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The hot water extraction of polysaccharides from the fruiting body of Pleurotus eryngii was studied. In this
paper, according to single-factor experiments, a response surface methodology and the Box—Behnken
design were applied to optimize the extraction parameters of Pleurotus eryngii polysaccharides (PEP).
The optimal extraction conditions were as follows: a temperature of 79 °C, a time of 3.11 h, a ratio of
water to fruiting bodies of 52.6 mL g~. Under these parameters, the yield of PEP was 7.53%. When mice
with hyperlipidemia were administered low, medium or high doses of PEP, their body weight was
reduced compared with the model group, and the degree of weight loss was proportional to the dose.
At the 16th week of PEP treatment, blood lipid biochemical parameters such as total cholesterol,
triglycerides, and  alanine
aminotransferase levels were all decreased. However,

low-density  lipoprotein-cholesterol,  aspartate  aminotransferase,

high-density lipoprotein-cholesterol levels
increased after PEP treatment. Histopathological examination of the liver showed that low, medium and

high doses of PEP had a certain liver protective effect. High-dose PEP treatment had the best effect in
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Accepted 13th March 2020 regard to lipid-lowering and liver protection. In addition, the metabolome of the mice was analyzed by

LC-MS, and the results indicated that C16 sphinganine can be used as a potential biomarker, which

DOI 10.1039/c9ra10991a displayed significant differences among the six groups. In conclusion, the possible metabolic mechanism
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1. Introduction

In recent years, the prevalence of obesity in the world has been
steadily increasing.' Accumulation of excessive or abnormal fat
is called obesity,”> which can cause many health and psycho-
logical problems.** As far as health is concerned, many prob-
lems are caused by obesity, such as muscular, skeletal and
developmental delays,>® sleep disorders,” central obesity,
hypertension, dyslipidemia, hyperglycemia, coronary heart
disease, stroke and some cancers,® and dysfunction of the
metabolic system by a series of mechanisms, including initia-
tion of endothelial dysfunction, increasing free radical
production, lipid peroxidation and production of inflammatory
cytokines.”** Both psoriasis and psoriatic arthritis (PsA)** are
strongly correlated with obesity and metabolic syndrome
(MetS). Metabolic syndrome (MetS) represents a group of clin-
ical and laboratory abnormalities that augment the risk of
developing atherosclerosis, cardiovascular disease, type 2 dia-
betes mellitus (T2DM) and all-causes of mortality. Obesity may
also lead to lack of self-confidence, lack of self-esteem, and
declining quality of life,”*** which results in many social
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of the PEP on lipid-lowering was closely related to sphingolipid metabolism.

problems.*® For the sake of physical and mental health, many
lipid-lowering drugs on the market have been widely used, such
as statins, because they can not only reduce high cholesterol,
low-density lipoprotein cholesterol, apolipoprotein B and
triglyceride levels but can also raise high-density lipoprotein
cholesterol levels. Thus, the effect of reducing fat in the circu-
latory system is achieved.

However, many problems still exist, and it has been reported
that these synthetic drugs have serious side effects,"”'* such as
liver and kidney damage, dependence, antagonism and the
emergence of drug resistance, nausea, diarrhea, hair loss,
abnormal glucose tolerance, memory loss, memory decline,
confusion and so on. Such as, simvastatin is a fine-grained
powder and is typical synthetic lipid-lowering drugs.' Because
of its limited dissolution rate, its absorption and pharmaco-
logical effects are unstable® and its oral bioavailability is poor.
Therefore, it is necessary to develop a natural lipid-lowering
drug without side effects. It has been reported that poly-
saccharides that are biologically active substances can be
extracted from an edible mushroom and may be effective in the
prevention and treatment of hyperlipidemia, cardiovascular
disease and metabolic syndrome caused by obesity.”** As bio-
logically active substances, polysaccharides have been reported
to have lipid-lowering effects.”® In addition, Pleurotus eryngii as
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a kind of edible and medicinal edible fungus has rich nutri-
tional value,> also, compared with other Chinese herbal
medicines, their price is low, and the raw material is easy to
obtain. Some reports have confirmed that PEP have been shown
to inhibit lipid accumulation by experiments on RAW264.7
cells.”® However, some problems still exist in regard to Pleurotus
eryngii polysaccharides (PEP) inhibits the accumulation of
lipids mechanism that was not uncertain. This article is the first
to analyze mouse urine by an LC-MS method and to study the
possible lipid-lowering mechanisms of PEP in regard to meta-
bolic pathways.

In this paper, the extraction process of PEP was first optimized
to accumulate polysaccharides for subsequent experiments.
Secondly, a high-fat animal model was established to explore the
lipid-lowering and anti-obesity activities of PEP. It was an
important research topic in the field of nutrition to find the
natural functional substance that interfere with obesity from the
edible fungi used in medicine and food. Finally, the LC-MS
method was used to analyze the lipid-lowering mechanism of
PEP from the metabolic level of mice, which has a significant
contribution for further understanding the functional activity, in
vivo transport and mechanism of PEP. At the same time, it
provides a new idea for PEP, which as main functional ingredi-
ents in the development of nutritional and healthy products. In
conclusion, PEP can be used as a promising natural active
substance to assist in the treatment of hyperlipidemia.

