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Objective: In this study, the structure of Pleurotus eryngii polysaccharides (PEPs) was

characterized, and the mechanism of PEP on obesity and hyperlipidemia induced by

high-fat diet was evaluated by metabonomic analysis.

Methods: The structure of PEPs were characterized by monosaccharide

composition, Fourier transform infrared spectroscopy and thermogravimetry. In

animal experiments, H&E staining was used to observe the morphological di�erence

of epididymal adipose tissue of mice in each group. Ultrahigh performance liquid

chromatography (UHPLC)-(QE) HFX -mass spectrometry (MS) was used to analyze

the di�erence of metabolites in serum of mice in each group and the related

metabolic pathways.

Results: The PEPs contained nine monosaccharides: 1.05% fucose, 0.30% arabinose,

17.94% galactose, 53.49% glucose, 1.24% xylose, 23.32% mannose, 1.30% ribose,

0.21%galacturonic acid, and 1.17% glucuronic acid. The PEPs began to degrade at

251◦C (T0), while the maximum thermal degradation rate temperature (Tm) appeared

at 300◦C. The results histopathological observation demonstrated that the PEPs had

signifificant hypolipidemic activities. After PEPs intervention, the metabolic profile

of mice changed significantly. A total of 29 di�erent metabolites were selected

as adjunctive therapy to PEPs, for treatment of obesity and hyperlipidemia-related

complications caused by a high-fat diet. These metabolites include amino acids,

unsaturated fatty acids, choline, glycerol phospholipids, and other endogenous

compounds, which can prevent and treat obesity and hyperlipidemia caused by

a high-fat diet by regulating amino acid metabolism, fatty acid metabolism, and

changes in metabolic pathways such as that involved in the citric cycle (TCA cycle).

Conclusions: The presented results indicate that PEPs treatment can alleviate the

obesity and hyperlipidemia caused by a high-fat diet and, thus, may be used as a

functional food adjuvant, providing a theoretical basis and technical guidance for the

prevention and treatment of high-fat diet-induced obesity and hyperlipidemia.

KEYWORDS

Pleurotus eryngii polysaccharides, obesity, structural characterization, metabolic pathways,

metabolic di�erences

1. Introduction

Pleurotus eryngii (P. eryngii) is a fungus with both food and medicinal uses (1–3). It is

rich in nutrients, and is generally cheaper than other medicinal fungi. The raw materials are

easy to obtain, and it is very popular among various populations. It has been reported to be

cultivated in Europe, the Middle East, and North America, as well as in many parts of Asia
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(4–8); in particular, it has been widely cultivated in China (9). It

has rich nutritional value and includes a variety of active substances,

such as polysaccharides, polyphenols (10, 11), proteins, minerals,

dietary fiber, vitamins, and so on (9, 12–15). Pleurotus eryngii

polysaccharides (PEPs) have been reported to have many effects,

such as antitumor, antibacterial, antiviral, diabetes-preventing, and

immunity-improving effects (15–17). Polysaccharides can inhibit

the weight of obese mice and regulate the levels of hypolipidemic

metabolism such as triglycerides (TG), total cholesterol (TC), low-

density lipoprotein cholesterol (LDL-C), high-density lipoprotein

cholange (HDL-C), and free fatty acids (FFA), however, research on

the associated functional mechanisms is not deep enough, especially

relevant research on the anti-obesity and blood lipid-lowering

mechanisms (18–21).

In recent years, obesity has led to a series of health

problems worldwide; for example, obesity can cause high blood

pressure, hyperlipidemia, hyperglycemia, atherosclerosis, coronary

heart disease, and other cardiovascular and cerebrovascular diseases.

At present, the most-commonly used anti-obesity drugs on the

market are all chemically synthesized drugs, the long-term use of

which can lead to toxic side-effects, Therefore, the development and

research of natural active substances to replace synthetic drugs to

prevent and assist in the treatment of diseases caused by obesity is

considered necessary (22–24). In particular, research on the anti-

obesity mechanisms of natural products is expected to be helpful in

addressing the problems caused by obesity at their root.

In this work, we describe polysaccharides extracted from the

fruit bodies of P. eryngii. First, infrared spectroscopy, thermal

stability, and monosaccharide composition analyses of the P. eryngii

polysaccharides (PEPs) were conducted. Then, through in vivo

experiments in mice using LC-MS technology to analyze the

differences in serum metabolites of different groups after the PEP

intervention, we determined the changes in characteristic metabolic

markers and related metabolic pathways, thus clarifying the anti-

obesity mechanism of the PEPs from a metabolomics perspective.

The presented results lay a theoretical and technical foundation for

follow-up research on and the application of PEPs.

2. Materials and methods

2.1. Materials and reagents

The fresh fruiting bodies of P. eryngii were purchased from Xi’an

of China. Fucose, arabinose, galactose, glucose, xylose, mannose,

fructose, ribose, glucuronic acid, and dextran were purchased from

Sigma Aldrich (St. Louis, Missouri) as monosaccharide standards.

