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Abstract: The prevalence of lipid metabolism diseases, mainly obesity, fatty liver, and hyperlipidemia,
is increasing in the world. Tartary buckwheat is a kind of medicinal and edible crop, and clinical
experiments have also confirmed that dietary Tartary buckwheat can effectively regulate lipid
metabolism disorders. Tartary buckwheat protein (TBP), as the main active ingredient of Tartary
buckwheat, has an effect of blood lipid reduction that has been widely reported. In this paper,
we investigated the constituents of TBP and then evaluated the hypolipidemic effect of TBP in
hyperlipidemia rats. Male Sprague–Dawley rats were fed a high-fat diet for six weeks to induce
hyperlipidemia and then given TBP orally for five weeks. The effects of TBP on body weight, serum
lipids, liver lipids, liver oxidative stress, pathological organization, gut microbiota, and plasma
metabolites were analyzed. At the serum level, TBP supplement significantly decrease the level
of LDL-C and increase the level of HDL-C. At the liver level, it can reduce the levels of TC, TG,
and LDL-C. The potential mechanism of action is, on the one hand, to increase the abundance of
the Lachnospiraceae and the Ruminococcaceae by modulating the gut microbiota, facilitating the
productivity of short-chain fatty acids, and increasing fecal bile acid excretion and, on the other hand,
may be related to the improvement of bile acid metabolism.

Keywords: Tartary buckwheat protein; hyperlipidemia; gut microbiota; metabolomics

1. Introduction

In the last few decades, changes in lifestyles and unhealthy eating patterns of peo-
ple have culminated in an increasing incidence of cardiovascular and cerebrovascular
diseases [1]. Among them, the proportion of high-calorie diets in the dietary structure is
increasing, and long-term high-fat diet (HFD) may result in an imbalance of energy intake
and energy expenditure and ultimately may lead to lipid metabolism disorder [2]. Features
of lipid metabolism disorder are elevated lipid concentrations in the blood and liver, and
long-term ingestion of HFD can induce intense oxidative stress [3]. Furthermore, lipid
metabolism disorder is linked to an increased risk of numerous diseases, including obesity,
hyperlipidemia, atherosclerosis, fatty liver, and heart disease, which reduce the people’s
quality of life. The International Diabetes Federation is of the view that a quarter of adults
worldwide suffer from lipid metabolism disorder [4]. Thus, the rising incidence rate of
lipid metabolism disorder has grown to be a serious public health concern.

To alleviate lipid metabolism disorder, pharmacological treatment has been applied.
Currently, the commonly used lipid-lowering drugs have made considerable progress, but
the negative side effects of these medications have increased over time. For instance, statins,
which structure analogs to hydroxymethylglutaryl-CoA, are toxic to multiple organs of
the human body [5,6]. In addition, long-term use of such medicines may lead to liver cell
damage, hepatitis, gastrointestinal disorders, and impaired body resistance to a certain
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extent [7]. Growing body of literature reports that changes in diet, which involve the use of
some foods of plant origin, provide an efficacious treatment to alleviate lipid metabolism
disorders and its complications [8]. Thus, the demand from consumers for a healthier
diet through naturally occurring, pro-health products continue to grow. It is extremely
necessary to search for innovative, naturally occurring ingredients for lipid-reducing foods.

Pseudo cereal is abundant in nutritional compounds, which have been correlated
with improved weight loss, antioxidants, and lipid metabolism in individuals fed a dietary
supplement enriched with whole grains [9]. Tartary buckwheat (Fagopyrum tataricum L.,
Gaertn.) is a pseudo cereal that primarily thrives in Asia [10]. There is long-term tradition
of using Tartary buckwheat flour as either a functional food or a regular diet for the therapy
of cardiovascular disease and diabetes in China [11]. Tartary buckwheat protein (TBP), as
the main active ingredient of Tartary buckwheat, has been widely reported on regarding
the prevention of hyperlipidemia [12–14]. Studies have shown that [13], compared with
rice protein and wheat protein, adding TBP to the diet can significantly reduce hamster
plasma total cholesterol (TC), which mainly through upregulation of hepatic CYP7A1
facilitates the bile acid excretion and also through downregulation of NPC1L1, ACAT2, and
ABCG5/8 in the intestine inhibits the resorption of dietary cholesterol. X.L. Zhou et al. [14]
also found that dietary TBP can reduce plasma total cholesterol and triglyceride levels
in HFD C57BL/6 mice and investigated the influence on gut microbiota. However, they
only quantitatively analyzed six species of bacteria in the feces of C57BL/6 mice, including
Bifidobacterium, Lactobacillus, Enterococcus, Escherichia, Bacaeroides, and Clostridium,
which was not comprehensive and in-depth. In addition, there are not any studies on TBP
for metabolic regulatory mechanisms.

Evidence is mounting that the gut microbiota contributes to the progression of obe-
sity [15]. Many literatures have confirmed that alterations in the gut microbiota will affect
the metabolism of the host, including vascular function, lipid metabolism, metabolism,
and inflammation [16–18], indicating that the gut microbiota may be considered to be
related to the prophylaxis or therapy of both obesity and related persistent diseases. In
addition, metabolomics is also regularly used for lipid metabolism studies. Recent studies
have found that the distribution of plasma metabolites in obese patients has undergone
significant changes [19].