2. Materials and methods
2.1 Materials and reagents

Pleurotus eryngii were purchased from the market in Xi'an City,
Shanxi Province, China. Ordinary feed and high-fat feed were
purchased from Beijing Aokang Biological Technology Co., Ltd.,
while 4% paraformaldehyde was purchased from Beijing Suo
Laibao Technology Co., Ltd., ALT (alanine aminotransferase),
AST (aspartate aminotransferase), TG (triglycerides), TC (total
cholesterol), HDL-C (high-density lipoprotein-cholesterol), and
LDL-C (low-density lipoprotein-cholesterol) kits were purchased
from Shenzhen Minray Co., Ltd., MS-grade acetonitrile and
formic acid were purchased from Thermo Fisher Scientific
(USA). Ultrapure water was purified using a Milli-Q system
(Millipore, Bedford, MA, USA).

2.2 Instruments and equipment

The equipment used in this study include a BS460 automatic
biochemical analyzer from Shenzhen Minray Co., Ltd.,
a Eppendorf 5418 desktop high-speed freeze centrifuge was
purchased from Germany, an electronic balance from Shanghai
Balance Instrument Factory, a Type 101-2 constant temperature
drying oven from the Shanghai Experimental Instrument
Factory, a Re52-4 rotary evaporator from Shanghai Huxi
Analytical Instrument Factory, an Hh-sh-4 electrothermal
constant-temperature water bath pot from Beijing Chang'an
Scientific Instrument Factory, a RM2135 paraffin slicer from
Leica Company in Germany, an Olympus microphotography
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operating system from Japan, and an HPLC-Q-Orbitrap from the
HRMS Thermoelectric company in Germany.

2.3 Single-factor design for crude polysaccharides

The fresh fruiting bodies of Pleurotus eryngii were cut into pieces
and dried in a 40 °C oven, then they were pulverized and passed
through a 40-mesh screen. Extraction temperature (X;: 40, 50,
60, 70, and 80 °C), extraction time (X: 1, 2, 3, 4, and 5 h) and
ratio of liquid to raw material (X;: 10, 20, 30, 40, and 50 mL g )
were conditions tested for extraction. We applied a single-factor
method to study the yield of Pleurotus eryngii polysaccharides,
using 5 g dried Pleurotus eryngii powder for each experiment
which were performed in triplicate. Pleurotus eryngii poly-
saccharide (PEP) was obtained using hot water extraction and
ethanol precipitation. The specific hot water extraction method
was that in the three parameters of temperature, time, and
material-liquid ratio, one factor was changed while the other
factors were kept constant in each experiment. Place the beaker
in a water bath and heat for a certain temperature and time to
extract PEP. The extracted solution was centrifuged at 8000 rpm
for 10 min, and the supernatant was collected and incubated
with 95% ethanol (the volumetric ratio of supernatant : ethanol
= 1:4) for 24 h at 4 °C. After centrifugation, the supernatant
was discarded and the precipitate was collected. Crude poly-
saccharides were obtained by removing the protein with Sevage
reagent (volumetric ratio of N-butanol: chloroform = 1:4)
after dialysis (8-14 000 kDa) and freeze-drying. The crude
polysaccharide content was measured by the phenol-sulfuric
acid method using glucose as a standard. The extraction yield
was calculated with the following formula:**

weight of crude polysaccharide (g)
weight of Pleurotus eryngii powder (g)

x 100%

Extraction yield (%) =

(1)

2.4 Experimental design of the response surface
methodology (RSM)

Based on the results of the single-factor experiments, a three-
variable, three-level 17-run Box-Behnken (BBD) was designed
to determine the optimal levels of extraction variables (Tables 1
and 2) by Design Expert software (Version 8.0.6). The experi-
mental data were fitted to the following quadratic polynomial
model:**%°

Table 1 Independent variables and their levels used in the Box-
Behnken design

Level
Variables -1 0 1
Extraction temperature, X; (°C) 70 80 90
Extraction time, X, (h) 2 3 4
Ratio of liquid to raw materials X; (mL g™ ') 40 50 60

RSC Adv, 2020, 10, 11918-11928 | 11919
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Table 2 Box-Behnken design and the extraction rate of PEP

Temperature Time Ratio of liquid to Yield
No. X (°C) X, (h)  raw materials X; (mL g ') Y (%)
1 0 0 0 7.52
2 1 0 1 6.85
3 0 0 0 7.49
4 -1 0 1 7.01
5 1 -1 0 5.93
6 0 0 0 7.52
7 -1 1 0 6.31
8 0 0 0 7.52
9 0 1 1 6.53
10 0 -1 1 5.32
11 0 1 -1 4.91
12 0 0 0 7.52
13 1 1 0 6.32
14 0 -1 -1 4.51
15 -1 -1 0 3.51
16 1 0 -1 6.13
17 -1 0 -1 5.26

3 3 3 3
Y = oy + Z Olinj + Z OliiA/iz + Z Z OZU'/Y,'/YJ' (2)
i=1 i=1 =1 j=1

where Y is the response variable (the yield of Pleurotus eryngii
polysaccharide), «, is the constant coefficient, «; is the linear
coefficient, «;; is the interaction coefficients, a; is the squared
coefficients, X; and X; are the coded independent variables, and
X;, X; and X;” represent the interaction and quadratic terms.

2.5 Anti-hypercholesterolemic effect of PEP

2.5.1 Animal experiments. All animal treatments were
conducted strictly in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.
Animal experiments were approved by the Administrative
Committee of the Experimental Animal Care and Use at Xi'an
Medical University.

