and TG
levels than those in the NC group (P < 0.05, Fig. 5d and e).
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Psyllium husk and orlistat significantly reduced TC levels (P <
0.05, Fig. 5d). Mice in the MC group had a higher Vander’s
human physiology level than those in the NC group (P = 0.065,
Fig. 5e). Psyllium husk did not significantly change the serum
TG level. Compared to the NC and HFD + PH group, the TG of
mice in the HFD + orlistat group increased significantly (P <
0.05, Fig. 5e), indicating glucose and lipid metabolism dis-
orders in mice. We referred to related research and found this
situation was like that of mice fed a high-sucrose diet,* which
supported our suggestion that a HFD along with orlistat pro-
duced an effect similar to that of a high-sucrose diet. Elevated
LDL-C or low HDL-C levels indicate dyslipidemia.>* The study
showed that the LDL/HDL cholesterol ratio could be used to
evaluate NAFLD better than a single lipoprotein.** The LDL/
HDL ratio was elevated in the MC group, and intervention with
psyllium husk and orlistat decreased the ratio of LDL/HDL (P <
0.001, Fig. 5¢), and the ratio was positively correlated with the
severity of NAFLD (R = 0.493, P = 0.014).

The results showed that the liver cholesterol, liver triglycer-
ide, and OD values of the liver Sudan III-stained sections of
the MC group were significantly higher than those of the NC
group (P < 0.001, Fig. 4a—c). Compared to the MC group, psy-
llium husk significantly reduced the OD value (P = 0.006,
Fig. 4c) whereas with orlistat, the OD value only was only
inclined towards a reduction (P = 0.097, Fig. 4c). Psyllium husk
appeared to alleviate hepatocyte steatosis better than orlistat.
The reason for this was that HFD + orlistat produced an effect
similar to that of a high-sucrose diet. Although a high-sucrose
diet does not induce obesity,*! it promotes fatty liver disease.*
ALT is an indicator of hepatocyte injury.>®> Compared to the NC
group, serum ALT levels increased significantly in the MC
group (P < 0.001, Fig. 5a), suggesting hepatocyte damage in the
MC group due to lipid toxicity.>® Psyllium husk and orlistat
decreased serum ALT levels (P < 0.001, Fig. 5a), indicating that
psyllium husk and orlistat alleviated hepatic steatosis.
Cholesterol is a major lipotoxic molecule among hepatic lipid
species in the progression of NAFLD.?” Lowering cholesterol
levels in the liver improves NAFLD. The liver is the main organ
for cholesterol metabolism. CYP7A1 and CYP27A1 are the rate-
limiting enzymes in BA synthesis.?® CYP7A1 is an enzyme
required for the transformation of cholesterol into primary
BAs such as CA and CDCA through the classical pathway.*®
FXR plays an important role in BA metabolism and it mainly
inhibits CYP8B1,*® which is required for the production of CA
through the classical pathway in the liver. CYP27A1 and
CYP7B1 are required for cholesterol conversion to CDCA
through alternative pathways.”! CYP7A1 and CYP27A1 can
regulate the rate of BA production and play a key role in main-
taining the balance of cholesterol and BA.*> The CYP7A1 and
CYP27A1 expression levels are correlated with the body’s
ability to convert cholesterol into BA. In this study, the
expression levels of FXR, CYP7A1, CYP8B1, CYP27A1, and
CYP7B1 in the liver were detected. Compared to the MC group,
the expression levels of CYP27A1 and CYP7B1 in the HFD + PH
and HFD + orlistat groups were significantly upregulated (P <
0.05, Fig. 6¢ and d), suggesting that psyllium husk and orlistat
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reduced the cholesterol content in the liver tissue and serum
by affecting the classical pathway and the alternative pathway
of cholesterol conversion to CDCA. The expression level of
CYP7A1 in the HFD + PH group was significantly higher than
in the HFD + orlistat group, suggesting that psyllium husk had
a better effect at enhancing the ability to convert cholesterol
into BA than orlistat did, which should be one reason why psy-
llium husk had a better effect at reducing the cholesterol level
than orlistat. The type and concentration of BA can affect the
expression of FXR. CA has a better effect at upregulating the
expression of FXR than CDCA does.*? In our research, psyllium
husk (P = 0.014) and orlistat (P = 0.069) downregulated the
expression of FXR (Fig. 6e). This was mainly because both
drugs upregulated the expression of CYP27A1 and CYP7B1,
which increased the production of CDCA and decreased the
production of CA. A decrease in the number of total receptors
after long-term stimulation by homologous or heterologous
chemical messengers at high extracellular concentrations is
called receptor downregulation.** For FXR, CDCA is the most
potent endogenous agonist, whereas CA is weak compara-
tively.> This explains why both drugs downregulated FXR in
terms of receptor theory. FXR mainly inhibits CYP8B1.*
Theoretically speaking, a decrease in the FXR level leads to an
increase in the CYP8B1 level. However, both drugs did not sig-
nificantly affect the CYP8B1 level. This was because they
increased the production of CDCA, which efficiently stimulated
FXR, counteracting the effect of FXR down-regulation.