Thus, in this study, experimental material TBP was firstly analyzed in experiments to
investigate the protein composition of TBP. To assess the effect of TBP on lipid levels in
hyperlipidemic rats, the levels of serum and liver lipid profiles of rats in different treatment
groups were tested, and histopathological evaluation of liver was performed. To assess
the effect of TBP on hepatic oxidative stress in hyperlipidemic rats, the levels of hepatic
oxidative factors in rats from different treatment groups were tested. In addition, to probe
the mechanism of action of TBP, the levels of rat fecal short-chain fatty acids (SCFAs) were
measured, and the composition and abundance of the gut microbiota were explored using
16s rDNA high-throughput sequencing. Finally, the effect of TBP on plasma metabolism in
hyperlipidemic rats was also assessed.

2. Materials and Methods
2.1. Materials

Tartary buckwheat seeds were acquired from the Key Laboratory of Coarse Cereals
Processing, Ministry of Agriculture and Rural Affairs, Chengdu University (Chengdu,
China). Male Sprague–Dawley rats were purchased from the Chengdu Dashuo Experi-
mental Animals Co., Ltd. (Chengdu, China). The total cholesterol (T-CHO), triglycerides
(TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), alpha-alanine aminotransferase (ALT), aspartate aminotransferase (AST), free
fatty acid (FFA), catalase (CAT), reduced glutathione (GSH), superoxide dismutase (SOD),
malondialdehyde (MDA), total antioxidant capacity (T-AOC), and total bile acid (TBA) kits
were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All
other chemicals and reagents are analytical grade.
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2.2. Preparation of TBP

The extraction method of TBP was according to the method of Guo et al. [20]. Skim-
ming of Tartary buckwheat flour using n-hexane under successive stirring for 24 h. The
defatted Tartary buckwheat powder was air-dried and manually mixed into phosphate
buffer (pH 7.2, 10 mmol/L) in the proportion of 1:10 (w/v). It was stirred for 60 min and
then centrifuged (5000× g for 20 min). Then, we precipitated the supernatant with solid
ammonium sulfate at 70–95% saturation. After centrifugation (10,000× g 4 ◦C for 20 min),
the sediment was resolved again in buffer, dialyzed (4 ◦C, 3500 Da), and freeze-dried.

2.3. SDS-PAGE and NanoElute-UHPLC-Tims TOF/MS Analysis of TBP

SDS-PAGE experiments were performed using the method of Zhou et al. [21].
Powder lysis buffer (8 M urea (Sigma-Aldrich, Saint Louis, MO, USA), 1% protease

inhibitor (Merck Millipore)) was added to TBP samples, lysed by ultrasonication, and
centrifuged (4 ◦C, 12,000× g, 10 min), and the protein concentration in the supernatant was
determined using a BCA kit (Beyotime Biotechnology, Shanghai, China). Trichloroacetic
acid (TCA) was slowly added to the supernatant. After 2 h, the sediment was laundered
with pre-chilled acetone. The precipitate was air-dried and added to 200 mM TEAB
and sonicated, and trypsin was added at a proportion of 1:50 (protease: protein, m/m)
and digested overnight. The peptides were solubilized by using mobile phase A. An
aqueous solution containing 0.1% formic acid and 2% acetonitrile constitutes mobile phase
A, and a solution containing 0.1% formic acid and acetonitrile constitutes mobile phase
B. The liquid phase gradient settings were: 0–70 min, 6–24% B; 70–84 min, 24–35% B;
84–87 min, 35–80% B; and 87–90 min, 80% B and the flow rate kept at 450 nL/min. With
separation on a NanoElute UHPLC system (Bruker Daltonics, Bremen, Germany) and
a Bruker Daltonics C18 column (1.9 µm, 75 µm × 100 mm), the peptides were ionized
by capillary ion source. Moreover, it was analyzed by timsTOF Pro mass spectrometry
(Bruker Daltonics, Bremen, Germany) for the peptide parent ions and their secondary
fragments. The TIMS accumulation time and separation duration were respectively fixed
at 100 ms. Mobility values range from 0.65–1.3 Vs/cm2 (1/K0). The ion transport capillary
temperature was 180 ◦C. At a voltage setting of 1.75 kV for the ion source, with a range of
100–1700 m/z for the secondary mass spectrometry scan. A parallel accumulation-serial
fragmentation (PASEF) mode was used for the data acquisition mode. An acquisition of
mass spectra was followed by 10 secondary spectral acquisitions in PASEF mode with
parent ion charge numbers between 0 and 5.

