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Objective: The present study aimed to investigate the lipid-lowering effects and 
mechanisms of fenugreek gum (FG), hawthorn pectin (HP), and burdock inulin 
(BI) on high-fat diet (HFD)-induced hyperlipidemic rats.

Methods: In this study, high-fat diet (HFD) together with fat emulsion administration 
were used to establish hyperlipidemia model. The biochemical indices were 
assayed after administration of FG, HP, and BI. Their effects were evaluated by 
factor analysis. Alterations of gut microbiota and short chain fatty acids (SCFAs) in 
the cecal were assessed to illustrate the mechanism of lipid lowering.

Results: The supplementation of FG, HP, and BI on HFD-fed rats decreased the 
levels of serum lipid and reduced the HFD-related liver and testicle damage. In the 
scatter plot of factor analysis, HP and BI were closer to normal fat diet (NFD) group 
in restoring the severity of hyperlipidemia, while FG and HP enhanced the excretion 
of cholesterol and bile acids (BAs). The levels of total SCFAs, especially butyric acid 
reduced by HFD were increased by HP. The ratio of Firmicutes to Bacteroidetes 
increased by HFD was reduced by HP and BI. FG, HP, and BI enriched intestinal 
probiotics, which were related to bile acid excretion or lipid-lowering.

Conclusions: FG inhibited the absorption of cholesterol and enhanced the excretion 
of it, as well as increased the abundance of beneficial bacteria. While BI restored the 
imbalance of intestinal microbiota. HP enhanced the excretion of cholesterol and BAs, 
and restored the imbalance of intestinal microbiota. It was also utilized by intestinal 
microorganisms to yield SCFAs. This study suggested that FG, HP, and BI possessed 
the potential to be utilized as dietary supplements for obesity management.
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1. Introduction

About 41.9% of adults in China suffer from hyperlipidemia, with a higher prevalence in men 
(1). Currently, statins are the most commonly used drugs for treating hyperlipidemia. However, 
statin treatment has adverse effects such as abnormal liver function, muscle pain, diabetes risk, 
and abnormal cognitive function (2). Therefore, researchers are working to find more effective 
treatments for hyperlipidemia with fewer adverse effects.

Galactomannan, pectin, and inulin, as typical representatives of dietary polysaccharides, 
were widely used in the daily diets (3). Dietary fiber has been used for long periods to maintain 
health and to prevent or treat a range of common diseases, including diabetes, hyperlipidemia, 
intestinal diseases, and obesity (4).

Fenugreek gum (FG), hawthorn pectin (HP), and burdock inulin (BI) were the main 
polysaccharides component in fenugreek seeds (Trigonella foenum-graecum L.), hawthorn fruits 
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(Crataegus spp) and burdock roots (Arctium lappa L.). Galactomannan 
composed 89.5% of FG (5). HP was acidic polysaccharides composed 
of galacturonic acid skeleton, with Ara, Glc, and Gal on the side chains 
(6). And BI was fructan, which belonged to the neutral oligosaccharide 
(7). All of them were applied as food additives. FG can be used as a 
thickening, stabilizing, and emulsifying agents in food products to 
improve their quality and shelf life by reducing the staling and 
retrogradation rates (8, 9). And HP was also used as a thickening agent 
(10). Inulin was applied as a substitute for fat and sucrose in icecream 
to enhance consistency and stickiness (11).