Chromatography-grade reagents were used in HPGPC and GC-

MS analyses, as well as analytical-grade reagents throughout

all experiments.

2.2. PEP preparation

We first cut the P. eryngii fruiting bodies into pieces, dried them

until all water was removed, and crushed and filtered them using a 40

mesh sieve (13).

Polysaccharides were extracted by water extraction and

alcohol precipitation (25). Through deproteinization by the Sevag

method and freeze-drying, the PEPs were obtained. The total

sugar and protein contents were about 67.8% (w/w) and 4.42%

(w/w), respectively.

2.3. Structural characterization of PEP

2.3.1. Monosaccharide composition analysis of PEP
Ion exchange chromatography (ICS) was conducted to analyze

the monosaccharide composition of PEP. We accurately weighed 5±

0.05mg of polysaccharide sample, put it into a clean chromatographic

tube, added 2.5M trifluoroacetic acid (TFA) solution, and heated

the mixture at 121 ◦C for 2 h. The sample was dried under a

nitrogen flow and washed with methanol 2–3 times. The dried PEPs

sample was dissolved in 1mL sterile water and diluted by 100 times,

followed by amperometric detection. Then, 25 µL was taken and

transferred to a chromatographic flask, which was detected under

pulsed amperometric detection (PAD) conditions. The test mobile

phase consisted of sodium hydroxide and sodium acetate, the flow

rate was 1.0mL min−1, the column temperature was 30◦C, and the

analytical column type was a CarboPac PA10. Previous studies have

reported this method (26).

2.3.2. FT-IR spectroscopy analysis
A total of 1mg of the PEP sample and KBr powder were mixed,

ground thoroughly, and pressed into a 1mm thin plate. The plate was

placed into a Bruker Vector 22 spectrometer (Bruker), and the FT-IR

optical spectrum of the PEP was measured in the range of 4,000–400

cm−1 (27).

2.3.3. Thermogravimetry of PEP
Next, 3mg of PEP powder sample was weighed, and the TGA and

DSC of the PEP was analyzed using an STA449 thermogravimetric

analyzer (Bruker, Germany). The test conditions were under a

nitrogen atmosphere with a temperature of 30–700◦C, and the speed

was gradually increased (10K min−1) (28).

2.4. Animal experiments

Animal experiments were completed at Xi’an Medical College,

and were approved by the Xi’an Medical College Laboratory

Animal Care and Use Management Committee. The treatment of

experimental animals was carried out in strict accordance with the

Guide to the Care and Use of Laboratory Animals, formulated by the

National Institutes of Health.

A total of 60 4-week-old (20 ± 2 g) male Kunming mice were

purchased from Xi’an Jiaotong University (Xi’an, China). Each five

mice were kept in a cage under the conditions of 22 ± 2 ◦C, 50–

60% humidity, and 12-h light/dark cycle. The drinking water and

standard rodent food of animals were provided ad libitum during the

breeding period.

After 1 week of adaptive feeding, each group of 10 mice was

randomly divided into 6 groups; namely, the normal control group

(NC), hyperlipidemia model control group (MOD), positive group

(PC), and three different PEP dose (50, 100, and 200 mg/kg/day)

groups. In the first 8 weeks, the NC group was fed a normal diet, while
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other groups were fed a high-fat diet. In the last 8 weeks, except for

the same diet as before, the NC and MOD groups were fed 0.1mL of

normal saline every day, the PC group was fed 0.1mL of simvastatin

every day, and the PEP groups were fed different doses of PEPs (50,

100, and 200 mg/kg/day) at 0.1 mL/10 g/day (29). The main formula

of the high-fat feed was: 200 g casein, 3 g L-cysteine, 72.8 g corn

starch, 25 g soybean oil, 177.5 g lard, 10 g mineral mixture S10026,

13 g dicalcium phosphate, 5.5 g calcium carbonate, 16.5 g potassium

citrate, 10 g vitamin mixture V10001, and 2 g tartrate bile base.

2.5. Adipose histological morphology
examinations

The histomorphology of mouse epididymal adipose tissue was

observed using an Olympus micrography operating system of

Japan.30 after H&E staining (30).

2.6. Untargeted serum metabolomic analysis

2.6.1. Metabolite extraction
Ultrahigh-performance liquid chromatography (UHPLC)–(QE)

HFX–mass spectrometry (MS) was carried out to evaluate the serum

metabolic profiles of NC, MOD, PEP, and PC group mice. Serum

samples were thawed at 4◦C. Then, 50 µL of serum was accurately

measured and transferred to a clean centrifuge tube. Then, 200 µL of

methanol was added to the centrifuge tube, which was then vortexed.

After mixing for 60 s to dissolve the sample as completely as possible,

it was incubated on ice for 10min at 4◦C, then centrifuged for 10min

at 13,000 rpm. The supernatant was transferred to a glass insert for

subsequent analysis (31).