2.4. Animals, Diets, and Experimental Design

All animal experiments were performed according to protocols approved by the
experimental animal ethics committee of Chengdu University. Twenty-four male, pathogen-
free Sprague–Dawley (SD) rats (6 weeks old, 180 ± 10 g) were placed in a facility kept at a
constant temperature (22 ± 1 ◦C) and humidity (50 ± 10%) with 12 h light/12 h dark cycle.
The animal experiment grouping is shown in Figure 1a. After a seven-day acclimation
period, a random division of the rats into four groups was performed (n = 6). Besides
the control (CON) group (rats fed normal diet), three other groups (model group, MOD)
were fed a HFD (consisting of basic feed (63.6%), cholesterol (1.2%), pig fat (15%), sucrose
(20%), and bile salt (0.2%)). After six weeks, the rat’s serum TC, TG, LDL-C, and HDL-C
levels were measured to assess the establishment of hyperlipidemic rats. There was a
statistically significant increase in serum levels of TC (p < 0.05), TG (p < 0.05), and LDL-C
(p < 0.05) in the MOD group compared to the CON group, while the levels of HDL-C
were decreased significantly (p < 0.05), as shown in Figure 1b–e. The experimental results
suggest that the hyperlipidemic rat model was successfully prepared, which can be utilized
for further experiments. Hyperlipidemic rats were randomly grouped and subdivided
by body weight into three groups (n = 6): the model (MOD) group, the positive drug
(PD) group (selected from the internationally recognized lipid-lowering drug simvastatin),
and the Tartary buckwheat protein (TBP) group. Basal diet and HFD diet with 2 mL of
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0.9% saline were provided daily in the CON and MOD groups, respectively. A total of
2 mL of simvastatin (1.8 mg/kg·day) was administered orally, and HFD diet was fed in
the PD group, while 2 mL of TBP (500 mg/kg·day) was administered orally, and HFD
diet was fed in the TBP group. Body weight was measured weekly. Rats were fasted
overnight after five weeks of treatment, anesthetized with 2% (v/v) sodium pentobarbital
(0.3 mL/100 g), and then blood samples were collected from the abdominal aorta. Serum
and plasma were collected (EDTA was used as an anticoagulant). The cecal feces were
collected and quick-frozen with liquid nitrogen for intestinal microbial analysis. In addition,
the liver, abdominal fat, and epididymal fat of rats were collected and weighed. Hepatic
right lobe and epididymal fat were fixed in 4% paraformaldehyde for HE staining, and
the remaining parts were quickly frozen in liquid nitrogen and stored at −80 ◦C. We
calculated the liver index (liver weight(g)/body weight (g)× 100%) and abdominal fat
rate (abdominal fat tissue weight (g)/body weight (g)× 100%) at the end of the study.
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2.5. Histopathological Analysis

Paraffin-fixed liver and epididymal adipose tissue in 4% paraformaldehyde solution
were embedded in paraffin and then sliced for hematoxylin/eosin (HE) staining. Finally,
microscopically, the cytoarchitecture of the liver tissue and the cell size of the adipose tissue
were observed.

2.6. Biochemical Analysis in Serum and the Liver
2.6.1. Lipid Level in Serum

Serum levels of TG, TC, LDL-C, and HDL-C were determined following the manu-
facturer’s instructions using commercially available kits, and optical density (OD) values
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were read with a microplate reader (BioTek Instrument, Inc., Winooski, VT, USA). Calculate
arteriosclerosis index (AI), AI = (TC − HDL-C)/HDL-C.

2.6.2. Lipid Level in Liver

Determination of TG, TC, LDL-C, and FFA levels in liver tissue was performed
following the manufacturer’s instructions using commercially available colorimetric kits.

2.7. Liver Function Evaluation
2.7.1. Detection Index of Liver Injury

Measurements of AST and ALT in serum were made with commercially available kits
following the manufacturer’s instructions.

2.7.2. Oxidative Stress Marker Analysis in Liver Tissues

Determination of CAT, MDA, GSH, T-AOC levels, and SOD activity in liver tissue was per-
formed with commercially available colorimetric kits based on the manufacturer’s instructions.

2.7.3. Detection of Protein Carbonylation in Rat Liver by Western Blotting

Western blotting was carried out to determine the level of protein carbonylation in
rat liver. Experiments were performed by referring to literature methods [22] with minor
modifications. Liver tissue was made into 10% liver homogenate using ice in HEPES
buffer, and nucleic acids were precipitated using streptomycin sulfate solution. Then, the
carbonyl group was specifically derivatized using 2,4-Dinitrophenylhydrazine (DNPH)
and precipitated using TCA, among other steps. Protein concentration was measured
using the BCA protein quantification kit. Anti-DNP antibody produced in rabbit (D9656,
Merck Millipore) was used as primary antibody (dilution: 1:1000), which was subsequently
detected by secondary antibody conjugated with horseradish peroxidase (HRP) (dilution:
1:1000) and a chemiluminescent substrate. Up-sampling analysis was performed using the
Wes fully automated protein expression subsystem (Protein Simple, San Jose, CA, USA)
following the manufacturer’s protocol.

2.8. Fecal Analysis

Fecal samples were gathered for one day before the experiment ended, freeze-dried,
and kept at −80 ◦C until being analyzed.

2.8.1. Fecal TC and TBA Analysis

Fecal TC was abstracted with chloroform and methanol. Fecal TBA was abstracted
with ethanol. Fecal TC and TBA concentrations were analyzed with commercial kits
(Nanjing Jiancheng Bioengineering Institute).

2.8.2. Fecal Cecal SCFAs Measurement

Measurement procedure was based on the literature reported by previous authors [23,24]
with some modifications. Briefly, with 4-methylvaleric acid as an internal standard, we
added 100 µL 10% H3PO4 and 500 µL methyl tert-butyl ether (containing 50 µg/mL 4-
methylvaleric acid) to a 100-mg stool sample and homogenized for 1 min. After centrifugation
(12,000× g, 4 ◦C, 10 min), the supernatant was gathered, and a 7000D gas chromatograph-mass
spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) was utilized to characterize
and quantify the SCFAs on a HP-INNOWax capillary column (60 m × 0.25 mm × 0.25 µm,
Agilent Technologies Inc.). The split ratio was adjusted to 10:1, and the injection volume was
1 µL, 250 ◦C for the injector, 230 ◦C for the ion source, and 250 ◦C for the transmission line.
The following was the temperature routine: the initial temperature was 80 ◦C and then was
held there for 3 min, raised to 180 ◦C at 10 ◦C/min, raised to 250 ◦C at 25 ◦C/min, and then
held there for 3 min. The flow of helium was set at 1.0 mL/min.
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2.9. Cecal DNA Extraction and Sequencing