Early studies have shown that FG, HP, and BI had anti-
hyperlipidemia activity (10, 12, 13). They were fermented by the 
intestinal bacteria in vivo to yield short-chain fatty acids (SCFAs), 
which showed beneficial effects on the body, and they improved the 
composition of intestinal bacteria conversely (14–16). Hyperlipidemia 
was accompanied with disorders of intestinal bacteria, thus 
maintaining the balance of which was an important way for the lipid-
lowering effect of drugs or functional food (14, 17). Besides, 
polysaccharides sequestrated with bile acids, influence the 
bioaccessibility of cholesterol to lower the level of cholesterol (18). An 
early study showed that a supplement of 15% FG in the daily diet led 
to reductions in weight gain and total serum cholesterol in normal 
male C57BL/6J mice. FG decreased the ratio of Firmicutes to 
Bacteroidetes (F/B). The TC absorption was lowered, and bile acid 
excretion was elevated by oral infused HP at the dosage of 300 mg/
kg/d in high-cholesterol diet (HCD) hamsters (13).The supplement of 
1% BI in the daily diet led to the increase in the levels of propionic acid 
and butyric acid in caecal contents in high-fat diet (HFD)-mice (16). 
Therefore, FG, HP, and BI were applied in the study to compare their 
effects on HFD rats. Lipid metabolism index, SCFAs, and the 
composition of intestinal bacteria were assayed. Factor analysis was 
used to evaluate their effects and explore their mechanism of lipid-
lowering. Furthermore, correlation analysis was used to find the 
relationship between intestinal bacteria and lipid metabolism 
parameters. The results of this research tended to reveal the different 
mechanism of the lipid-lowering effects of FG, HP, and BI.

2. Materials and methods

2.1. Materials

HFD was purchased from Shengmin Scientific Research Animal 
Farm Nanjing, China. The fat emulsion composed of 65.5% pure 
water, 10% lard, 2.5% cholesterol, 5% sucrose, 5% fructose, 5.5% 
Tween 80, and 6.5% glycerol was concocted for laboratory use. Total 
cholesterol (TC) (batch no. 20210702), triglyceride (TG) (batch no. 
20210703), low-density lipoprotein cholesterol (LDL-C) (batch no. 
20210702), high-density lipoprotein cholesterol (HDL-C) (batch no. 
20210702), alanine aminotransferase (ALT) (batch no. 20210715), 
aspartate aminotransferase (AST) (batch no. 20210716), total bile 
acids (TBA) (batch no. 20210928), and total protein (TP) (batch no. 
20211019) assay kits were purchased from Jiancheng Biological 
Engineering Institute, Nanjing, China. Cyclic adenosine 
monophosphate (cAMP) (batch no. 21071535N), cyclic guanosine 
monophosphate (cGMP) (batch no. 1071536N), and testosterone (T) 
(batch no. 21071530N) ELISA kits were purchased from Kexing 
Biological Engineering Institute, Shanghai, China. The standards of 

dextran with molecular weights of 5,000, 11,600, 23,800, 48,600, 
80,900, 148,000, 273,000, 409,800, and 667,800 Da (batch nos. 
102084138, 102136543, 102124529, 102104509, 102108375, 
102089360, 102110878, 102124507, 102104510) were purchased from 
Sigma Biological company, Germany. The standards of dextran with 
molecular weights of 1,150,000, 1,740,000, and 2,457,000 Da (batch 
nos. D1150K, D1740K, D2400K) were purchased from American 
Polymer Standards Corporation, American. All other chemical 
reagents used in this work were commercially available and of 
analytical or chromatographic grade. Fenugreek seed, hawthorn fruits, 
and burdock roots were purchased from a local market in Dalian, and 
identified by professor Tianmin Wang, school of Pharmacy, Liaoning 
University of Traditional Chinese Medicine, as the Trigonella foenum-
graecum L., Crataegus pinnatifida Bge., Arctium lappa L.

2.2. The preparation and chemical 
characterizations of FG, HP, and BI

2.2.1. The preparation of FG, HP, and BI
The powders of fenugreek seeds, hawthorn fruits, and burdock 

roots were added to distilled water at a ratio of 1:20 (w:v) and extracted 
at 95°C for 60 min two times. The extracts were combined and 
concentrated to one-third of the original volume, then added two 
times the volume of 95% ethanol. The precipitates were collected after 
resting overnight at 4°C (7, 19, 20). They were formulated into an 
aqueous solution of 25 mg/mL.