The Shannon index was used to assess a diversity in mouse
faecal samples. The Shannon index is based on information
entropy, which reflects unknown factors of the species in the
samples. The larger the index, the greater the uncertainty,
which indicates a higher diversity. There is a strong correlation
between faecal concentration and a diversity in the faecal
flora. The richness decreases with decreasing faecal concen-
tration, and the Shannon index reaches its lowest value in indi-
viduals with diarrhoea.*® There were no significant differences
in the Shannon index among the NC, MC, and HFD + PH
groups; however, the Shannon index of the HFD + orlistat
group decreased (P < 0.1, Fig. 7a). The main reason that the
Shannon index of the HFD + orlistat group was lower than the
other three groups was that orlistat caused a fat absorption dis-
order in mice, resulting in fat diarrhoea.”” Consequently,
faecal concentrations were lower than those in the other three
groups. The four dominant phyla of intestinal bacteria in mice
are Bacteroidetes, Firmicutes, Proteobacteria, and
Actinobacteria.*® Among them, Bacteroidetes and Firmicutes are
also the two main phyla in the intestines of mammals and
play important roles in regulating the metabolism of carbo-
hydrates, lipids, and BA in the host.* It was reported that the
characteristics of the faecal flora of HFD-induced obese mice
were mainly shown as the relative abundance of Firmicutes
increased, the relative abundance of Bacteroidetes decreased,
and the relative abundance ratio of Firmicutes/Bacteroidetes (F/
B value) increased; this is a sign of intestinal dysbiosis.>”
Similar results were also obtained at the phylum level in this
study (Fig. 7). Compared to the NC group, the relative abun-
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dance of Firmicutes increased, whereas the relative abundance
of Bacteroidetes decreased, and the F/B value increased signifi-
cantly in the MC group (P < 0.001, Fig. 7b-d). Both psyllium
husk and orlistat could downregulate the relative abundance
of Firmicutes and the F/B value and upregulate the relative
abundance of Bacteroidetes in faeces (P < 0.05, Fig. 7b-d),
which was a sign that intestinal dysbiosis had been amelio-
rated. At the genus level, we mainly illustrated those with a
close relationship with obesity. As Bilophila was positively cor-
related with several obesity-related indexes (Fig. 10a), we start
this section with Bilophila. Meat diets disturb the balance of
the gut microbiota by increasing the relative abundance of
Bilophila, a bile acid-tolerant bacteria, and decreasing the rela-
abundance of fibre-dependent bacteria, such as
Roseburia.®® Similar results were observed in this study.
Compared to the NC group, the relative abundance of Bilophila
in the MC group was significantly elevated (P = 0.005, Fig. 8b).