DNA was obtained from cecum contents using the PowerSoil® DNA Isolation kit
following the manufacturer’s instructions. We used the extracted DNA as a template, the
27F forward primer (5′-AGRGTTTGATYNTGGCTCAG-3′), and the 1942R reverse primer
(5′-TASGGHTACCTTGTTASGACTT-3′) to amplify the 16S rDNA gene. The PCR analysis
was performed on a PCR system (Applied Biosystems 9902). The following PCR conditions
were applied: 5 min at 95 ◦C, followed by 30 cycles of 30 s at 95 ◦C, 30 s at 50 ◦C, and finally
exothermic at 72 ◦C for 7 min. There were 5–50 ng of genomic DNA per reaction mixture,
KOD FX Neo Buf (2×), 0.8 mM dNTPs (deoxynucleoside triphosphate), and KOD FX Neo
(Toyobo). The PCR products were mixed with the loading buffer and then sampled onto
agarose gels for detection and quantification using Image J based on the electrophoresis
results. After quantification, each sample was mixed in 3 parallels according to the amount
of data and fragment size required for each sample. Finally, the beads were recovered and
purified using 0.8×magnetic beads (MagicPure Size Selection DNA Beads).

The products from different samples were sequenced on the MiSeq Illumina Sequenc-
ing Platform. All high-quality sequencing reads were clustered using USEARCH (version
10.0) with 97% similarity, and operational taxonomic units (OTU) at a certain threshold
(0.005%) were acquired. Alpha diversity included the Simpson and Shannon indexes,
and beta diversity was visualized by weighted unifrac distance-based non-metric multi-
dimensional scaling (NMDS). Similarity analysis was performed to examine the differences
in the gut microbiota communities between groups.

2.10. UPLC-MS/MS-Based Metabonomics

Plasma samples were prepared by protein precipitation. A total of 600 µL acetonitrile
was added to 200 µL serum, vortexed (5 min), and centrifuged (12,000 g/min, 10 min), and
the supernatant was collected for analysis.

UPLC analysis was conducted on a Thermo Scientific Vanquish UPLC system (Thermo
Fisher Scientific, Waltham, MA, USA). The samples were separated on a Hypersil Gold
VANQUISH C18 column (1.8 µm, 100 mm × 2.1 mm, Thermo Fisher Scientific, Waltham,
MA, USA). The mobile phase consisted of 0.1% formic acid in acetonitrile (A) and 0.1%
formic acid in water (B) at the flow rate of 0.3 mL/min. The gradient elution program was
as follows: 0.0–25 min, 5% A to 100% A, then kept at 100% A for 5 min. The samples were
maintained in the injection chamber at 4 ◦C. For each test, 1 µL of plasma sample solution
was injected.

Mass spectrometry measurements were performed with a Q-Exactive Focus mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The scanning mode ranged
from the full MS to the dd-MS2. The scan range of full MS was 50 to 1000 m/z, and the
resolution was 70,000. The resolution of dd-MS2 was 17,500, and the (N) CE/stepped
nce was 20, 40, and 60. The sheath gas-flow rate was set to 5, and the spray voltage was
adjusted to 3.2 kV. The capillary temperature was set to 300 ◦C, and the S-lens RF level was
set to 50.

2.11. Statistical Analysis

All results are expressed as mean ± the standard deviation (SD). The differences
among the experimental groups were evaluated using one-way analysis of variance
(ANOVA), and significant differences among the means were determined using Duncan’s
multiple range tests. p-Values less than 0.05 were considered statistically significant.

3. Results
3.1. SDS-PAGE and NanoElute-UHPLC-Tims TOF/MS Analysis of TBP

The secondary mass spectrometry data of this experiment were searched with Maxquant
(v1.6.15.0, Max Planck Institute of Biochemistry, Munich, Germany), searching the library
as Fagopyrum_tataricum_62330_TX_W8084LI_20201202.fasta (31620 sequences), and added
to the reverse library to compute the false-positive rate (FDR) due to stochastic matches.
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In addition, common contamination libraries were added to the database. The accuracy
FDR was set at 1% for identification at three levels: spectra, peptides, and proteins, and the
identified proteins needed to contain at least one specific (unique) peptide. Altogether, 2310
proteins were characterized in the TBP sampling. The SDS-PAGE maps and protein molecular
weight distribution of TBP are shown in Figure 2a,b. A total of 76.6% of the proteins were
distributed between 10 and 60 KDa, with less distribution of small and high molecular weight
proteins. Subcellular structure annotation of the identified TBP was performed using WolF
Psort software. The results are shown in Figure 2c. TBP was mainly distributed in organelles,
such as chloroplast, cytoplasm, and nucleus, which is in agreement with the finding of
Wang et al. [25]. COG/KOG functional classification statistics were performed based on the
EggNOG database (version 5, European Molecular Biology Laboratory (EMBL), Heidelberg,
Germany). Among the identified TBPs, 1839 proteins were functionally annotated, included
three aspects of information storage and processing, metabolism, cellular processes, and
signaling. Among them, number and category description of metabolism-related proteins are
shown in Figure 2d, including carbohydrate transport and metabolism, energy production and
conversion, amino acid transport and metabolism, lipid transport and metabolism, secondary
metabolites biosynthesis, coenzyme transport and metabolism, nucleotide transport and
metabolism, and inorganic ion transport and metabolism. Through COG/KOG functional
classification, TBP was found to be rich in proteins related to nutrition and metabolism, which
can be used as potential molecules for health food or functional food.
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3.2. Effect of TBP on Body Weight, Liver Index, Abdominal Fat Rate, and Histopathological of
HFD-Fed Rats