A total of 60 male Kunming mice (20 + 2 g), 4 weeks old, were
purchased from the Experimental Animal Centre of Xi'an Jiao-
tong University (Xi'an, China). The mice were housed in cages (5
mice each) with controlled standard temperature (22 + 1 °C),
humidity (50-60%), and lighting (12 h light/dark cycle). Animals
were allowed free access to water and standard rodent chow.
After a week of adaptive feeding, the animals were randomly
divided into 6 groups with 10 mice each. The normal control

Table 3 Diet and treatment plans for mouse groups n = 10 each
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group (NC) was fed a normal diet from weeks 1-8. The hyper-
lipidemia model control group (MOD), positive group (PC) and
the three PEP groups were fed a high-fat rodent diet with 45% of
calories from fat: casein (200 g, 800 kcal), L-cysteine (3 g, 12
keal), corn starch (72.8 g, 291 kcal), maltodextrin (100 g, 400
keal), sucrose (172.8 g, 691 keal), cellulose (200 g, 500 kcal),
soybean oil (25 g, 225 kcal), lard (177.5 g, 1598 kcal), mineral
mix $10026 (10 g, 0 keal), dicalcium phosphate (13 g, 0 kcal),
calcium carbonate (5.5 g, 0 kcal), potassium citrate (16.5 g,
0 kcal), vitamin mix V10001 (10, 40 kcal), choline bitartrate (2 g,
0 kcal) during the first eight weeks. In the next 9-16 weeks, the
normal control group (NC) was treated with a normal diet and
gavaged with saline 0.1 mL per 10 g per day, the hyperlipidemia
model control group (MOD) was fed the high-fat diet and gav-
aged with saline 0.1 mL per 10 g per day, the positive control
group (PC) was fed the high-fat diet and gavaged with simvas-
tatin at 0.1 mL per g per day, and the three PEP groups were fed
the high-fat diet and gavaged with different doses of PEP (50,
100 and 200 mg per kg per day) in 0.1 mL per 10 g per day. The
diet and treatment plans for the six groups are listed in detail in
Table 3.

2.5.2 Body weight. The experiment began with recording
the body weight of the mice, and then they were weighed once
a week to measure the changes in their body weight. At the end
of the experiment, the mice were weighed again and dissected
to remove the liver, and one part of the liver was fixed in 4%
paraformaldehyde while the other half was stored at —80 °C.

2.5.3 Sample preparation. Under fasting conditions, blood
samples were collected from the tail vein of the mice before and
during the experiment every two weeks. Blood samples were
centrifuged at 3000 rpm for 10 min at 4 °C to obtain the serum;
then, the samples were divided into two equal parts into two
new centrifuge tubes. One half was used for the detection of
biochemical indicators, including TC, TG, AST, ALT, LDL-C, and
HDL-C levels, and the other half were stored at —80 °C. The
mice were placed in a metabolic cage, and their urine was
collected and centrifuged at 3000 rpm for 10 min at 4 °C to
remove the lower layer. The supernatant was stored at —80 °C
until analysis.

2.5.4 Serum biochemical parameter determination and
histological morphology examinations. The serum levels of
total TC, TG, LDL-C, HDL-C, AST, ALT were tested with an
automatic biochemical analyzer BS-460 from Mindray. All
procedures complied with the manufacturer's guidelines.

The histological morphological structure of the hepatic
tissue was observed after hematoxylin and eosin (H&E) staining

Group Week 1-8 Week 9-16

NC: normal control Normal diet Normal diet and saline

MOD: model control High-lipid diet High-lipid diet and saline

PC: simvastatin-treatment High-lipid diet High-lipid diet and simvastatin (10 mg per kg per day)
LPEP: low dose of PEP (50 mg kg™ ) High-lipid diet High-lipid diet and PEP (50 mg per kg per day)

MPEP: medium dose of PEP (100 mg kg™ ") High-lipid diet High-lipid diet and PEP (100 mg per kg per day)
HPEP: high dose of PEP (200 mg kg™ ) High-lipid diet High-lipid diet and PEP (200 mg per kg per day)

11920 | RSC Adv, 2020, 10, 11918-11928
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through an Olympus microphotography operating system,
Japan.*

2.6 Metabolomics analysis

The urine samples were thawed on ice, and we removed all
precipitated material by centrifugation at 12 000 rpm for 10 min
at 4 °C. The supernatant 200 uL was transferred to a new tube
and mixed with 1000 pL of an acetonitrile and water solution
(ratio by volume acetonitrile : water = 4 : 1) and then vortexed
for 60 s; then it was centrifuged at 12 000 rpm for 10 min at 4 °C,
and the supernatant was passed through a 0.22 pum membrane
then transferred to a vial for LC-MS analysis.

Urine samples were separated via an UHPLC C18 column
(50 mm x 2.1 mm i.d., 1.9 pm) at 30 °C. The mobile phase
consisted of acetonitrile containing 0.1% formic acid (A) and
0.1% aqueous formic acid (B). The gradient procedure was as
follows: 0-2 min with 0% A, 2-10 min with 0-15% A, 10-14 min
with 15-30% A, 14-17 min with 30-95% A, 17-19 min with 95%

View Article Online
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A, and 19-20 min with 95-0% A, followed by a re-equilibration
step for 5 min. The injection volume was 5 pL, and the flow rate
was 0.3 mL min~". The key operating parameters of the mass
spectrometry were set as follows: a spray voltage of 3.5 kV in
positive ion mode, a sample cone voltage of 40 V, a source offset
voltage of 80 V, a source temperature of 120 °C, a desolvation
temperature of 450 °C, a nitrogen gas flow of 900 Lh™*, 10 Lh™*
for the cone gas flow, and a data acquisition rate of 0.3 s per
scan. MS data were acquired in centroid mode from m/z 100 to
1500 in full scan. All data were recorded and processed by
Thermo Scientific Xcalibur3.0 software (Thermo Fisher
Scientific).