Interestingly, that of the HFD + orlistat group also increased
significantly (P = 0.005, Fig. 8b). The reason for this phenom-
enon was that orlistat interfered with HFD fat absorption in
the intestine, which created an oily and high BA level environ-
ment in the gut cavity suitable for the proliferation of
Bilophila. Compared to the MC and orlistat groups, psyllium
husk downregulated the relative abundance of Bilophila (P =
0.066, Fig. 8b). We theorised that this was because psyllium
husk was rich in dietary fibre, which elevated the relative abun-
dance of fibre-dependent bacteria such as Roseburia (P = 0.096,
Fig. 8c), which compete with Bilophila for colonisation space
in the gut. Furthermore, an increase in dietary fibre content in
the intestinal tract was not conducive to the growth of bile
acid-resistant bacteria. Furthermore, the relative abundance of
faecal Bilophila was significantly positively correlated with the
faecal total BA content (R = 0.425, P = 0.038, Fig. 10a). When
psyllium husk decreased cholesterol levels, faecal BA levels
also decreased, which created an environment that was not
conducive to Bilophila. Studies found that Bilophila, combined
with a HFD, affected liver function.’** Because Bilophila is a
Gram-negative genus,’” it produces LPSs that impair the intes-
tinal barrier, and aggravate NAFLD.>>*® We further measured
the LPS level in the serum and found that obese mice had a
higher LPS level (Fig. 5b). Interestingly, although orlistat could
not significantly affect the relative abundance of Bilophila, it
reduced the level of LPS in the serum (P < 0.001, Fig. 5b). We
considered that orlistat increased the relative abundance of
Akkermansia (Fig. 8g), which improved the damaged intestinal
barrier;?” therefore, it prevented LPSs from entering the circu-
latory system. Psyllium husk had a better effect at reducing the
serum LPS level than orlistat (HFD + PH and HFD + orlistat,
0.74-fold, P = 0.015, Fig. 5b). There are two reasons for this
phenomenon. First, psyllium husk reduced the relative abun-
dance of Bilophila that produced LPSs, whereas orlistat could
not. Second, psyllium husk increased the relative abundance
of Faecalibacterium, Sutterella, and Coprobacillus (P < 0.1,
Fig. 8), the short-chain fatty acid (SCFA) producers,”*®° and
SCFA promoted protection and repair of intestinal epithelial
barrier function, preventing LPSs from entering the circulatory
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system. Psyllium husk and orlistat helped to ameliorate liver
impairment by reducing the LPS level, which should be one
reason for the reduction of ALT in the serum. Furthermore,
the SCFA producers Faecalibacterium, Sutterella, and
Coprobacillus also have other benefits for treating obesity such
as stimulating energy consumption,'® accelerating fat oxi-
dation, and activating the thermogenesis of brown adipose
tissue by producing butyric acid.’*®' Finally, psyllium husk
increased the relative abundance of Bacteroides and
Parabacteroides distasonis, which improved energy consump-
tion and played a beneficial regulatory role in lipid metab-
olism, which should be helpful for weight control.®*** BA
metabolism is closely associated with the occurrence of a fatty
liver and obesity. BAs are markers of sterol content and energy
storage in the body.®* BA synthesis is the main pathway for a
daily output of approximately 90% of the cholesterol in the
body.®®> Under physiological conditions, 95% of BAs entering
the intestine of the duodenal papilla are reabsorbed in the
intestine, whereas the remaining 5% are excreted in faeces.®®
To some extent, the level of BAs in faeces reflects the metab-
olism of BAs in the body. The BA content in the faeces is
affected by the following factors: (1) source: BAs are mainly
produced by liver cells. After entering the gallbladder, BAs
enter the duodenum of the large papilla with bile excretion. (2)
Intestinal flora: the intestinal flora react with BAs, for example,
by converting primary BAs into secondary BAs.°® (3) The
amount of BAs that is reabsorbed by the intestine.®” CA and
CDCA are two major BAs produced by cholesterol metabolism
in the liver. These two bile acids are converted into DCA, LCA,
MCA, UDCA, and HDCA as previously summarised.®®® In this
study, a HFD significantly increased faecal total BA levels,
whereas psyllium husk and orlistat reduced total faecal BA
levels (P < 0.05, Fig. 9f), which showed a consistent trend of
liver and serum cholesterol (Fig. 4a and 5d). Related research
mentioned that the level of total BA in the faeces of HFD-
induced obese mice increased significantly,”® and was consist-
ent with the results obtained in this study. The reason that the
faecal BA concentration of obese mice was significantly higher
than in the NC group was that cholesterol increased signifi-
cantly in the liver and serum (P < 0.05, Fig. 4a and 5d).
Possibly due to the increased BA synthesis in obese mice, most
types of BA concentrations in faeces were significantly higher
in obese mice than in the NC group (P < 0.05, Fig. 9). After
weight loss, BA levels in the faeces decrease accordingly.”*
Interestingly, although orlistat had a better effect on weight
control than psyllium husk did, orlistat had a significantly
higher level of faecal BA (P = 0.022, Fig. 9f), probably because
orlistat had a higher level of serum and liver cholesterol (P =
0.006, Fig. 4a; P = 0.070, Fig. 5d). Furthermore, decreased BA
levels mean less intestinal lipid absorption,”® which indicates
that psyllium husk reduced lipid absorption by decreasing BA
levels. Psyllium husk had a better effect at reducing the level of
faecal BAs than orlistat did (Fig. 9f), which should be a reason
why psyllium husk had a better effect at ameliorating serum
and liver triglyceride than orlistat (P < 0.05, Fig. 5e and 4b).