2.6.2. Liquid chromatography–MS analysis
The chromatographic determination parameters were set as: 100

× 2.1mm, 1.9µm. A Thermo Hypersil Gold C18 chromatographic

column was used. The column temperature was 40◦C, the sample

chamber temperature was 4◦C, the flow rate was 0.3 mL/min, and

the sample injection volume was 4 µL. Mobile phase A was 0.1%

formic acid aqueous solution, while acetonitrile and 0.1% formic acid

solution were set as mobile phase B. Gradient elution was performed

according to the following elution procedure: 0% B, 0–2min; 0–15%

B, 2–10min; 15–30% B, 10–14min; 30–95% B, 14–17min; 95% B,

17–19min; 95–100% B, 19–20min, and 5min for re-balancing.

The mass spectrometry conditions were as follows: electrospray

ionization (ESI) was used in Negative ion mode, the scanning range

was 75–1,125 m/z, the capillary voltage was 3.5 kV, the cone voltage

was 35 kV, the ion source temperature was 280◦C, the desolvation

temperature was 450◦C, the desolvation gas flow rate was 900 L/h,

and the drying gas flow rate was 11 L/min.

2.7. Data processing

We used the LC-MS instrument’s proprietary software

(Compound Discover software) to extract and align the raw

data obtained by LC-MS, and exported the sample information,

retention time, mass-to-charge ratio, signal intensity, and so on, as

a data set. The time bias in peak alignment was set to 60 s, and the

Mass bias was set to 3 ppm.

ANOVA was used to evaluate the statistical differences,

and Duncan’s Post-hoc Test (SPSS17.0) was used to

determine the significant differences between the test

groups. We used the Compound Discover software of the

Thermo Fisher LC-MS to process the original metabolic

data, and imported the data into the SIMCA software

for analysis.

3. Results

3.1. Characterization of PEPs

3.1.1. Monosaccharide compositions of PEPs
We conducted ICS to determine the monosaccharide

composition of PEPs, as shown in Figure 1. Compared with

the standard, the PEPs mainly consisted of nine monosaccharides:

fucose, arabinose, galactose, glucose, xylose, mannose, ribose,

galacturonic acid and glucuronic acid, with percentages

of 1.05, 0.30, 17.94, 53.49, 1.24, 23.32, 1.30, 0.21, and

1.17%, respectively.

3.1.2. FT-IR spectroscopy analysis
The infrared spectrum of the PEPs is shown in Figure 2. A

strong absorption peak of O–H can be observed at 3,405.98 cm−1,

which is the characteristic absorption peak of sugar, indicating

hydrogen bonding between molecules. There was a tensile vibration

peak of C–H at 2,930.88 cm−1, and the peak at 1,652.14 cm−1

denotes the C=O tensile vibration peak. The absorption peaks at

about 1,621 and 1,431 cm−1 indicated that the PEPs contained

carboxyl groups. The wide absorption band with strong intensity

at about 1,420–1,374 cm−1 in the PEP spectrum might be caused

by the deformed vibration of C–H bonds. The absorption peaks

at 1,240 and 897 cm−1 indicated that there was a sulfur SO−1
3

group in the PEPs, including asymmetric S=O tensile vibration

and symmetric C–O–S tensile vibration related to the C–O–

SO3 group. The peak at 1,078.85 cm−1 indicated C–O–C tensile

vibration. The absorption peak at about 570 cm−1 denoted tensile

vibration of the pyran ring, indicating the presence of pyranose in

the PEPs.

3.1.3. Thermal stability of PEPs
The thermal properties of the PEPs were investigated using TGA

and DTG, as depicted in Figure 3. From the TGA (Figure 3A) and

DTG (Figure 3B) curves, it can be seen that the thermal degradation

process of the sample was divided into two stages, where the first

stage was related to the evaporation of bound water in the sample and

had nothing to do with the thermal degradation temperature of the

polymer. Therefore, we did not further analyze the first stage of the

TGA curve. In the second stage, the PEPs began to degrade at 251◦C

(T0), while the maximum thermal degradation rate temperature

(Tm) appeared at 300◦C, caused by the breakage of glucosidic and

hydrogen bonds due to demethoxylation and dehydration.
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FIGURE 1

(A) Ion chromatography (ICS) profiles of monosaccharide standards.

Monosaccharide standards 1–13 were as follows: (1) fucose, (2)

arabinose, (3) galactose, (4) glucose, (5) xylose, (6) mannose, (7)

fructose, (8) ribose, (11) galacturonic acid, (12) glucuronic acid, (13)

mannuronic acid, and (9 and 10) the elution solvent; (B)

Monosaccharide composition of PEPs.

3.2. Variation of body weight and serum
biochemical parameters

The changes in body weight and serum biochemical parameters

of the different groups have been previously reported in our article

“Optimization of extraction parameters of PEPs and evaluation of the

hypolipidemic effect,” published in RSC advances.

3.3. E�ects of PEP on adipose tissue
histopathology

Epididymal adipose tissue was fixed with 4% paraformaldehyde,

paraffin sectioned, and H&E stained. The morphology of testicular

adipocytes was observed under a 400-fold optical microscope. The

nucleus was stained blue by the basic dye (hematoxylin), while the

cytoplasm was stained red with the acidic dye (eosin). During the

staining process, the organic solvent can dissolve the lipid droplets

inside the adipocytes, such that the adipocytes are vacuolated, while

the nuclei are oblate, as they are squeezed to one side. Figures 4A–F

shows the adipocytemorphology ofmice in the NC,MOD, PC, HPEP,

FIGURE 2

The IR spectrum of the PEPs.