2.7 The statistical analysis

Unless otherwise indicated, all data are expressed as the means
+ standard deviation (SD). Statistical differences were evaluated
using ANOVA, and significant differences between the tested
groups were determined using Duncan's post hoc test (SPSS
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Fig.1 Effects of extraction parameters on the yield of PEP; response surface plots and contour plots. (A) Effect of extraction temperature (°C) on
yield of PEP; (B) effect of extraction time (h) on yield of PEP; (C) effect of liquid/solid ratio (mL g~*) on yield of PEP; (D) response surface plots
showing the interactive effects of extraction time (X;) and extraction temperature (X3); (E) response surface plots showing the interactive effects
of extraction time (Xy) and liquid/solid ratio (X3); (F) response surface plots showing the interactive effects of extraction temperature (X,) and
liquid/solid ratio (X3); (G) contour plots showing the interactive effects of X; and X5; (H) contour plots showing the interactive effects of X; and X3;
(I) contour plots showing the interactive effects of X, and Xs.
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17.0). Metabolic raw data was processed using Compound
Discover software from Thermo Fisher LC-MS, and the data was
imported into SIMCA software to analysis.

3. Results and discussion
3.1 Single-factor experimental analysis

By single-factor experiments, we studied the efficiency of
different extraction temperatures, extraction time and ratio of
liquid to raw material on the yield of PEP, and the results are
shown in Fig. 1A-C. Extraction temperature was a key factor that
influenced the extraction efficiency. The yield of PEP in the
range of 50-80 °C gradually increased and reached a maximum
of 7.52% at 80 °C; also, when the temperature exceeded 80 °C,
the yield of PEP slightly decreased (Fig. 1A). The reason for this
result may be that as the temperature increased, the molecular
motion accelerated, the solubility increased, and the corre-
sponding yield also increased.*** When the temperature
exceeded 80 °C, the raw materials was restricted, resulting in
a decrease in polysaccharide yield. An extraction time of 0.5-3 h
increased the yield of PEP tremendously, while for 3-5 h, the
yield decreased with time. At 3 h, it reached a maximum level of
6.98% (Fig. 1B). The extraction yield then decreased with
prolongation of the extraction time. The possible reason for
a reduction in the yield was that the structure of the poly-
saccharides may have been damaged after spending a long time
at a high temperature.®* Similarly, the ratio of liquid to raw
material was another factor that significantly affected the
extraction efficiency parameter. When the ratio of the liquid to
raw material was 50 : 1, the yield of PEP reached a maximum
amount of 6.89%. Ratios any higher than 50:1 resulted in
a decreased polysaccharide yield (Fig. 1C).

3.2 Optimization of the polysaccharides extraction
conditions

To optimize the extraction parameters and analyze the inter-
active effects of the three factors on the extraction rate, a BBD
under RSM was used, as shown in Table 2. Under different
interactions, the PEP had different yields distributed in the
range of 3.51-7.52%. The optimal three factors were an extrac-
tion time of 3.11 h, an extraction temperature of 79 °C, and
aratio of material to liquid of 1 : 52.6. The yield was then 7.53%.
The PEP yield and the second-order polynomial equations for
the three variables were analyzed by the Design-Expert software.
The equation was as follows:

Y =0.75+0.09X; + 0.17X, + 0.28X; — 0.32X, X> + 0.53X, X5 +
0.32X,X; — 0.48X,% — 1.11X5% — 0.83X5>

An analysis of variance analysis found the model group was
extremely significant (P < 0.0001) and the lack of fit was not
obvious (p > 0.05), R> = 0.9993, Raq;> = 0.9984, as shown in
Table 4; thus, the model could make a scientific analysis of most
of the changes in response values. In addition, the low
CV% = 0.54 value indicates that the experimental values were
accurate and reliable (Xu & Wei, 2008 (ref. 28)). Therefore, the

1922 | RSC Adv, 2020, 10, 11918-11928
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Table 4 Results of the ANOVA of the response surface quadratic
model

Source Sum of squares df Mean square F-value Prob > F
Model 11.81 9 1.31 1126.53 <0.0001
X, 0.065 1 0.065 55.62 0.0001
X, 0.23 1 023 195.55 <0.0001
X 0.63 1 0.63 543.19 <0.0001
XX, 0.40 1 0.40 346.12 <0.0001
XX, 0.011 1 0.011 9.46 0.0179
X,X3 0.41 1 041 351.59 <0.0001
X2 0.98 1 0.98 837.92 <0.0001
X,> 5.23 1 5.23 4485.19 <0.0001
X;> 2.93 1 293 2513.87 <0.0001
Residual 8.155 x 107 7 1.165 x 10°
Lack of fit 6.275 x 10> 3 2.092 x 10 ® 4.45 0.0916
Pure error 1.880 x 10™° 4 4,700 x 10~*
Cor total  11.82 16

R* = 0.9971 Ragi® = 0.9934 CV% = 0.45

model had good experimental prediction ability within the
range of experimental variables. From the overall factors, the
primary items X, X, X3; the secondary items X, X5, X3,; and
the interactive items X;X,, X;X;, X,X; were considered to be
extremely significant (p < 0.0001). The order of influence of the
different variables was X; < X, < X;. That is to say, reaction time
< reaction temperature < ratio of liquid to raw material.