2.2.2. The chemical characterization of FG, HP, 
and BI

The content of the total polysaccharide was determined by UV–vis 
spectrophotometry according to the method reported in the literature 
(21). Briefly, 1 mL of the sample solution was added to 1 mL of 5% 
phenol solution. Subsequently, 5 mL of concentrated sulfuric acid was 
added to the reaction mixture. After 1 h, the absorbance was measured 
at 490 nm along with the reference standard, and the results were 
expressed as glucose equivalents. The linear range of the standard 
sample was 0.05 ~ 0.10 mg/mL, calibration curve: y = 10.119x–0.0208, 
R2 = 0.9935.

The content of total protein was determined by UV–vis 
spectrophotometry according to the method reported in the literature 
(22). Briefly, 1 mL of the sample solution was added to 5 mL of 
Coomassie brilliant blue reagent (composed of Coomassie brilliant 
blue 0.01% G250, 8.5% phosphoric acid and 5% ethanol). After 2 min, 
the absorbance was measured at 595 nm along with the reference 
standard, and the results were expressed as bovine serum albumin 
(BSA) equivalents. The linear range of the standard sample was 
0.0217 ~ 0.1194 mg/mL, calibration curve: y = 3.6928x + 0.1089, 
R2 = 0.9967.

Molecular weights of FG, HP, and BI were determined employing 
high performance liquid chromatography with a Shimadzu LC-10A 
HPLC system outfitted with a BRT105-104-102 (8 × 300 mm) gel 
chromatography columns and a Shimadzu refractive index detector 
(RID) with 0.05 M NaCl solution as the mobile phase at a flow rate of 
0.6 mL/min (40°C). The molecular weights of FG, HP, and BI were 
calculated based on the standard curve of a succession of molecular 
weights standards. The chemical composition and molecular weight 
of FG, HP, and BI are shown in Table 1.
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2.3. The hypolipidemic effects of FG, HP, 
and BI

2.3.1. Animals and diets
In this study, all animal experiments complied with the ARRIVE 

guidelines and were carried out in accordance with the National 
Research Council’s Guide for the Care and Use of Laboratory Animals. 
Ethical approval for the involvement of animals in this study was granted 
by Liaoning University of Traditional Chinese Medicine Research Ethics 
Committee, license number 210000420210205, 4/17/2021.

Thirty male Sprague–Dawley (SD) rats (200 ~ 250 g) were 
purchased from Changsheng Biotechnology Co., Ltd. Liaoning, China 
(Permit number: SCXK (Liao) 2020–0001). All animal procedures in 
this experiment were strictly handled in accordance with the 
regulation for the use and care of laboratory animals. The rats were 
reared in a large room with constant temperature (25 ± 1°C) and 
humidity (55 ± 5%) with 12 h day/night cycle, and were free to obtain 
food and water.

After 1 week of adaptation, the rats were randomly divided into 
the following five groups: the normal-fat diet (NFD) group, the HFD 
group, the FG group, the HP group, and the BI group, and each group 
was assigned six rats. Rats in the NFD group were given maintenance 
diets, and rats in the HFD, FG, HP, and BI groups were given HFD 
together with 2 mL fat emulsion per day for 6 weeks. During the last 
2 weeks of modeling, FG, HP, and BI groups were given FG, HP, and 
BI aqueous solutions by gavage at a dose of 250 mg/kg per day, 
respectively.

2.3.2. Blood and tissue sample collection
After the 6-week experiment, all experimental rats fasted 

overnight. Then, they were anesthetized using ethyl carbamate at a 
dose of 1,200 mg/kg (i.p.) and sacrificed. Whole blood samples were 
immediately collected from the abdominal aorta for the detection of 
biochemical indexes. The feces and cecal contents were collected, 
weighed, frozen immediately in liquid nitrogen, and stored at 
−80°C. The fresh liver, spleen, thymus, and testicles of all rats were 
removed and weighed. The organ index was calculated as follows:

 
Organ index Organ weight

Body weight
 

 

 
%( ) =

2.3.3. Determination of serum and fecal 
biochemical indices

The blood samples were placed in plastic centrifuge tubes at 37°C 
for 30 min and centrifuged at 900 g for 10 min to obtain the serum 

samples. Then, biochemical indicators of the serum, including TC, 
TG, LDL-C, HDL-C, ALT, AST, cAMP, cGMP, and T were immediately 
analyzed by the kits according to the manufacturer’s instructions. In 
addition, fecal samples were added anhydrous ethanol solution at a 
ratio of 1:9 (w:v), and ground with a tissue masher at 10,000 g to make 
10% tissue homogenate (23). Contents of fecal TC, TBA, and TP were 
measured using assay kits following the manufacturer’s instructions.