FIGURE 3

PEP TGA (A) and DTG (B) curves.

MPEP, and LPEP groups. It can be seen, from Figure 4, that there were

differences in the volume and number of adipocytes in the different

treatment groups. The volume of adipocytes in the MOD group was

larger, while the number of small- and medium-sized adipocytes in

a single field of view was lower. Comparing the PEP groups and
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FIGURE 4

Morphological observations of fat tissue in di�erent groups of mice

(hematoxylin–eosin staining, 400×). (A) Normal control (NC) group;

(B) Model control (MOD) group; (C) Positive control (PC) group; (D)

Low-dose Pleurotus eryngii polysaccharide (LPEP) group; (E)

Medium-dose Pleurotus eryngii polysaccharide (MPEP) group; and (F)

High-dose Pleurotus eryngii polysaccharide (HPEP) group.

the MOD group, we found that the PEP groups could reduce the

volume of large adipocytes and increase the number of medium-sized

adipocytes, where the effect in the HPEP group was the most obvious.

The effect in the MPEP group was second to that in the HPEP group,

while the LPEP group presented the lowest effect.

3.4. Non-targeted serum metabolomic
analysis

3.4.1. Multi-variate statistical analysis using PCA
and PLS-DA

As shown in Figure 5, both the PCA score map (2A) and the PLS-

DA score map (2B) showed that the sample points for the normal

diet group and the high-fat model group were separated, with sample

points of the same color showing that the aggregation effect was

good, within a certain range. The results indicated that there were

obvious differences in serum metabolic components between the NC

group and the MOD group, such that the high-fat model could be

considered successful.

Figure 6A shows the PCA scores for the NC, MOD, PC, LPEP,

MPEP, and HPEP groups. It can be seen, from the figure, that the

sample points for the NC group and other groups were far apart,

indicating that the serum metabolites of the mice in the MOD

group were significantly altered, compared with the NC group. The

MOD group and the PEP intervention group were not completely

separated, and there was some overlap, indicating that the PEPs

has a certain effect on hypolipidemia. The PC group was also not

separated from the PEP intervention group, indicating that the PEPs

also had a lipid-lowering effect, with effect close to that of simvastatin.

The sample points of the LPEP, MPEP, and HPEP groups were

clustered together and not separated, indicating that the differences

in serum metabolism between the different doses of Pleurotus eryngii

polysaccharide groups were not obvious.

Figure 6B shows the principal component analysis PLS-DA scores

for the NC, MOD, PC, LPEP, MPEP, and HPEP groups. It can be

seen, from the figure, that the sample points between theMOD group

and the NC, PC, LPEP, MPEP, and HPEP groups were relatively well-

separated, indicating that the serummetabolites presented differences

between the PEP groups and the MOD group, such that the PEP

groups had a certain effect in lowering blood lipids and preventing

obesity.

3.4.2. Serum metabolite profiling and potential
biomarker discovery

The contributions of eigenvalues in the loading matrix represent

the distance between the distribution points in the figure and the

central axis. The farther the distance, the greater the contribution.

The scattered points are most likely to indicate the metabolism of

difference substances after PEP acted in obese mice. Figure 7A shows

the loading matrix diagram for the NC and MOD groups. It can

be seen, from the figure, that most of the points were far from the

coordinate axes, indicating that there were differences in metabolized

substances in the sera of NC and MOD group mice. Figure 7B shows

the loading matrix diagram for the NC, MOD, PC, LPEP, MPEP, and

HPEP groups. It can be seen, from the figure, that less points were

scattered around the edges, thus being further from the coordinate

axes, indicating that there were more differential metabolites in the

sera of mice in the NC, MOD, PC, LPEP, MPEP, and HPEP groups.

These substances might be potential metabolites for exploring and

elucidating the pathogenesis of and drug therapy for hyperlipidemia

and obesity-related complications.

Substances with VIP > 1.5 and p < 0.05 were considered

as metabolic differential substances. The identified metabolic

differences are listed in Table 1, with 29 substances most likely to

be potential biomarkers having been screened. The table reflects the

molecular weight of the metabolites, as well as the associated change

trends and pathways. These metabolites include amino acids (e.g.,

arginine, citrulline, valine, and proline), unsaturated fatty acids (e.g.,

oleic acid, linoleic acid, and arachidonic acid), choline, lipid variants,

and other endogenous compounds. The results demonstrated that the

metabolic function of mice in the MOD group was disordered and

the liver function was damaged, while the physiological function of

the mice in the PEP intervention groups was restored, which might

be related to the changes in the content of intercellular signaling

molecules involved in processes such as lipid metabolism. These

metabolic differences might allow for clarification of the pathogenesis

of obesity-induced hyperlipidemia and complications, as well as

the key points regarding the protective mechanism of the PEPs on

obesity-induced hyperlipidemia and complications.