The 3D response surface and 2D contour plot of the effects of
different single factors and interactions on PEP yield are shown
in Fig. 1D-1. When the ratio of material to liquid was fixed at the
0 level, the effects of temperature (X;) and time (X,) and inter-
action on PEP production showed a curved surface, and the
temperature (X;) was kept at 0 level; also, with an extension of
time (X;), the yield increased at first and then decreased, as
shown in Fig. 1D. Similarly, as shown in Fig. 1E and F, when the
time and temperature were fixed at the 0 level, the influence of
the corresponding two variables on the PEP yield were also
curved surfaces. The shapes shown in the Fig. 1G-1 contour
maps were an ellipse, indicating that the interactions of the
corresponding variables were significant.*

In summary, the optimized parameters were an extraction
temperature of 79 °C, an extraction time of 3.11 h and a ratio of
material to liquid of 1 : 52.6; also, the yield of PEP was 7.53%,
which was close to the previously reported results,* indicating
that the optimization conditions were reliable. The poly-
saccharide content was determined to be 67.84%, which
implied that the following studies were meaningful.

3.3 Vary of body weight

The changes in body weight of the different groups during the
entire 16 week period are shown in Fig. 2 below. The high-fat
model was established in 1-8 weeks. At the 8th week, there
was a significant difference in body weight between the high-fat
diet group and the normal control group, indicating that the
model was successfully established. From 9-16 weeks, simvas-
tatin and different doses of PEP were administered, as shown in
Table 3. Compared to the normal control group and the high-fat

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10991a

Open Access Article. Published on 24 March 2020. Downloaded on 6/9/2026 1:32:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
60 -
551
0 50
5
§ 45
240} —=— Normal control group
2 ®— Model control group
35+ —a— Positive control group
v— LPEP group
30 <+— MPEP group
»— HPEP group
25 1 " 1 " 1 " 1 " I n I n 1 n 1 I

0 2 4 6 8 10 12 14 16
Time(weeks)

Fig. 2 Changes in body weight in different groups of mice over 16
weeks. (@ and b): the same letter indicates there were not significant
difference between the groups, and different letters represent signif-
icant differences (p < 0.05).

model group, the body weight of the model group significantly
increased, but treatment with PEP could inhibit the body weight
gain and fat accumulation. The degree of inhibition was dose-
dependent on the concentration of PEP. The high-dose PEP
group had a significantly (p < 0.05) decreased body weight gain
and accumulation of fat compared with the model control

group.

3.4 Liver histological morphology examinations

HE staining results of liver from the different groups of mice
were observed by an optical microscope, as shown in Fig. 3.
Specifically, Fig. 3A-F are the liver morphology observed under
a microscope of the normal control group, the model control
group, the positive control group, the LPEP group, the MPEP
group, and the HPEP group, respectively. From Fig. 3A, we can
see that the liver cells morphology are arranged in a regular
manner, and very small fat particles appear, showing no
obvious liver lesions, after a 16 week normal diet. However,
compared with the normal control group, in the high-fat model,
a large number of large particles of fat vacuoles can be observed
in the liver tissues as shown in Fig. 3B. The liver tissue
morphology of the simvastatin treated positive control group
was close to that of the normal group as shown in Fig. 3B.
Different doses of PEP significantly reduced the number and
volume of fat vacuoles in the liver cells compared with the
model group. The high-dose PEP group had the best effect on
fat granule reduction, even better than that of the long-term
normal diet NC group. As shown in Fig. 3F, almost no fat
particles are apparent after high doses of PEP. Both the LPEP
group and the MPEP group also showed a reduced number and
size of liver fat vacuoles, and the effect on the MPEP group was
slightly better than that of the LPEP group. The fat particles and
size, as shown in Fig. 3D, are fewer and smaller than those in
Fig. 3C. The optical microscopy results of the liver tissue
sections indicated that PEP can mitigate the peroxidation
damage to the liver tissues and promote the recovery of the
damaged liver tissues from the high-fat-diet-induced injury.

This journal is © The Royal Society of Chemistry 2020
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3.5 Serum biochemical parameters

Hyperlipidemia is a disease characterized by an abnormal
increase of total cholesterol (TC), triglycerides (TG), low-density
lipoprotein-cholesterol (LDL-C), and alanine aminotransferase
(ALT), aspartate aminotransferase (AST), and high-density
lipoprotein-cholesterol (HDL-C) is decreased in the blood.
Every 3 weeks, the biochemical parameters such as TC, TG, LDL-
C, HDL-C, ALT and AST were measured in each group. While
establishing a high-fat model, during the first 8 weeks, the
normal control was given a normal diet and the other groups
were given a high-fat diet. From Table 5, we can see that in the
first week, TC, TG, LDL-C, HDL-C, ALT and AST were not
significantly different (p > 0.05) between the normal diet group
and the high-fat-diet groups. TC and LDL-C levels in the serum
were significantly different (p < 0.05) between the normal
control group (NC) and the model control group (Mod);
however, for the normal control group (NC) compared with the
PC group, the low-dose PEP group (LPEP), the moderate-dose
PEP group (MPEP) and the high-dose PEP group (HPEP) were
not significantly different (p > 0.05) in the fourth week. At week
7, TC, TG, LDL-C, ALT and AST levels in the high-fat diet groups
(Mod, PC, LPEP, MPEP, HPEP groups) were significantly
increased (p < 0.05), and the HDL-C level significantly decreased
(p < 0.05) compared with the normal diet control group, which
indicates that the high-fat diet groups had diet-induced
changes in their serum lipid parameters that led to hypercho-
lesterolemia. Therefore, the animal model of hyperlipidemia
was successfully established. At the same time, the serum levels
of TC, TG, LDL-C, ALT and AST in the mice in high-fat model
group were increased by 64.7%, 32.2%, 48.4%, 81.4% and
78.5%, respectively, compared with the normal diet control
group at the end of the diet induction.