2.3.4. Histopathological analysis
The livers of each rat were dissected, washed with saline, and fixed 

with 10% formalin solution for 24 h. Subsequently, tissue cutting and 
hematoxylin and eosin (H&E) staining were performed by Cairong 
Ming, Department of Pathology, Liaoning University of Traditional 
Chinese Medicine. Images were captured using a microscope at 200× 
magnification.

2.3.5. Analysis of short-chain fatty acids (SCFAs)
Cecal contents were added 50 μL 0.2% H3PO4 solution containing 

4-methylvaleric acid as internal standard (0.668 mg/mL), quickly 
sealed for headspace injection on Agilent 7890B-5977B GC–MS 
instrument. Headspace injection conditions: Headspace sampler vial 
heat temperature: 80°C; loop heat temperature: 140°C; transfer line 
heat temperature: 160°C; GC cycle time: 30 min; heat time: 20 min; 
equilibration time: 10 min; pressurization time: 0.15 min; injection 
time: 0.5 min. Chromatographic conditions: The SCFAs have 
chromatographically separated on DB-WAX (DB-1MS) capillary 
column (30 m × 0.25 mm, 0.25 μm, Agilent Corporation, 
United States). Injection mode: splitless; inlet temperature 250°C; ion 
source temperature 230°C; transfer line temperature 250°C, 
quadrupole temperature 150°C. Temperature programming was set 
as follows: the initial temperature was 60°C, then rose to 120°C at 
30°C/min, followed with 5°C/min to 140°C, and maintained for 
1 min, then rose to 150°C in 1 min and to 160°C in 1 min. Finally, it 
rose to 230°C at 35°C/min, and the post-operation temperature was 
maintained at 230°C for 5 min. The carrier gas was helium at a flow 
rate of 1.0 mL/min. MS conditions: Electron bombardment ion 
source (EI), electron energy 70ev, solvent delay 4.5 min, scan mode 
was full scan and selected ion monitor (SIM) mode, scan range 
m/z 30–200.

2.3.6. High-throughput sequencing analysis of 
intestinal bacteria

The bacterial DNA was extracted from cecal contents samples 
with a QIAamp Fast DNA stool Mini Kit (Qiagen, Cat# 51604), and 
PCR amplification was conducted with barcoded specific bacterial 
primers targeting the variable region 3–4 (V3–V4) of the 16S rRNA 
gene: forward primer 338F: 5′- ACTCCTACGGGAGGCAGCA-3′ 
and reverse primer 806R: 5′-GGACTACHVGGGTWTCTAAT-3′ 
(24). Construction of sequencing libraries and paired-end 
sequencing was performed on an Illumina NovaSeq6000 platform 
at Biomarker Technologies Co, Ltd. (Beijing, China) according to 
standard protocols. Paired-end reads were merged using FLASH 
v1.2.7 (25), and tags with more than six mismatches were discarded. 
The merged tags with an average quality score < 20  in a 50 bps 
sliding window were determined using Trimmomatic (26), and 
those shorter than 350 bps were removed. Possible chimeras were 
further removed, and the denoised sequences were clustered into 
operational taxonomic units (OTUs) with 97% similarity using 

TABLE 1 The chemical compositions of FG, HP, and BI.