Many previous studies have shown that lipid metabolism is

related to many biological functions, being essential for many

biochemical reactions (32). It has been found that the levels of

unsaturated fatty acids (e.g., linoleic acid and arachidonic acid) were

significantly down-regulated in a high-fat-induced model group,

suggesting enhanced peroxidation and oxidative stress (33). Analysis

of liver tissue sections has confirmed that peroxidation and oxidative

stress could decompose apolipoprotein B protein, thereby weakening
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FIGURE 5

PCA (A) and PLS-DA (B) scores of serum samples from di�erent groups of mice (positive). NC, Normal control group; MOD, model group.

FIGURE 6

PCA (A) and PLS-DA (B) scores of serum samples from di�erent groups of mice (positive); NC, Normal control group; MOD, model group; PC, positive

control group; LPEP, low-dose polysaccharide group (50 mg/kg); MPEP, medium-dose polysaccharide group (100 mg/kg), (and HPEP, high-dose

polysaccharide group (200 mg/kg).

the secretion of very low-density lipoprotein (VLDL), reducing the

output of liver TG and facilitating the accumulation of TG in the

liver (34). Lipid β-oxidation generated a large number of electrons

in the mitochondrial respiratory chain, producing excessive reactive

oxygen species (ROS) (35). Linoleic acid is a polyunsaturated fatty

acid that cannot be synthesized in the body and must be obtained

from dietary sources (36). It has been reported that linoleic alcohol is

related to atherosclerosis and inflammatory diseases, being a main

component of the cell plasma membrane and a precursor to fatty

acids such as prostaglandins and leukotrienes (37). In general, the

decreased level of unsaturated fatty acids observed in this study

indicated that a long-term high-fat diet might lead to hyperlipidemia,

altered fatty acid metabolism, and oxidative stress reactions. It is

necessary to further study the specific mechanisms involved in such

lipid disorder processes.

Various amino acid metabolites are listed in Table 1, according

to the observed changes in amino acid levels, including L-citrulline,

taurine, and so on. L-citrulline is a naturally occurring non-essential

amino acid, which is produced from arginine as a by-product

of reactions catalyzed by the nitric oxide synthase (NOS) family.

A study on hypercholesterolemia has shown that L-citrulline has

favorable effects regarding the lowering of cholesterol and blood

lipids, including lowering serum aspartate aminotransferase (AST)

and alanine aminotransferase (ALT) levels, while HDL-C (38). It

was found that the level of L-citrulline in hyperlipidemic mice

was decreased, suggesting that the arginine metabolic pathway was

disturbed. Our results indicated that PEP treatment could alleviate

the abnormal arginine metabolism caused by HFD through the

arginine metabolism pathway. Taurine is the most abundant amino

acid in many tissues of humans and animals, and had many

physiological functions, including bile acid coupling, antioxidant,

and detoxification functions (39). Compared with the normal group,

the level of taurine was decreased in the high-fat model group, which

can be explained in two aspects: on one hand, taurine acts as an

antioxidant to prevent oxidative stress from generating ROS; thus,

acid binding promotes taurine secretion. On the other hand, the

final product of cysteine catabolism is taurine. The high consumption

of taurine in the model group indirectly reflected the significantly

decreased cysteine content (40).

The tricarboxylic acid cycle (TCA) forms the hub of

carbohydrate, lipid, and amino acid metabolic linkages (41),

comprising the final metabolic pathway of these three nutrients; it

is also the main pathway for glucose degradation and a key energy

source for organisms. Succinic acid is an important intermediate
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FIGURE 7

Loading plots of serum samples from di�erent groups of mice (positive): (A) normal control group (NC)–model group (MOD) mouse serum sample

loading diagram; (B) di�erent doses of PEP group–positive control group–high fat model group mouse serum sample loading diagram.

metabolite in the TCA cycle, mainly presented in liver mitochondria

(42). Lower levels of succinate were observed in the MOD group,

while PEP treatment increased the level of succinate, compared to

the MOD group; although not significantly.

Lysophosphatidylcholines (LysoPCs) are generated from

the hydrolysis of oxidized phosphatidylcholines in LDL by

phospholipase A2, and play various roles in many important

biological processes (43). There is increasing evidence that

hyperlipidemia refers to an imbalance in the lysozyme spectrum;

for example, it has been reported that LysoPC (22:6) and LysoPC

(20:4) were significantly reduced in mice fed a high-fat diet

for 4 weeks whereas, in atherosclerotic rabbits, LysoPC (16:1),

LysoPC (16:1), and LysoPC (20:5) levels were elevated. In this

study, some lysophosphatidylcholines (LysoPCs), such as LysoPC

[18:3(9Z,12Z,15Z)], LysoPC [20:5(5Z,8Z,11Z, 14Z, 17Z)], and

LysoPC [22:1 (13Z)], were significantly up-regulated in the

treatment group, compared with the normal diet group; LysoPC

[22:5 (7Z, 10Z, 13Z, 16Z, 19Z)] was also up-regulated, but not

significantly, compared with the NC group. In hyperlipidemic

rats, these lysophosphatidylcholines (LysoPCs) exhibited different

expression levels than in normal mice, suggesting that disturbances

in glycerophospholipid metabolism might be involved in the

pathogenesis of hyperlipidemia. LysoPC [18:3 (9Z, 12Z, 15Z)],

LysoPC [20:5 (5Z, 8Z, 11Z, 14Z, 17Z)], and LysoPC [22:1 (13Z)]

were significantly higher after PEP interference than in the model

group, suggesting that the PEPs have a lipid-lowering effect and that

the induced hyperlipidemia may be related to glycerophospholipid

metabolism, which helped to improve our understanding of the

mechanism underlying the effect of PEP treatment.