As Figure 3a shows, the body weight of the rats in each group gradually increased
over time, while the rats that received HFD feeding had markedly higher body weight
than those on a normal diet. TBP could decrease the body weight of HFD-fed rats, similar
to the PD rats. Besides, after being HFD fed for 11 weeks, the liver index of MOD rats was
significantly increased compared with CON rats (Figure 3b; p < 0.01). For PD rats and TBP
rats, liver index was significantly reduced compared with MOD rats (p < 0.01). Moreover,
MOD rats had much higher abdominal fat rate than CON rats (Figure 3c; p < 0.01), while
TBP reduced the abdominal fat rate of HFD rats (p < 0.05).
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Figure 3. Effect of TBP on body weight (a), liver index (b), and abdominal fat rate (c) in rats consuming a HFD. Histopatho-
logical examinations of liver (d) and epididymal adipose (e) tissues using HE staining (200×). Values are expressed as the
mean ± SD (n = 6) for all groups. ## p < 0.01 denotes statistically significant differences between the CON and MOD groups.
** p < 0.01 and * p < 0.05 denote statistically significant differences with MOD group.

To ascertain the ameliorative efficacy of TBP on the histopathological lesions in the
liver and epididymal adipose tissues in rats with hyperlipidemia induced by HFD feeding,
HE staining experiments were performed. The results are presented in Figure 3d,e. In the
CON group, normal liver architecture was observed, while liver tissue injuries, including
vacuolization of hepatocytes, severe steatosis, and heavy hepatocyte lipid droplet accumu-
lation, were seen in the MOD rats. However, the PD group attenuated the pathological
lesions in hepatic tissues; in particular, no significant lipid droplets were seen in the hep-
atocytes. Similar to the effects of PD, TBP also improved lipid droplet accumulation in
hepatocytes of HFD-fed rats. Additionally, compared with the CON group, adipocytes
in the epididymal adipose tissue of rats in the MOD group were significantly enlarged,
while the PD and TBP groups achieved partial reversal, indicating that their lipid stores
were inhibited.
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3.3. Effect of TBP on Lipid Levels in Serum and Liver Tissues

As can be seen from Figure 4a–d, at the serum level, the rats in PD group showed
no significant difference (p > 0.05) in HDL-C, whereas TC, TG, and LDL-C levels reduced
remarkably (all p < 0.01) as compared to MOD. Serum HDL-C was increased (p < 0.05),
and serum LDL-C was reduced significantly (p < 0.05) in the TBP group compared to
that in the MOD group. However, no noticeable difference was observed in TC and TG.
Furthermore, the results also indicated that PD and TBP could ameliorate the increased
arteriosclerosis index of HFD rats (Figure 4e, p < 0.01). At the liver level, MOD group
rats showed higher TG, TC, LDL-C, and FFA levels than CON group rats (Figure 4f–i, all
p < 0.01). Treatments with PD and TBP significantly decreased TG, TC, LDL-C, and FFA
levels in liver (all p < 0.05). On the basis of these findings, one can conclude that TBP has a
positive role in the potential regulation of serum and liver lipids.
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Figure 4. Effect of TBP on serum TC (a), serum TG (b), serum LDL-C (c), serum HDL-C (d), AI (e),
liver TC (f), liver TG (g), liver LDL-C (h), and liver FFA (i) in rats consuming a HFD. Values are
expressed as the mean ± SD (n = 6) for all groups. ## p < 0.01 denotes statistically significant
differences between the CON and MOD groups. ** p < 0.01 and * p < 0.05 denote statistically
significant differences with MOD group.

3.4. Liver Function Evaluation

ALT and AST are released after hepatocellular injury, making them useful markers
for measuring liver function [26]. As shown in Figure 5a,b, the MOD group showed
significantly increase (p < 0.05) in AST and ALT activities, while the reverse trend was
observed for PD and TBP (p < 0.05). TBP effects on oxidative factors in hepatic tissues are
presented in Figure 5c–g. In comparison with the CON group rats, as shown in the figure,
the levels of CAT, SOD, GSH, and T-AOC in the liver tissue were reduced, and the levels of
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MDA were increased of HFD-fed rats (all p < 0.05). Intriguingly, PD could modulate the
levels of SOD, GSH, T-AOC, and MDA (all p < 0.05) but had no effect on CAT levels, while
the TBP could modulate GSH, T-AOC, and MDA levels (all p < 0.05) but had no effect on
CAT and SOD levels.

Foods 2021, 10, x FOR PEER REVIEW 10 of 18 
 

 

the TBP could modulate GSH, T-AOC, and MDA levels (all p < 0.05) but had no effect on 
CAT and SOD levels.  

Carbonylated proteins are considered to be indicators of oxidative damage, and in 
this research, the extent of carbonylation in rat liver was assessed by western blotting. As 
shown in Figure 5h, the oxidation level of liver protein carbonyls in each group can be 
seen. The molecular weight of rat liver protein carbonyls is mainly concentrated in 40~66 
kDa. In contrast to the CON group, the MOD group obviously had extremely severe liver 
carbonyl oxidation. The liver carbonyl oxidation in the PD group was greatly improved, 
while the TBP group had a certain reduction trend. The above results demonstrated that 
TBP supplementation could improve hepatic dysfunction markers and antioxidant capac-
ity of body. 