FG HP BI

Recovery rate (%) 1.62 10.04 9.60

Total saccharides (%) 39.60 ± 0.04 43.28 ± 0.02 40.28 ± 0.01

Protein (%) 11.13 ± 0.08 1.29 ± 0.01 1.44 ± 0.02

Molecular weight 

(Mw) (×103Da)

2,970 182.0 3.019

(Mean ± SD, n = 3).
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USEARCH (version 10.0). Taxonomy was assigned to all OTUs by 
searching against the Silva database (Release128) using QIIME 
software. The microbial diversity was further analyzed using the 
difference between the samples, and the significance test was 
conducted with linear discriminate analysis effect size (LEfSe). To 
assess the effects of FG, HP, and BI on the composition of intestinal 
microbiota, V3–V4 regions of 16S rDNA were sequenced through 
HTS technology based on the Illumina Hiseq 2,500 sequencing 
platform (Biomarker Technologies Corporation, Beijing, China). 
The analyses of microbiota were conducted on BMK Cloud 
platform.1

2.4. Statistical analysis

2.4.1. Statistical analysis for biochemical indices
The experimental data were expressed as mean ± standard 

deviation, and SPSS 26.0 statistical software was used for data 
analysis. The differences among groups were analyzed using 
one-way analysis of variance (one-way ANOVA). If the variances 
were equal, LSD tests were applied, and if the variances were not 
equal, Tamhane’s T2 tests were applied for post hoc tests. If the 
normal distributions were not satisfied, Mann–Whitney U tests 
were applied for post hoc tests. P < 0.05 was considered 
statistically significant.

2.4.2. Factor analysis for biochemical indices
Factor analysis based on principal component analysis was 

applied to biochemical indices, which were significantly differences 
between groups by SPSS 26.0 statistical software. Bartlett’s test and 
KMO measure were used to measure the reasonableness of the test 
results. As a general rule, the factors with an eigenvalue greater than 
1.0 were retained based on Scree Plots. The correlation coefficients 
were analyzed by principal component analysis and subsequent 
rotation according to the standard varimax criterion. The 
correlation between parameters was attributed to their common 
dependence on independent entities called ‘factors.’ The coefficients 
that linked the parameters to factors were named “factor loading.” 
Then, the factor scores were calculated based on ‘factor loading,’ 
and Origin software was used to draw a 3D scatter plot of the factor 
scores of each group.

2.4.3. Statistical analysis for intestinal microbiome
Alpha diversity analysis was used to study the species richness, 

evenness, and sequencing depth in specific environments. Beta 
diversity analysis was used to study the species diversity among 
different environmental communities. The Metastats test was applied 
to detect features that were significantly different between assigned 
taxa. Linear discriminant analysis (LDA) and effect size (LEfSe) 
analysis were performed to identify the dimensional intestinal bacteria 
and characterize the microbial differences between different treatment 
groups. The LDA was used to quantify the effect size of each feature. 
A significance alpha value of less than 0.05 and an effect size threshold 
of 3.5 were used for this analysis.

1 www.biocloud.net

2.4.4. Correlation analysis for intestinal bacteria 
and biochemical indices

Correlation analysis between intestinal bacteria and biochemical 
indices was conducted by Spearman correlation on BMKCloud 
platform (see text footnote 1).

3. Results

3.1. Effects of FG, HP, and BI on body 
weight and organ index

As shown in (Figure  1), HFD-feeding for 6 weeks induced a 
significant growth in body weight compared with the NFD group. The 
effects of FG, HP, and BI on weight gain induced by HFD feeding were 
insignificant. The HFD-fed rats presented a significant decrease in the 
testicle index compared with the NFD-fed rats (p < 0.001), and FG 
supplementation significantly increased the testicle index (p < 0.05). 
HFD-feeding did not generate significant effects on the liver, spleen, 
and thymus index indices in rats. However, BI supplementation 
significantly decreased the liver index (p < 0.05).

3.2. Effects of FG, HP, and BI on serum 
biochemical parameters

As shown in (Figure 2), after the 6-week experiment, the serum 
levels of TC, TG, LDL-C in the HFD group significantly increased, 
and HDL-C, HDL-C/TC, cAMP, cAMP/cGMP, T significantly 
decreased compared with the NFD group (p < 0.05). Oral 
administration of FG, HP and BI significantly decreased the serum 
levels of TC, TG, and AST levels of HFD-fed rats (p < 0.05). In 
addition, FG, HP, and BI significantly increased HDL-C/TC and 
decreased AST/ALT values (p < 0.05), HP and BI significantly 
increased HDL-C level and cAMP/cGMP value (p < 0.05), and FG 
significantly decreased LDL-C level (p < 0.05), and BI significantly 
increased T level in hyperlipidemia rats (p < 0.05).