In cellular respiration, acetyl-L-carnitine is a transport and

delivery tool that possesses the ability to transport fats while, at

the same time, transporting fatty acids into mitochondria, thereby

facilitating the production of ATP (44). Acetyl-L-carnitine can

cross the blood–brain barrier, thus providing energy to brain cells.

Carnitine, a quaternary ammonium compound, is present in the

kidneys and liver, and mediates muscle transport in blood (45).

The alteration of carnitine levels might have been related to the

accumulation of serum TG levels in the model group.

The literature has suggested that the consumption of a high-

fat diet could induce the excessive excretion of B vitamins (46).

Nicotinamide (vitamin B3), as a component of coenzyme NAD,

plays an important and complex function, and is catalyzed by

purine riboside phosphatase to generate nicotinamide riboside.

Nicotinamide riboside, a recently described natural NAD(+)

precursor, has been reported to enhance oxidative metabolism

and contribute to high-fat diet-induced metabolic abnormalities

(47). Therefore, excessive excretion of nicotinamide can lead to a

decrease in the yield of nicotinamide riboside, which was speculated

to be the reason for the abnormal metabolism of mice in the

MOD group induced by a high-fat diet in this study. We found

that, compared with the normal diet group, the nicotinamide

content in the high-fat model group was significantly decreased,

while the nicotinamide content was significantly increased after

PEP gavage.
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TABLE 1 Results of serummetabolite analysis in positive ion mode.

Number Mass Name Formula Related pathway MOD/
NC

PC/
MOD

LPEP/
MOD

MPEP/
MOD

HPEP/
MOD

1 517.32 LysoPC

[18:3(9Z,12Z,15Z)]

C26H48NO7P Fatty acid metabolism S# J∗ J∗ J∗ J∗

2 785.592 PC C44H84NO8P Glycerophospholipid

metabolism

S# J∗ J∗ J∗ J∗

3 117.072 Valine C5H11NO2 Pantothenate and CoA

biosynthesis

J# J S∗ S∗ S∗

4 103.10 Choline C5 H13NO Glycine, serine, and threonine

metabolism

S# S J∗ J∗ J∗

5 129.08 Vigabatrin C6 H11NO2 Fatty acid metabolism S# J S∗ S∗ S∗

6 131.08 Creatine C4H9N3O2 Creatine metabolism S# S S∗ S∗ S∗

7 146.07 Glutamine C5H10N2O3 Arginine biosynthesis S# J J J J

8 174.11 Arginine C6H14N4O2 Arginine and proline

metabolism

S# J∗ J∗ S∗ S∗

9 132.09 Ornithine C5H12N2O2 Arginine biosynthesis J# S∗ J J S∗

10 115.06 Proline C5H9NO2 Arginine and proline

metabolism

J# S∗ J J S∗

11 569.35 LysoPC (22:5) C30H52NO7P Fatty acid metabolism S# S∗ S∗ S∗ S∗

12 541.32 LysoPC (20:5) C28 H48NO7P Fatty acid metabolism S J J J J

13 155.07 Histidine C6H9N3O2 Histidine

metabolism/beta-Alanine

metabolism

S# S∗ S∗ S∗ S∗

14 283.29 Stearamide C18H37NO Fatty acid metabolism S# J∗ J J∗ J∗

15 571.36 LysoPC (22:4) C30H54 NO7P Fatty acid metabolism J# S∗ S∗ S∗ S∗

16 175.10 L-Citrulline C6H13N3O3 Arginine and proline

metabolism

J# S∗ S∗ S∗ S∗

17 304.24 Arachidonic acid C20H32O2 Biosynthesis of unsaturated

fatty acids

J# S∗ S∗ S∗ S∗

18 125.01 Taurine C2H7NO3S Taurine and hypotaurine

metabolism

J# S∗ S∗ S∗ S∗

19 1586.10 Cytidine 5’-

diphosphocholine

C88H156N5O15PS Pyrimidine metabolism S# J∗ J∗ J∗ J∗

20 282.26 Oleic acid C18H34O2 Fatty acid metabolism J# J J J J

21 147.05 L-Glutamic acid C5H9NO4 D-Glutamine and

D-glutamate metabolism

S# J∗ J∗ J∗ J∗

22 577.41 LysoPC

[22:1(13Z)]