With specific BAs, we analysed CA, a 12a-hydroxylated BA. CA
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is synthesised by CYP7A1, CYP8B1, and CYP27A1 through the
classical pathway of cholesterol metabolism. CA was reported
to play an important role in promoting intestinal cholesterol
absorption,”® and 12o-hydroxylated BA is associated with
insulin resistance and high triglyceride levels.”* It was also
found that 13 weeks of a diet supplemented with CA could
increase serum triglyceride and cholesterol levels and induce a
fatty liver in rats.”” Therefore, the level of CA in food is closely
related to fatty liver disease. After CA enters the digestive tract,
a portion is reabsorbed by the intestine and enters the liver via
the portal vein, whereas the remainder reacts with the gut
flora or is excreted. We found that the level of CA in faeces was
significantly positively correlated with the level of hepatic TG
(R =0.577, P = 0.003, Fig. 10b). A HFD significantly increased
the faecal CA content (P < 0.001, Fig. 9a), since obese mice had
a higher cholesterol level. Mice treated with psyllium husk and
orlistat had lower levels of faecal CA (P < 0.05, Fig. 9a), because
of the reduction in the cholesterol level. Meanwhile, mice in
the HFD + PH and HFD + orlistat groups had higher
expressions of CYP27A1 and CYP7B1, which metabolised more
cholesterol into CDCA rather than CA. Therefore, mice in the
MC group had the highest faecal CA among all groups. DCA
exhibited strong hepatotoxicity.”® We found a significant posi-
tive correlation between faecal DCA concentration and ALT
concentration in serum (R = 0.688, P = 0.003, Fig. 10b),
suggesting that the faecal DCA concentration could reflect liver
injury in bodies with a fatty liver. Furthermore, Lee et al
found that the faecal DCA was more likely to induce a fatty
liver than CA in the diet.”® In this study, the faecal DCA
content was significantly positively correlated with the level of
liver TG (r = 0.564, P = 0.004, Fig. 10b). Psyllium husk and orli-
stat significantly decreased the faecal DCA content, whereas
both drugs reduced the serum ALT concentration (P < 0.001,
Fig. 5a) and improved the severity of the fatty liver (Fig. 4). As
mentioned previously, a HFD significantly elevated faecal CA,
whereas psyllium husk and orlistat reduced faecal CA.
Moreover, DCA is a free secondary bile metabolised by bac-
teria. Therefore, we speculated that psyllium husk and orlistat
decreased the level of faecal DCA by downregulating CA pro-
duction. CDCA is a free primary BA metabolised from chole-
sterol through the classical or alternative pathway. CDCA can
be synthesised through the classical pathway by CYP7A1 and
CYP27A1, but also through the alternative pathway by
CYP27A1 and CYP7B1. Psyllium husk upregulated the
expression of CYP27A1 and CYP7B1 in the liver and increased
cholesterol metabolism to produce CDCA through alternative
pathways. Meanwhile, in the classical pathway, increasing
CYP27A1 expression made more 7a-hydroxy-4-cholesten-3-one
(C4) react with CYP27A1 first rather than CYP8B1 and pro-
moted the synthesis of CDCA. By inference, the CDCA level in
the faeces of the PH + HFD group should be higher than the
MC group. However, in this study, the concentration of faecal
CDCA of the MC group was significantly higher than other
groups (P < 0.05, Fig. 9c), because the levels of total BA and
major BAs in faeces of obese mice induced by a HFD were sig-
nificantly increased (P < 0.05, Fig. 9f). Specifically, in obese
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mice, the absolute concentration of CDCA, a major component
of total BA, in faeces also increased correspondingly. The
levels of faecal BA decreased after weight loss due to decreased
serum and liver cholesterol levels,”" and the levels of major
BAs were also downregulated. After treatment with psyllium
husk, the body weight of mice in the HFD + PH group was sig-
nificantly lower than obese mice (P < 0.05, Fig. 1a. Therefore,
the concentration of total BA in the faeces of mice in the HFD
+ PH group was lower than that in the MC group and CDCA,
one of the main components of total BA, decreased corre-
spondingly. Therefore, the faecal CDCA concentration in the
HFD + PH group was significantly lower than in the NC group.