 
Figure 5. Effect of TBP on serum AST (a), serum ALT (b), liver CAT (c), liver MDA (d), liver SOD 
(e), liver GSH (f), and liver tT-AOC (g) in rats fed a HFD. (h) Oxidation levels of carbonyl proteins 
in rat liver were detected by western blotting (n = 3). MW, molecular weight marker. Values are 
expressed as the mean ± SD (n = 6) for all groups. ## p < 0.01 and # p < 0.05 denote statistically signif-
icant differences between the CON and MOD groups. ** p < 0.01 and * p < 0.05 denote statistically 
significant differences with MOD group. 

3.5. Fecal Analysis 
The liver catalyzes the oxidation of cholesterol through cholesterol 7-α hydroxylase 

to produce bile acids, which are therefore the major form of cholesterol excreted from the 
body. To assess whether the reduction in hepatic lipid accumulation by TBP intake in hy-
perlipidemic rats is caused by increased fecal cholesterol excretion, fecal biochemical in-
dices, such as TC and TBA, were valuated. The test values are shown in Figure 6a,b, where 
the levels of TC and TBA in feces of rats from TBP group were dramatically higher than 
that from MOD group (p < 0.01). The increase in fecal bile acid excretion caused a decrease 

Figure 5. Effect of TBP on serum AST (a), serum ALT (b), liver CAT (c), liver MDA (d), liver SOD (e),
liver GSH (f), and liver tT-AOC (g) in rats fed a HFD. (h) Oxidation levels of carbonyl proteins in rat
liver were detected by western blotting (n = 3). MW, molecular weight marker. Values are expressed
as the mean ± SD (n = 6) for all groups. ## p < 0.01 and # p < 0.05 denote statistically significant
differences between the CON and MOD groups. ** p < 0.01 and * p < 0.05 denote statistically
significant differences with MOD group.

Carbonylated proteins are considered to be indicators of oxidative damage, and in
this research, the extent of carbonylation in rat liver was assessed by western blotting. As
shown in Figure 5h, the oxidation level of liver protein carbonyls in each group can be seen.
The molecular weight of rat liver protein carbonyls is mainly concentrated in 40~66 kDa. In
contrast to the CON group, the MOD group obviously had extremely severe liver carbonyl
oxidation. The liver carbonyl oxidation in the PD group was greatly improved, while
the TBP group had a certain reduction trend. The above results demonstrated that TBP
supplementation could improve hepatic dysfunction markers and antioxidant capacity
of body.

3.5. Fecal Analysis

The liver catalyzes the oxidation of cholesterol through cholesterol 7-α hydroxylase
to produce bile acids, which are therefore the major form of cholesterol excreted from the
body. To assess whether the reduction in hepatic lipid accumulation by TBP intake in
hyperlipidemic rats is caused by increased fecal cholesterol excretion, fecal biochemical
indices, such as TC and TBA, were valuated. The test values are shown in Figure 6a,b,
where the levels of TC and TBA in feces of rats from TBP group were dramatically higher
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than that from MOD group (p < 0.01). The increase in fecal bile acid excretion caused a
decrease in bile acid levels in the intestinal and hepatic cycles, with a consequent increase
conversion of cholesterol to bile acids in the liver [27]. Thus, intake of TBP may effectively
reduce serum and hepatic lipid accumulation by promoting fecal lipid and TBA excretion
in hyperlipidemic rats.
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Effects of TBP on fecal short-chain fatty acid production: total SCFAs (c), acetic acid (d), propionic
acid (e), butyric acid (f), isobutyric acid (g), isovaleric acid (h), valeric acid (i), and hexanoic acid (j).
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## p < 0.01 denotes statistically significant differences between the CON and MOD groups. ** p < 0.01
and * p < 0.05 denote statistically significant differences with MOD group.
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SCFAs are derived from intestinal flora fermenting carbohydrates and proteins in
the colon that are not digested and absorbed by the host, with a high proportion of acetic
acid, propionic acid, and butyric acid. As shown in Figure 6c–j, the content of total SCFAs,
acetic acid, butyric acid, isobutyric acid, isovaleric acid, valeric acid, and hexanoic acid
was significantly lower in the MOD group compared to the CON group (all p < 0.01).
The contents of SCFAs (p < 0.05), acetic acid (p < 0.01) and propionic acid (p < 0.01) were
substantially higher in the TBP group compared with the MOD group, while there was
no obvious discrepancy in the PD group. The chromatograms of the short-chain fatty acid
standard and the sample are shown in Figure 6k,l.

3.6. TBP Modulated Gut Microbiota in HFD Rats

Gut microbiota is considered to be causally involved in the pathogenesis of lipid
metabolism disorders. In this part, an investigation of how TBP regulates the cecum
fecal microbiota of rats on a high-fat diet was made by using bacterial 16S rRNA high-
throughput sequencing. Assessment of species abundance and evenness was done using
Simpson’s and Shannon’s indices. The outcomes are displayed in Figure 7a,b. In cecum
fecal samples, Simpson index and Shannon index showed a reduced diversity in the MOD
group in comparison to the CON group (p < 0.01). TBP supplementation showed a benefi-
cial result on bacterial alpha diversity in HFD-fed rats. The results showed that HFD and
TBP supplementation could influence changes in gut microbiota. Beta diversity analysis
by weighted unifrac distance-based non-metric multi-dimensional scaling (NMDS) on the
basis of OTU abundance was undertaken to outline the extent of the similarities among
the gut microbiota compositions after each treatment. NMDS demonstrated separate
clustering of microbiota compositions in the cecum for each group rats (Figure 7c). Hier-
archical clustering plots showed that the constituent of the HFD-induced gut microbiota
was different from that of CON rats. Some changes in gut microbiota composition were
observed after TBP supplementation, with a clear separation of clusters formed by TBP
and MOD (Figure 7f). Thus, oral administration of TBP modestly altered the structure of
the gut microbiota.