3.3. Effects of FG, HP and BI on fecal lipid 
and SCFAs levels

As shown in (Figure 3), the results showed that HFD induced 
significantly increased levels of TC and TBA in the feces of rats. 
Furthermore, the daily intervention of FG significantly increased the 
content of TBA in feces, and HP significantly increased both the 
contents of fecal TC and TBA compared with the HFD group, which 
indicated that the lipid excretion in feces was enhanced. However, BI 
had no significant effect on the excretion of cholesterol and bile acids 
in hyperlipidemic rats. Acetic acid, propionic acid, butyric acid, 
isobutyric acid, and isovaleric acid in cecal contents were detected and 
quantified through GC–MS. As shown in Table 2, compared with the 
NFD group, high-fat diet supplementation significantly decreased the 
levels of SCFAs. While HP significantly increased the levels of SCFAs. 
HFD feeding resulted in significantly decreased levels of acetic acid, 
propionic acid, butyric acid, and isovaleric acid in the rat cecum 
(p < 0.05). HP significantly increased butyric acid levels in the HFD 
rats (p < 0.05). It also clearly increased the levels of cecal isobutyric 
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acid and isovaleric acid (p < 0.05). BI significantly decreased the level 
of cecal propionic acid (p < 0.05). However, FG had no significant 
effect on the levels of SCFAs in the cecum of HFD rats.

3.4. Factor analysis using biochemical 
indices as variables

In this study, the levels of TC, TG, HDL-C, LDL-C, AST, cAMP 
and T in serum, and TC, TBA in feces were applied to factor analysis. 
The KMO measure of sampling adequacy was 0.614, which was 
higher than the acceptance criterion of 0.5. The eigenvalues of the 9 
factors were depicted in a scree plot in (Figure 4A). This criterion 
indicated that three factors should be extracted in the present study. 
The first, second, and third factors accounted for 34.734, 27.220, and 
14.710% of the total variability, respectively. These three primary 
factors could explain 76.664% of the total variability in the dataset. 
The results of the factor analysis are shown in Table 3. According to 
this criterion, factor 1 could be  labeled as “The seriousness of 
hyperlipidemia” because the selected biochemical variables, 
including serum TC, TG, HDL-C, and AST were related to the 
development of hyperlipidemia. Factor 2 was largely dependent on 
fecal TC and TBA, indicating the excretion of cholesterol. And factor 
3 was largely dependent on LDL-C and cAMP, indicating the 
transportation of cholesterol and mobilization of fat. These three 
statistically obtained factors were used as the axes to show the 
distribution pattern of different study groups in the plot, as depicted 
in (Figure  4B) (27). The spots of FG, HP, and BI clustered well, 
suggesting fewer differences within the group. On factor 1, HFD 
greatly promoted the development of hyperlipidemia, while FG, HP, 
and BI restored this effect, and the spots of HP and BI were closer to 
those of NFD than those of FG, indicating a better effect. On factor 
2, both FG and HP promoted the excretion of cholesterol. And on 

factor 3, FG, HP, and BI restored the effect on the transportation of 
cholesterol and fat mobilization by HFD.

3.5. Histopathological analysis of liver

The histological morphology of the liver section in each group is 
shown in (Figure 5). In the NFD group, the liver cells of mice were 
arranged in an orderly manner and had normal size, the morphology 
of the liver cells was clear, and the cell membrane was complete, with 
sinuses opening at the central vein. On the contrary, the HFD group 
showed a large number of lipid droplet vacuoles in the hepatocytes, 
with a large intercellular space and disordered arrangement. After 
treatment with FG and HP, the morphology of the liver cells was 
significantly improved, the amount of lipid droplet vacuoles in the 
liver tissues was significantly reduced, the intercellular space became 
narrower, and the structure of the liver cells tended to be normal. The 
morphology of the liver tissue treatment with HP showed a similar 
state as that of the NFD group. Furthermore, the treated with BI had 
no effect on the liver in HFD-rats.