After entering the intestinal tract, CDCA can be converted into
LCA, a type of free secondary BA, through bacterial metab-
olism; LCA is hepatotoxic.”” In our study, there was a signifi-
cant positive correlation between the faecal LCA content and
the concentration of serum ALT, a marker of liver injury (r =
0.601, P = 0.002, Fig. 10b). The faecal LCA concentration was
increased by a HFD and downregulated by psyllium husk and
orlistat (P < 0.05, Fig. 9d). The faecal LCA content may reflect
liver injury induced by the fatty liver. Furthermore, LCA can be
hydroxylated to hyodeoxycholic acid (HDCA) by CYP3A4.*° In
the mice’s livers, CDCA can be converted into MCA, the main
BA in mice, by CYP2C70 or CYP3A4.° CDCA can also be con-
verted into ursodeoxycholic acid (UDCA) by 7a/B-HSDH.®® We
further analysed the relationship between faecal BA compo-
sition, the intervention of psyllium husk or orlistat, and the
expression levels of enzymes related to BA synthesis in the
liver. The cholesterol level in the MC group was significantly
higher than in the other three groups (P < 0.05, Fig. 4a and
5d), and the absolute value of the contents of various major
BAs in faeces was significantly higher than those of the other
three groups (P < 0.05, Fig. 9a-e), so the differences in the
expressions of CYP27A1 and CYP7B1 in liver among all groups
cannot be reflected merely by the absolute concentration of
certain BAs in faeces. Therefore, we designed a relatively
reasonable intergroup comparison method, which was based
on the differences in enzymes required by cholesterol metab-
olism to generate CA, as well as its downstream products DCA
and CDCA, as well as its downstream products LCA, MCA,
HDCA, and UDCA. CDCA, LCA, MCA, HDCA, and UDCA can be
produced by classical or alternative pathways, but are indepen-
dent of CYP8B1 synthesis. Therefore, the expression of
CYP27A1 and CYP7B1 in the liver can be reflected in the ratio
of the concentration of CYP8B1-dependent BA and that of non-
CYP8B1-dependent BA in faeces, namely, (CA + DCA)/(CDCA +
LCA + MCA + HDCA + UDCA) (abbreviated to CA/CDCA)
(Fig. 9h). There were no significant differences in the
expression levels of CYP8B1 among the MC, HFD + PH and
HFD + orlistat groups (P > 0.05, Fig. 6b), suggesting there were
no significant differences in the ability of the three groups to
metabolise C4 into CA. The CA/CDCA value in the HFD + PH
group was significantly lower than in the MC group (P = 0.018,
Fig. 9g). From the perspective of the composition of faecal BA,
it was supposed that psyllium husk could make more chole-
sterol metabolise into CDCA by upregulating liver CYP27A1
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through classical or alternative pathways. Psyllium husk could
facilitate the excretion of CDCA and its downstream products
from the body in faeces. CA and CDCA are converted into T/
GCA and T/GCDCA, the conjugated BAs of CA and CDCA, in
the liver before being excreted into the intestine.®® Dietary
fibre binds to BAs, reducing BA reabsorption and increasing
the concentration of BAs excreted from faeces, thus reducing
the cholesterol level. Compared to T/GCA, T/GCDCA is more
likely to be bound to dietary fibre.”® Psyllium husk is rich in
dietary fibre, and it is more likely to bind to T/GCDCA rather
than T/GCA after BAs enter the intestine from the major duo-
denal papilla. Therefore, during intestinal BA reabsorption,
compared with T/GCDCA, more T/GCA is reabsorbed by the
intestine. Correspondingly, more T/GCDCA is retained and
further metabolised to produce products such as LCA. This is
another possible reason why psyllium husk significantly
decreased the faecal CA/CDCA value. Interestingly, although
orlistat could also upregulate the expression of CYP27A1 and
CYP7B1 in the liver, unlike psyllium husk, orlistat did not sig-
nificantly change the CA/CDCA value (Fig. 9g). Unlike psyllium
husk, orlistat achieves its cholesterol-lowering effect through
another mechanism that affects BA reabsorption. Orlistat inhi-
bits lipase activity and may reduce the solubility of cholesterol
by reducing the amounts of monoglycerides and fatty acids
present in the intestine, leading to cholesterol sequestration
within a more persistent oil phase in the gut.”® It is likely that
BAs as cholesterol metabolites can also be sequestered by the
persistent oil phase in the gut. CA is more hydrophilic than
CDCA,* less soluble in oils, and more likely to be sequestered
by the oil phase. Therefore, for the HFD + orlistat group, com-
pared to CA, more CDCA was reabsorbed in the intestine.