During weeks 9-16, simvastatin and different doses of PEP
were administered to the corresponding groups of hyper-
lipidemic mice. The hypolipidemic effect of PEP was deter-
mined by evaluating serum TC, TG, LDL-C, HDL-C, ALT and AST
every 3 weeks after the oral administration of 50, 100 or 200 mg
kg~ PEP. At the tenth week, the TC, TG and LDL-C levels
between the normal control group and high-fat model group
had significant differences (p < 0.05), but the simvastatin and
different doses of PEP treatment groups compared with the
high-fat model group did not show any significant differences (p
> 0.05). With the increase of PEP administered time, up to the
16th week, the levels of TC, TG, and LDL-C of the PC group and
the PEP administered groups were different from the values of
the model group and close to the values corresponding to the
NC group. The TC and LDL-C values of the HPEP treatment
group were closest to those of the NC group. The values of TC,
TG, and LDL-C in the treatment groups with different doses of
PEP were reduced and dose-dependent (Table 5). At 13 and 16
weeks, the HDL-C levels in the PEP-treated group were signifi-
cantly higher than in the model group and were dose-
dependent. During the PEP treatment of the hyperlipidemic
mice, the ALT content decreased significantly (p < 0.05)
compared with the model group. The AST content at weeks 13

RSC Adv, 2020, 10, 11918-11928 | 11923
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Fig. 3 Morphological observation of liver tissue in different groups of mice (hematoxylin—eosin staining, 400x). (A) Normal control (NC) group,
(B) model control (MC) group, (C) positive control (PC) group, (D) low-dose Pleurotus eryngii polysaccharide group (LPEP) group, (E) medium-
dose Pleurotus eryngii polysaccharide (MPEP) group, (F): high-dose Pleurotus eryngii polysaccharide (HPEP) group.

and 16 showed that it was significantly reduced in the PEP
treatment group (P < 0.05) in comparison with the model group.

These results indicate that PEP had the ability to inhibit the
activity of HMG-CoA and reduce cholesterol synthesis.** One
reason may be that PEP, through upregulating the ileum FXR
and hepatic CYP7A1 genes expression and downregulating the
expression of I-BABP and hepatic FXR, inhibited the entero-

1924 | RSC Adv, 2020, 10, T1918-11928

hepatic cycle of the bile acids and increased the metabolism
and decomposition of cholesterol.*® Finally, we can speculate
that there was a decrease of the fat synthesis rate and an
increase of the fat hydrolysis rate by way of transcriptional
upregulation of PPARa, PPARY, Lpl and Lpic, thus speeding up
the metabolism and decomposition of triglycerides.*”