Taxonomic analysis showed a marked impact of TBP upon the gut microbiota. Figure 7d,e
presents the relative abundance of the top 10 families from each group. Compared with the
CON group, the relative abundance of Akkermansiaceae was substantially higher in the MOD
group, while the relative abundance of Lachnospiraceae, Ruminococcaceae, Muribaculaceae,
and Lactobacillaceae was substantially lower. TBP supplementation significantly increased
the relative abundance of Lachnospiraceae, Ruminococcaceae, and Erysipelotrichaceae and
decreased the relative abundance of Akkermansia in the intestine of HFD diet rats.

At the genus level (Figure 7f,g), compared with MOD group, TBP treatment showed
a significant increase in uncultured_bacterium_f_Lachnospiraceae (family Lachnospiraceae),
Blautia (family Lachnospiraceae), (Eubacterium)_coprostanoligenes_group (family Ruminococ-
caceae), and Ruminococcaceae_NK4A214_group (family Ruminococcaceae), while Akkerman-
sia was significantly reduced.

3.7. Metabolomics Analysis

As shown by the results of clustered heat map and PCA (Figure 8a,b), plasma metabo-
lites in the CON, MOD, and TBP groups showed a significant separation. Thus, the
metabolism of HFD-fed rats was remarkably altered after five weeks of TBP supplementa-
tion. Among the metabolites with dramatical differences (p < 0.01) between the CON and
MOD groups, eight metabolites that were back-regulated (p < 0.05) after TBP supplementa-
tion were found and identified (Figure 8c).
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Figure 7. Effect of TBP on gut microbiota in the HFD-fed rats. (a) The alpha diversity of Simpson index. (b) The alpha
diversity of Shannon index. (c) The beta diversity analysis by weighted unifrac distance-based NMDS. (d) Relative
abundances of gut microbiota in each rat at the family levels. (e) Relative abundances of gut microbiota in each group at the
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map of gut microbiota (at the genus level). ## p < 0.01 denotes statistically significant differences between the CON and
MOD groups.
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Figure 8. Effect of TBP on plasma metabolites in the HFD-fed rats. (a) Heat map of plasma metabolites. (b) PCA
analysis of plasma metabolites. (c) Heat map of differential metabolites between groups: β-MCA, β-Muricholic acid;
9-O-NA, 9-{[(2E)-4-(3,4-Dihydroxy-5-{[3-(3-hydroxy-2-butanyl)-2-oxiranyl]methyl}tetrahydro-2H-pyran-2-yl)-3-methyl-
2-butenoyl]oxy}nonanoic acid; P-14-YA, (3beta,6beta,14R)-3,5,6,10,16-Pentahydroxygrayanotoxan-14-yl acetate; 2-PTPP,
2-({[Dimethyl(2-methyl-2-propanyl)silyl]oxy}methyl)-5-pentyl-3,3a,11c,11d-tetrahydronaphtho[1′,2′:2,3]pentaleno[1,6-
bc]pyran-4(2H)-one; PLGGV, Phe-Leu-Glu-Glu-Val; N-(4-B)N, N-(4-{(2S,4S,5R,6R)-4-{[Allyl(cyclopentyl)amino]methyl}-
6-[4-(hydroxymethyl)phenyl]-5-methyl-1,3-dioxan-2-yl}benzyl)nicotinamide; B-P-M-B, 1,1-Bis[4-(benzyloxy)phenyl]-2-
(4-methoxyphenyl)-2-butanol; (O)(D)(P)S, ({5-[2-(2,3-Dimethoxyphenyl)-2-propen-1-yl]-5-methyl-5,6,7,8-tetrahydro-2-
naphthalenyl}oxy)(dimethyl)(2-methyl-2-propanyl)silane. Values are expressed as the mean (n = 6) for all groups. ## p < 0.01
and denotes statistically significant differences between the CON and MOD groups. ** p < 0.01 and * p < 0.05 denote
statistically significant differences with MOD group.

4. Discussion

Excessive consumption of high-fat and sugar by the individual may lead to disorders
of lipid metabolism, such as hyperlipidemia, atherosclerosis, and nonalcoholic fatty liver.
Serum TC, TG, LDL-C, and HDL-C levels are the main indicators that can reflect the body’s
lipid metabolism. Abnormal increases in blood lipid levels can lead to disease-threatening
conditions. A hyperlipidemic rat model was established in our laboratory by HFD. The
results showed that serum TC, TG, and LDL-C levels were markedly raised, and HDL-C
levels were dramatically reduced in hyperlipidemic rats. A long-term HFD may also lead
to significant weight gain, an increased liver index, and an increased abdominal lipid rate.
Our results demonstrate that the HFD-induced hyperlipidemic rat model is successful.
After administration of TBP, serum LDL-C levels were markedly diminished, HDL-C
levels were markedly raised, and liver index and abdominal lipid rate were dramatically
decreased in hyperlipidemic rats, suggesting that TBP regulates lipid metabolism within
a certain range. In addition, TBP decreased the liver steatosis markers TC, TG, LDL-C,
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and FFA, indicating that TBP could restore HFD-induced fatty liver. For oxidative damage
induced by hyperlipidemia, lipid oxidation levels were elevated in rats on HFD [28].
Supplementation of TBP increased the hepatic antioxidant properties and attenuated
hepatic protein carbonylation in hyperlipidemic rats. Furthermore, TBP also reduces serum
and liver lipid accumulation by promoting fecal cholesterol and TBA excretion.