3.6. Intestinal bacteria analysis

3.6.1. Effects of FG, HP and BI on intestinal 
bacteria

Shannon and Simpson indexes were used to evaluate the bacterial 
diversity of gut microbiota, Chao 1 and abundance coverage-based 
estimator (ACE) indexes were used to evaluate the bacterial richness 
of gut microbiota. The abundance Shannon, Simpson, ACE, and Chao 
1 indexes (Figure 6A) in the HFD were larger than those in the NFD 
groups (p < 0.05), indicating a higher microbial richness and diversity 
in the HFD group. However, compared with the three other groups, 

FIGURE 1

Effects of FG, HP, and BI treatment on body-weight and organ index on HFD-fed rats. The body weight, liver index, spleen index, thymus index, 
testicles index were shown, Values were expressed as mean ± SD in each group (n = 6). Significantly different from NFD group, ###p < 0.001. Significantly 
different from HFD group, *p < 0.05.
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the effect on the four indexes were not significantly different. 
Meanwhile, a Venn diagram (Figure  6B) was used to better 
characterize the shared richness among the five groups. Principal 
coordinate analysis (PCoA) based on the weighted UniFrac distance 
was used to visualize the differences in the structure of gut microbiota. 
It was found that NFD and HFD groups could be clearly distinguished 
on the basis of the results of PCoA (Figure 6B). Compared with the 
HFD group, significant separation was also observed after HP and BI 
treatment, suggesting that HP and BI intervention could change the 
structure of gut microbiota after HFD treatment.

As shown in (Figure 7A), at the phylum level, HFD significantly 
increased the population of Firmicutes and decreased Bacteroidetes. 
FG, HP, and BI treatment adjusted these imbalances, to be exact, 

decreased Firmicutes. And both HP and BI increased Bacteroidetes 
(Figure 7B). Furthermore, the ratio of Firmicutes and Bacteroidetes 
(F/B) was increased in HFD-fed rats compared with that of 
NFD-fed rats (3.854 vs. 29.176). The F/B ratio decreased to 7.239 
and 2.361 after HP and BI supplementation, respectively, while FG 
had no effect on adjusting the ratio of F/B (Figure  7B). This 
suggested that HP and BI restored the intestinal bacteria balance to 
an extent.

The abundance of intestinal bacteria at the genus level of the five 
groups (NFD, HFD, FG, HP, and BI) are shown in (Figure 7A). The 
relative abundances of the top-abundant genus were significantly 
changed by HFD, while FG, HP, and BI restored the abundance of 
these bacteria to a certain extent. The difference at the genus level 

FIGURE 2

Effects of FG, HP, and BI treatment on serum biochemical indicators in HFD-fed rats. The Serum TC, Serum TG, Serum HDL-C, Serum LDL-C, Serum 
ALT, Serum AST, HDL-C/TC, AST/ALT, Serum cAMP, Serum cGMP, cAMP/cGMP, and Serum T levels were shown. Values were expressed as mean ± SD in 
each group (n = 6). Significantly different from NFD group, #p < 0.05, ##p < 0.01, ###p < 0.001. Significantly different from HFD group, *p < 0.05, **p < 0.01, 
***p < 0.001.
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among the five groups (NFD, HFD, FG, HP, and BI) was analyzed by 
the Metastats test and shown in (Figure 7C). Fecal samples of the HFD 
group showed higher abundance of Lachnospiraceae_NK4A136_
group (p < 0.001), but lower amount of uncultured_bacterium_f_
Muribaculaceae (p < 0.001), as compared with the NFD group, which 
indicated intestinal microbial dysbiosis occurred in HFD-rats. And 
oral administration of HP and BI significantly increased the relative 
abundance of uncultured_bacterium_f_Muribaculaceae (p < 0.001). 
The level of was Lachnospiraceae_NK4A136_group significantly 
reduced by BI (p < 0.05).