This journal is © The Royal Society of Chemistry 2020
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Table 5 Effect of different doses of PEP on serum biochemical parameters induced by a high-fat diet in mice®
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Time
Groups 1 week 4 week 7 week 10 week 13 week 16 week
TC (mmol L™ NC 1.31 £ 0.212 1.83 + 0.26% 1.84 £ 0.272 1.98 + 0.19% 2.03 + 0.24% 2.63 + 0.36°
MOD 1.79 + 0.23% 2.96 + 0.31° 3.03 + 0.30° 2.89 + 0.23° 3.70 + 0.31° 4.07 + 0.37°
PC 1.63 & 0.31% 2.84 + 0.28%° 3.03 + 0.33P 2.38 4 0.31%® 2.86 + 0.24°¢ 2.84 + 0.25%¢
LPEP 1.28 + 0.43% 2.76 £ 0.30%° 3.01 £ 0.21° 2.84 + 0.33%° 3.46 + 0.43° 3.29 + 0.30%P
MPEP 1.39 + 0.25% 2.69 + 0.25%° 2.92 + 0.31° 2.74 + 0.28%° 3.26 + 0.34° 2.85 + 0.24%¢
HPEP 1.35 + 0.34% 2.77 £ 0.24%° 3.10 £ 0.29° 2.30 & 0.24%° 3.17 + 0.31° 2.73 + 0.28%¢
TG (mmol L) NC 0.35 + 0.07% 0.65 + 0.13% 0.68 + 0.21% 0.67 % 0.09% 0.81 + 0.21° 0.74 + 0.03%
MOD 0.38 + 0.122 0.62 + 0.18? 0.82 + 0.16° 0.85 + 0.05° 1.23 + 0.11° 1.38 4 0.05°
PC 0.46 + 0.10% 0.6 + 0.20° 0.76 + 0.13P 0.62 + 0.03%® 0.53 + 0.09° 0.71 + 0.10%¢
LPEP 0.40 =+ 0.09° 0.54 + 0.14° 0.73 £ 0.18° 0.68 + 0.10%° 0.66 =+ 0.07° 0.57 £ 0.09%
MPEP 0.44 + 0.17% 0.49 + 0.16% 0.80 + 0.11° 0.67 % 0.08%® 0.58 + 0.04¢ 0.52 + 0.11%¢
HPEP 0.44 £ 0.13% 0.53 £ 0.09° 0.79 £ 0.10° 0.63 £ 0.12%° 0.56 =+ 0.06° 0.48 =+ 0.08*¢
LDL-C (mmol L™')  NC 0.156 + 0.06°  0.238 & 0.10% 0.287 =+ 0.12% 0.279 =+ 0.08% 0.271 =+ 0.07% 0.265 =+ 0.03%
MOD 0.164 + 0.09°  0.286 + 0.08%" 0.426 + 0.10° 0.382 =+ 0.09° 0.413 =+ 0.03° 0.412 =+ 0.03°
PC 0.168 £ 0.08*  0.204 % 0.09%® 0.355 =+ 0.09° 0.326 % 0.07%® 0.336 £ 0.03%° 0.318 =+ 0.05%°
LPEP 0.172 £ 0.05*  0.244 + 0.122P 0.362 + 0.05° 0.328 + 0.03%® 0.333 + 0.04%° 0.301 =+ 0.06%°
MPEP 0.162 £ 0.09°  0.208 + 0.08%® 0.361 =+ 0.06° 0.316 + 0.04*® 0.323 =+ 0.02%° 0.291 =+ 0.04%
HPEP 0.168 + 0.09°  0.216 + 0.11%P 0.358 + 0.08° 0.327 + 0.02%® 0.33 + 0.05%" 0.273 =+ 0.022
HDL-C (mmol L™')  NC 0.86 + 0.09% 2.38 + 0.22° 2.69 + 0.18° 1.15 + 0.08% 1.49 + 0.32% 2.028 =+ 0.34%
MOD 1.18 + 0.16% 2.03 £ 0.10% 2.07 £ 0.24%° 1.95 + 0.122° 1.601 + 0.36%° 1.601 + 0.21°
PC 1.05 £ 0.15% 2.50 + 0.38° 2.14 + 0.13% 1.80 + 0.26%° 2.31 + 0.25° 2.31 + 0.18%°
LPEP 0.88 + 0.21% 2.41 + 0.18% 2+ 0.23% 2.13 + 0.23° 3.04 + 0.43% 3.04 + 0.30°
MPEP 0.96 + 0.23% 1.09 + 0.05° 1.48 + 0.18"¢ 2.18 + 0.29° 2.556 =+ 0.33° 2.56 + 0.26°
HPEP 0.9 &+ 0.12° 1.20 £ 0.17° 1.62 £ 0.17°€ 1.61 + 0.13%® 3.05 + 0.28% 3.05 + 0.36%
ALT (UL™Y) NC 30.41 £ 1.52°  39.44 + 6.56% 42.91 + 2.62% 43.53 + 1.80% 49.35 + 5.21% 57.56 & 2.25%
MOD 33.24 + 2.36  56.08 + 3.81° 77.84 + 3.43° 70.84 + 2.01° 86.67 + 3.35° 91.60 =+ 4.23°
PC 29.68 &+ 3.24*  53.84 + 5.63° 63.72 + 1.86° 40.84 + 4.00% 45.36 + 1.56% 68.09 + 3.51°
LPEP 28.99 4+ 1.64°  40.08 £ 6.12% 77.40 + 2.42° 46.16 + 3.12° 50.32 + 4.28° 57.47 £+ 3.01°
MPEP 32.12 + 1.85%  56.26 + 3.25° 62.28 + 3.01° 51.44 + 3.42° 47.96 =+ 2.33% 47.60 £ 2.21%
HPEP 31.21 4+ 2.64*  59.96 + 3.15° 69.68 + 1.98° 50.56 =+ 2.46% 43.11 + 3.04% 45.91 + 1.87%
AST (UL NC 46.32 +2.03%  64.49 + 2.12° 73.31 £ 1.33% 79.35 + 2.04% 89.35 + 2.37% 92.80 =+ 2.322
MOD 43.55 +2.18%  68.52 + 3.54% 130.88 + 1.64° 154.44 + 3.42° 168.09 + 6.12° 196.40 + 3.29°
PC 42.81 + 2.64*  76.60 + 1.23% 128.16 + 2.30° 84.04 + 2.33% 81.28 + 3.36% 104.71 + 4.02°
LPEP 48.01 + 1.39*  88.52 + 6.127 133.96 + 2.41° 114.28 + 5.41%® 96.44 + 4.39% 118.00 + 3.18%
MPEP 47.62 +1.82%  52.36 + 4.24° 138.36 + 3.25° 85.68 =+ 3.84% 79.04 =+ 2.44% 107.88 + 1.64°
HPEP 4523 +3.24*  66.76 + 3.25% 129.40 + 5.43P 102.24 + 2.87%® 82.44 + 1.86% 97.41 + 1.87%

“ Data are expressed as the mean + SD, the same letter represents no significant difference between the groups, different letters represent

significant differences (p < 0.05).

3.6 LC/MS analysis of metabolic profiling and biomarkers
identification

PLS-DA, a supervised pattern recognition method, was used to
further characterize the difference in the urinary metabolic
between the groups. All the data were acquired from the NC,
MOD, LPEP, MPEP and HPEP groups. Complete separation
between the NC and Mod groups were observed in the score
scatter 3D plot from the PLS-DA shown in Fig. 4, which indi-
cated that there was a significant metabolic profiling difference
between the two groups and that the high-fat-diet-induced
hyperlipidemia model was successfully established.*® Fig. 4
shows that the positive control group and the PEP treatment
group were far from the model group, and the higher the dose
in the PEP group, the further away it was from the model group.
The results indicated that PEP had the effect of reducing
hyperlipidemia.