Due to its low digestibility, TBP has functions similar to those associated with resistant
starch or dietary fiber. Dietary TBP can evade stomach and small intestine digestion
and promote the proliferation of helpful bacteria through fermentation, improving gut
microbial diversity and producing beneficial metabolites, most notably SCFAs. SCFAs,
including acetic acid, propionic acid, and butyric acid, are the main final outputs of
cecal and colonic fermentation, which are associated with energy metabolism. There is
substantial evidence that SCFAs are effective in alleviating diet-induced hyperlipidemia,
particularly hypercholesterolemia [29]. Actually, SCFAs have been shown to reduce serum
and hepatic lipid levels by via reducing cholesterol and fatty acid synthesis substrates
(e.g., acetyl-CoA), inhibiting genes that regulate these substrates (e.g., fatty acid synthase),
or facilitating fecal bile acid excretion [30–33]. In this study, supplementation with TBP
contributed to increase the level of SCFAs, acetic acid, and propionic acid. Thus, dietary
TBP diminished serum and liver lipid levels in rats, possibly by promoting the production
of SCFAs and hence increasing fecal bile acid excretion. However, whether there is an effect
on lipid metabolism-related genes expression still needs to be further determined.

A growing amount of evidence for the critical role of the gut microbiota in the lipid
metabolism disorders. The composition of the gut microbiota is reshaped in obese individ-
uals, which is characterized by dysfunctional biology and reduced microbiota diversity. In
the present study, the cecum microbiota of rats was analyzed, and the HFD diet reduced its
species richness and species diversity, which was somewhat improved by TBP supplemen-
tation. Besides, TBP supplementation modulated the cecum microbiota of HFD diet rats
by lowering the relative abundance of Ackermannia and raising the relative abundance of
Lachnospiraceae and the Ruminococcaceae, which is consistent with the study of fucoidan
from Laminaria japonica [34].

The richness of Akkermansia in the intestine is about 1% to 4% [33]. The anti-obesity
effect of Akkermansia in humans and animals has been reported in the literature [35,36].
However, the effect of Akkermansia on the body is perhaps not always positive. It has
been published that Akkermansia can cause intestinal inflammation via engulfing the
mucin layer of mice on a long-term fiber-free diet [37]. In addition, a HFD predisposes
mice to an increased risk of colorectal cancer, with a substantially higher proportion of
Akkermansia bacteria in their colonic microbiota [37,38], and exhibits pro-inflammatory
properties [39,40]. Additionally, there are reports that inflammatory bowel disease and
type 2 diabetes are also related to more abundant Akkermansia, which can be reversed
by eating seaweed extract [41–43]. In our study, we found that HFD was beneficial to
the emergence of the Akkermensia (abundance of 46%), a finding consistent with similar
observations in rat models [44,45]. Whereas the drastically increased relative abundance
of Akkermansia due to HFD was dampened by TBP supplementation. The inhibitory
effect of TBP supplementation may be attributed to the indigestible nature. A similar
finding also indicated that bamboo shoot fiber intake inhibited the relative abundance of
Akkermansia [46]. Therefore, these results indicate that the role of Akkermansia in obesity,
type 2 diabetes, hyperlipidemia, and other metabolic diseases should be further studied.

The Lachnospiraceae and the Ruminococcaceae are principal families of intestinal
bacteria engaged in carbohydrate metabolisms. They include, for example, the major
butyrate-producing species, species that transform lactate into butyrate or propionate,
as well as species that undergo reductive acetogenesis [47]. Besides, the population size
of Ruminococcaceae is strongly and negatively linked to alcoholic cirrhotics, hepatic
encephalopathy, and non-alcoholic fatty liver disease [34]. Blautia, a beneficial bacterium
in the gut [48], inhibits insulin signaling and fat accumulation by the activation of G
protein-coupled receptors GPR41 and GPR43, attenuating the diseases associated with
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obesity [49]. Li et al. [50] found that the [Eubacterium]_coprostanoligenes_group converted
intestinal cholesterol to coprostanol in hens. Those results indicate that TBP enhances the
abundance of SCFA producers, facilitating its lipid-regulating effect. In conclusion, our
results indicated that TBP can modulate the richness of gut microbiota.

Among the candidate plasma differential metabolites, β-Muricholic acid (β-MCA)
has attracted attention. β-MCA is a murine specific bile acid that is usually produced
in the liver by conversion of goose deoxycholic acid. In addition, β-MCA is usually
combined with taurine in the liver to form T-β-MCA, which is a potent antagonist of
the farnesoid X receptor [51]. Farnesoid X receptor is broadly distributed in the liver,
intestine, and other organs and is mainly involved in regulating bile acid metabolism
and cholesterol homeostasis [52,53]. In this experiment, a significant upregulation of free
β-Muricholic acid was observed in the plasma metabolites of the MOD group, and it was
significantly downregulated after TBP supplementation. Therefore, it is speculated that
TBP supplementation may have an effect on bile acid metabolism in rats on HFD. In future
studies, the effect of TBP on the metabolism of hepatic and intestinal bile acids in HFD rats
can be studied by targeted metabolomics to analyze the metabolic pathways.

5. Conclusions

In conclusion, TBP could play an important role in modifying the lipid profile and
decreasing lipid peroxidation in rats on HFD. The potential mechanism of action is, on the
one hand, to increase the abundance of the Lachnospiraceae and the Ruminococcaceae
by modulating the gut microbiota, facilitating the generation of short-chain fatty acids,
and increasing fecal bile acid excretion and, on the other hand, may be related to the
improvement of bile acid metabolism.
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