C30H60NO7P Fatty acid metabolism S# J∗ J∗ J∗ J∗

23 122.05 Nicotinamide C6H6N2O Nicotinate and nicotinamide

metabolism

J# S∗ S∗ S∗ S∗∗

24 283.29 Stearamide C18H37NO Aminoacyl-tRNA

biosynthesis

J# J J∗ J∗ J

25 255.26 Hexadecanamide C16H33NO Fatty acid metabolism S# J∗ J∗ J∗ J∗

26 131.06 Aminolevulinic

acid

C5H9NO3 Aminoacyl-tRNA

biosynthesis

S# J∗∗ J∗∗ J∗∗ J∗∗

27 168.03 Uric acid C5H4 N4 O3 Purine metabolism J# S∗ S∗ S∗ S∗

28 119.03 Succinic acid C4H6O4 Citrate cycle (TCA cycle) J# S∗ S∗ S∗ S∗

29 281.23 Linoleic acid C18H32O2 Linoleic acid metabolism J# S∗ S∗ S∗ S∗

S denotes increased; J denotes decreased; #denotes that MOD/NC presents significant difference (p ≦ 0.05); ∗∗denotes that PC/MOD, LPEP/MOD, MPEP/MOD, HPEP/MOD present extremely

significant differences (p≦ 0.01); ∗denotes that PC/MOD, LPEP/MOD, MPEP/MOD, HPEP/MOD present significant differences (p≦ 0.05).
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FIGURE 8

Metabolic pathway analysis (positive), metabolic pathway change

diagram.

3.4.3. Metabolic pathways
We uploaded the screened potential metabolic differences

provided in Table 1 to the Metabo-Analyst (https://www.

metaboanalyst.ca/Metabo-Analyst/home.xhtmL) database, using

the Hypergeometric Test and out-degree centrality-based analysis

method, in order to carry out enrichment analysis of related

metabolic pathways and obtain the metabolic pathway change

map, which is shown in Figure 8. Relevant pathways included

glycerophospholipid metabolism; arachidonic acid metabolism;

glycine, serine, and threonine metabolism; unsaturated fatty

acid biosynthesis; pyrimidine metabolism; TCA cycle; histidine

metabolism; and so on.

4. Discussion

Hyperlipidemia frequently occurs with high caloric intake in

modern society, and is considered to be one of the highest

risk factors for cardiovascular disease (48). Obesity may also

lead to the occurrence of cardiovascular and cerebrovascular

diseases, including hypertension, hyperlipidemia, hyperglycemia,

atherosclerosis, coronary heart disease, and so on. Hyperlipidemic

patients who take synthetic drugs for a long time in order to

overcome such cardiovascular and cerebrovascular diseases may

become dependent on these drugs, which can have certain toxic side-

effects on the body. Therefore, the development of natural active

substances to replace chemical synthetic drugs to treat the series

of diseases caused by obesity is not only in line with the current

dietary concept of medicine and food homology, but also serves to

reduce the negative impacts of synthetic drugs on the human body

(49). Polysaccharides extracted from the fruiting bodies of P. eryngii

were utilized in in vivo experiments in mice, and the differences in

serum metabolites between the different groups of mice after PEP

intervention were analyzed by LC-MS. In this way, the relationships

between characteristic metabolic markers and their related metabolic

pathways were determined. Such changes could potentially elucidate

the associated mechanism of action, providing significant theoretical

value for the research and utilization of natural active substances.

In this study, the monosaccharide composition of the

polysaccharides extracted from the fruiting bodies of P. eryngii

was first analyzed. The monosaccharide composition of PEPs

includes reducing sugars, they play a role in the antioxidant process

of PEPs by increasing the production of antioxidant enzymes physical

activity, reduce the content of MDA and reduce free radicals in the

body, improve excessive oxidation of lipids, thereby regulating lipid

metabolism (50). Fourier transform-infrared spectroscopy analysis

demonstrated that the monosaccharide molecules were closely

cross-linked through hydrogen bonds, such that the chemical bond

structure was complex, and indicated the presence of pyranose in the

PEPs. The thermal analysis of PEPs provides a temperature reference

range for the degradation of polysaccharides into small sugars and

the fracture of chemical bonds. In the animal experiment, 60 mice

were divided into six groups (n= 10 per group), which were denoted

as the NC, MOD, PC, LPEP, MPEP, and HPEP groups. The effect of

PEP treatment on the histopathology of adipose tissue was observed

by staining, and it was found that the MOD group had larger

adipocyte volume, with the number of medium and small adipocytes

in a single field being higher. Comparing the PEP and MOD groups,

we found that the PEP group presented reduced volume of large

adipocytes and increased number of medium adipocytes, where the

HPEP group showed the most significant effect. The effect in the

MPEP group was second only to that in the HPEP group, while the

LPEP group had the lowest effect. Bederman et al. have found that

small fat stores in cystic fibrosis mice were characterized by reduced

cell volume, not cell number; the same conclusion was also found in

this work (51).