Consequently, more CA is retained and further metabolised to
produce products such as DCA. This may explain why orlistat
cannot significantly decrease the faecal CA/CDCA value.
Although psyllium husk and orlistat reduced the reabsorption
of bile acids in different ways, the reduction of the reabsorp-
tion of bile acid will decrease the liver BA level, and increase
the expression of liver CYP27A1 and CYP7B1 through a feed-
back mechanism, which promotes the transformation of chole-
sterol into bile acid in the liver and discharge from the body,
forming a virtuous cycle, and ameliorating NAFLD and
hypercholesterolemia.

Our study has limitations. As psyllium husk is a type of
food with a high safety level, most previous studies utilising it
were conducted through clinical studies, and animal studies
mainly focused on its specific extracts. Therefore, we could not
obtain an appropriate concentration of psyllium husk for
gastric gavage from literature studies. Psyllium husk expands
as it absorbs water and clogs the gavage needle if the concen-
tration is too high; therefore, in this experiment, we used a
concentration that passed more easily through the gavage
needle, and the amount of daily gavage used was approxi-
mately equivalent to the lowest recommended daily fibre sup-
plement for an adult. Due to the high cost of a HFD, the long
experimental period, and the uncertain weight control effect of
psyllium husk, only one concentration was used in this study,
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and the dose-effect relationship of the weight loss effect of
psyllium husk was not studied. In future studies, we intend to
examine several more concentration gradients in the next stage
of the experiment to study the dose—-effect relationship of psy-
llium husk in the treatment of HFD-induced obese mice. As it
is costly to raise each mouse in an individual cage during the
experimental phase, we only kept one mouse per cage for the
final week of each phase to observe the food and water intake
of each mouse. Therefore, we provided data on the total
amount of food and water intake for the whole group in one
cage during the other weeks (Fig. 2a and 3a). During the
sampling process, only fresh faeces from the anus of mice
were collected, whereas faeces from the small intestine and
cecum were not collected. Therefore, we did not observe how
faecal flora and BA interacted with the intestinal mucosa of
the small intestine, cecum, and anus. We considered using
rats as experimental animals, but rats consume large amounts
of a HFD, which is costly. Consequently, for this investigation,
mice were used as experimental animals after thorough con-
sideration of various factors. However, the amount of liver
tissue and serum that could be extracted from the mice did
not allow us to perform targeted detection of BA metabolomics
in liver tissues and serum; therefore, the hepatoenteric circula-
tion state of the BAs was not completely determined. Takeda
G-protein-coupled receptor 5 (TGR5) is also an imperative
receptor for BA metabolism; however, the relative content of
TGR5 in the liver could not be detected by the TMT technique
due to technical limitations and there was no sample left for
us to test through other methods such as western blotting and
parallel reaction monitoring. In future experiments, obese rats
will be used as experimental animals to observe the effects of
psyllium husk on BA hepatoenteric circulation and receptors
related to bile acid metabolism. Because orlistat and psyllium
husk control body weight, ameliorate NAFLD and affect BA
metabolism through different mechanisms, we will observe
whether the combination of both drugs can produce better
results in the subsequent experiment.

Conclusions

This study compared the effects of psyllium husk and orlistat
on HFD-induced obese mice using metabolic indices in the
serum, liver pathology, gut microbiota, and BA metabolism.
Orlistat had a greater effect on weight loss, while psyllium
husk treatment resulted in a larger reduction in cholesterol
and triglyceride levels. The two therapies similarly controlled
the body fat rate, elevated the expression of CYP27A1 and
CYP7B1 in the liver, and regulated BAs, such as CA, CDCA,
DCA, and LCA, in the faecal content. The structures of faecal
BAs differed as the two drugs reduced the reabsorption of
different bile acids through different mechanisms, which
helped cholesterol be metabolised into BAs that were excreted.
Both treatments had similar effects on the gut microbiota at
the phylum level; however, there were differences at the genus
level for Bilophila, Roseburia, Bacteroides, Faecalibacterium,
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Coprobacillus, and Akkermansia, which probably meant that the
two drugs had different effects on the LPS level in serum that
affected NAFLD. Furthermore, orlistat increased the food
intake of obese mice fed a HFD, which might increase water
intake, serum triglyceride levels, and lower glucose tolerance.
Although orlistat is a useful drug for weight loss, psyllium
husk offers a safer choice for weight control as it is classified
as a food and is better than orlistat at ameliorating hypercho-
lesterolemia and HFD-induced NAFLD.
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