This journal is © The Royal Society of Chemistry 2020

To reveal the potential biomarkers contributing the most to
the difference among the groups, first, in the Human Metab-
olome Database (HMDB), we calculated the possible molecular
formulas of interests by high-accuracy quasi-molecular ion
within a mass error of 5 ppm. Then, the potential biomarkers
were manually verified based on a mass search. The metabolites
with a VIP value above 1.5 and a P value below 0.05 were
considered as potential biomarkers that discriminated among
the groups. The potential biomarkers are summarized in
Table 6 with their corresponding retention time, accurate
molecular mass, related trends and related pathway.

C16 sphinganine is a metabolite related to ceramide, which
had alterations in the urine among the six groups. Comparing the
NC group with the MOD group, C16 sphinganine was detected to
be significantly increased, which indicated that sphingolipid
metabolism turned out to be abnormal in response to hyperlip-
idemia.*® C16 sphinganine was decreased after simvastatin and

RSC Adv, 2020, 10, 11918-11928 | 11925
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Fig. 4 3D-PLS-DA score plots of NC, Mod, PC, LPEP, MPEP and HPEP groups in positive mode.
Table 6 Potential biomarkers identified and variation trends of hyperlipidemia mice in positive mode®
Trend
Mass  Formula Name VIP value MOD/NC PC/MOD LPEP/MOD MPEP/MOD HPEP/MOD Related pathway
273.27 C;6H35NO0, C16Sphinganine  1.68 i | | 1* L* Sphingolipid metabolism
330.06 C;oH;{,N;04,P CcAMP 1.45 i ! | ! ! Purine metabolism
196.03 C5H,N,O; Uric acid 1.37 Ik 1 1 1 1 Purine metabolism
166.05 CgH,NO; Formylanthranilic 1.31 i ! ! ! l Tryptophan metabolism
acid
154.09 CgH;;NO, Dopamine 1.32 i ! ! ! l Tyrosine metabolism
117.02 C,H4O, Succinate 1.27 I 1 1 1 1 TCA cycle
184.06 CgHoNO, 4-Pyridoxate 1.21 T ! ! ! l Vitamin B6 metabolism
176.10 CgH,3N;0; L-Citrulline 1.09 hd 1 1 1 1 Arginine and proline
metabolism

243.06 CoH;,N,04 Uridine 1.03 I | l | l Pyrimidine metabolism

4 MOD/NC: model versus control, *P < 0.05, **P < 0.01. LPEP/MOD: LPEP versus model; MPEP/MOD: MPEP versus model, HPEP/MOD: HPEP versus

model *P < 0.05, **P < 0.01.

PEP treatment and decreased significantly in the HPEP and MPEP
groups, which implied that PEP treatment could show favorable
inhibition of hyperlipidemia; thus, the reason for the inhibition
of hyperlipidemia might be associated with the biomarker C16
sphinganine found in this research. It has been previously re-
ported that the abnormal accumulation of esterification of
cholesterol leads to obviously increased levels of C16 sphinganine
in the urine of mice.* Therefore, C16 sphinganine can be reliably
used as a metabolic biomarker associated with lipid lowering. In
addition, the key enzyme involved in sphingolipid metabolism of
sphingomyelinases (SMases) is associated with ceramide

1926 | RSC Adv, 2020, 10, 11918-11928

production and bioactive lipid cascades.*' It has been reported
that C16 sphingosine accumulation is associated with upregula-
tion of SMase. Detailed mechanisms of the inhibition of hyper-
lipidemia by PEP needs further study.

Sphingolipids play important roles in cell growth, cell
differentiation, cell apoptosis and vital signal transduction
pathways.*>** Sphingolipid metabolism disorders contribute to
the development of NAFLD (non-alcoholic fatty liver disease) in
multiple ways involving overweight, inflammation, insulin
resistance, and oxidative stress. The mRNA expression of
neutral and acid SMases and sphingosine levels is increased in

This journal is © The Royal Society of Chemistry 2020
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the adipose tissue of obese mice, confirming the involvement of
ceramide in the pathophysiology of obesity. PEP may increase
the rate of fat decomposition, inhibit the rate of fat synthesis,
and regulate the obesity induced by a high-fat diet through
a combination of metabolic pathways such as fatty acid
metabolism, amino acid metabolism, sphingolipid metabo-
lism, and the TCA cycle in collaboration to affect the hyperlip-
idemia mice.

4. Conclusions

In this study, single factors and corresponding surface methods
were used to optimize the processing parameters of poly-
saccharides from PEP. When the highest yield of polysaccharide
was 7.52%, the required extraction temperature was 79 °C, the
extraction time was 3.11 h, and the ratio of material to liquid
was 1 : 52.6. The serum levels of TC, TG, LDL-C, AST and ALT in
the mice treated with PEP were significantly reduced; at the
same time, HDL-C levels were significantly increased at 16
weeks. The results suggested that the biochemical parameters
of hypercholesterolemic mice can be normalized via the gavage
of PEP for 8 weeks. A high-fat-diet-induced hyperlipidemia mice
model was established successfully, and the anti-
hyperlipidemic effect of PEP was evaluated by a metabolomics
approach. The urine of each group of mice was analyzed by LC-
MS method, and we found that C16 sphinganine can be used as
a potential biomarker, which changed under the PEP treatment.
This paper is the first to explore the therapeutic effect and
metabolic mechanism of PEP on hyperlipidemia mice through
biochemistry, histopathology and urinary metabolomics. These
results showed that PEP could effectively treat hyperlipidemia
mice and have a certain protective effect on the liver. The
mechanism of PEP lipid-lowering may be through an effect on
sphingolipid metabolism. Therefore, PEP can be used as
a promising natural active substance for the adjuvant treatment
of hyperlipidemia.
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