Studies have shown that a high-fat diet can cause obesity in

rats, as well as increasing serum total cholesterol and high-density

lipoprotein cholesterol while reducing low-density lipoprotein

cholesterol (i.e., abnormal blood lipid metabolism), resulting in

hyperlipidemia. The liver is the key site of lipid metabolism. The

relative content of blood lipids in the human body is mainly

regulated by hepatocytes, which convert cholesterol into bile acids

and secrete bile to promote the digestion and absorption of fat

in the intestine (52, 53). When the liver function is damaged,

the production and excretion of bile is hindered, resulting in

abnormal lipid metabolism in the body. However, dietary fiber can

reduce the intestinal absorption of cholesterol and, thus, reduce

the content of serum total cholesterol and low-density lipoprotein

cholesterol. Fungi are rich in proteins, crude fiber, and a large

number of biologically active substances, such as polysaccharides

and polyphenols. As described in this experiment, PEPs significantly

inhibited the weight gain caused by a high-fat diet, thereby preventing

obesity. They also reduced the accumulation of liver fat in rats fed

a high-fat diet and, so, may prevent dyslipidemia by improving

liver function, thus promoting liver metabolism. Dietary fiber can

stimulate gastrointestinal motility, and may also be fermented in

the intestine to generate metabolites such as short-chain fatty acids,

thereby promoting the metabolism (54).

Hyperlipidemia model mice presented abnormal metabolism of

blood lipids, manifested as high TC, TG, and LDL-C or low HDL-C.

After intragastric administration of PEPs, the serum levels of TC and

LDL-C in mice were significantly lower, the level of TG decreased,

and that of HDL-C was increased. Cholesterol often accumulates

in vascular endothelial cells, potentially causing arteriosclerosis in

the body, and low-density lipoprotein-C in plasma is the main

carrier of plasma cholesterol in the body. High-density lipoprotein

Frontiers inNutrition 09 frontiersin.org

https://doi.org/10.3389/fnut.2023.1118923
https://www.metaboanalyst.ca/Metabo-Analyst/home.xhtmL
https://www.metaboanalyst.ca/Metabo-Analyst/home.xhtmL
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Zhao et al. 10.3389/fnut.2023.1118923

cholesterol has important biological activity, helping to transport

excess cholesterol from all parts of the body to the liver. This

cholesterol was excreted from the body in feces through a series

of reactions, indicating that PEP treatment could ultimately reduce

blood lipids by promoting the decomposition of cholesterol (55, 56).

Using multivariate statistical analysis (i.e., PCA) in the non-

targeted serum metabolomics analysis, we found that the serum

metabolites of the mice in the MOD group were significantly

altered, compared with the NC group. Meanwhile, the MOD group

and the PEP intervention groups were not completely separated,

with small overlap. This indicates that PEP treatment had a

certain effect in terms of lowering blood lipids. Furthermore, the

PC group was not separated from the PEP intervention group,

indicating that PEP treatment provides a lipid-lowering effect,

where the effect was significant. The sampling points of the

LPEP, MPEP, and HPEP groups were basically clustered together

and were not separate, indicated that different doses did not

lead to significant differences in serum metabolites between the

polysaccharide groups. Principal component analysis of PLS-DA

scores demonstrated that the sampling points of the MOD group

and those of the NC, PC, LPEP, MPEP, and HPEP groups were

significantly separated, indicating differences in serum metabolites

between the PEP and MOD groups, where the PEP groups had

a certain effect on reducing blood lipids and preventing obesity-

related effects. Serum metabolite analysis and potential biomarker

analysis showed that there were metabolic differences in sera when

comparing the NC and MOD groups. Meanwhile, when comparing

the NC, MOD, PC, LPEP, MPEP, and HPEP groups, there were

more differential metabolites in the sera of mice; these metabolite

substances may have potential for exploration and elucidation of

the pathogenesis of and drug treatment targeting hyperlipidemia

and obesity-related complications. Finally, the metabolic pathway

analysis indicated that, within the whole process, the pathways related

to lymphoid phospholipid metabolism; arachidonic acid metabolism;

glycine, serine, and threonine metabolism; unsaturated fatty acid

biosynthesis; pyrimidine metabolism; TCA cycle; and histidine

metabolism, among others, have certain importance, consistent with

the findings of Hoxha et al. (57).

5. Conclusion

In this study, PEPs were characterized as containing nine

main monosaccharides. Furthermore, they began to degrade at

251 ◦C (T0), while the maximum thermal degradation rate

temperature (Tm) appeared at 300
◦C. Histopathological observation

of epididymal adipose tissues indicated that the PEPs present

hypolipidemic activities; as such, the hypolipidemic effect of

PEP treatment in high-fat diet-induced mice was investigated.

Serum metabolomic analyses demonstrated that the effects of PEP

treatment involved the glycerophospholipid metabolism, fatty acid

biosynthesis, pyrimidine metabolism, TCA cycle, and amino acid

metabolism pathways, among others, and significantly improved

obesity and hyperlipidemia-related complications. The results of

this study provide insights into the possible pathways for PEPs

as an adjunctive treatment for hyperlipidemia and obesity, as well

as providing theoretical support for the design and production of

hypolipidemic functional foods.
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