The LEfSe analysis of the five groups (NFD, HFD, FG, HP, and BI) 
are shown in (Figure  7D). At the genus level, Lactobacillus, 
Ruminococcaceae_UCG_014, uncultured_bacterium_o_Mollicutes_
RF39, and Candidatus_Saccharimonas were enriched in the NFD 
group. Lachnospiraceae_NK4A136_group, Ruminiclostridium_5, 
Ruminococcaceae_NK4A214_group, and Roseburia were enriched in 
the HFD group. Akkermansia, [Eubacterium]_coprostanoligenes_
group, Blautia, Quinella, Ruminiclostridium_9, and uncultured_
bacterium_f_Peptococcaceae were enriched in the FG group. And 
uncultured_bacterium_f_Lachnospiraceae, Oscillibacter were 
enriched in the HP group, whereas uncultured_bacterium_f_
Muribaculaceae, Alloprevotella, and Prevotellaceae_Ga6A1_group 
were enriched in the BI group. The results of LEfSe analysis were 
consistent with linear discriminant analysis (LDA) as shown in 
(Figure 7E).

3.6.2. Correlation analysis between dyslipidemia 
related indices and intestinal microbiota

The correlation between biochemical parameters and rat intestinal 
microbiota at the genus level was studied based on Spearman’s analysis. 
As shown in (Figure  8), Lachnospiraceae_NK4A136_group was 
positively correlated with the levels of serum TC, LDL-C, fecal TC, TBA, 
and negatively correlated with the levels of serum HDL-C, cAMP, which 
significantly increased in the HFD group. In addition, the relative 
abundance of [Eubacterium]_coprostanoligenes_group, Desulfovibrio, 
Blautia, Ruminiclostridium_9, Oscillibacter, Intestinimonas, 
uncultured_bacterium_f_Ruminococcaceae, Akkermansia, uncultured_
bacterium_f_Lachnospiraceae, uncultured_bacterium_f_Peptococcaceae, 
[Eubacterium]_xylanophilum_group, Quinella, Ruminococcaceae_
UCG-005, and Christensenellaceae_R-7_group, showed positive 
correlation with fecal TC or TBA, while uncultured_bacterium_f_
Muribaculaceae, Lactobacillus, Ruminococcaceae_UCG_014, 
Candidatus_Saccharimonas, and uncultured_bacterium_o_Mollicutes_
RF39 showed negative correlation. Furthermore, Prevotellaceae_
Ga6A1_group, Alloprevotella, and uncultured_bacterium_f_
Muribaculaceae showed the negative correlation with serum TC or 
TG. Ruminococcus_1, uncultured_bacterium_f_Muribaculaceae, 
Alloprevotella, and Prevotellaceae_Ga6A1_group were positively 
correlated with serum HDL-C. Uncultured_bacterium_f_
Peptococcaceae, [Eubacterium]_coprostanoligenes_group, uncultured_
bacterium_f_Lachnospiraceae, Ruminiclostridium_9, Akkermansia, 

FIGURE 3

Effects of FG, HP and BI on the fecal lipid levels in HFD-fed rats. The Fecal TC and Fecal TBA levels were shown. Values are expressed as mean ± SD in 
each group (n = 6). Significantly different from NFD group, #p < 0.05, ###p < 0.001. Significantly different from HFD group, **p < 0.01.

TABLE 2 The levels each kind of SCFAs of NFD, HFD, FG, HP, and BI groups.

NFD HFD FG HP BI

Acetic acid 903.74 ± 129.52 576.66 ± 153.47## 498.77 ± 121.87 628.01 ± 95.68 505.18 ± 55.04

Propionic acid 34.60 ± 2.40 27.74 ± 3.66# 24.60 ± 3.92 30.67 ± 1.60 22.52 ± 4.83*

Isobutyric acid 94.34 ± 19.96 132.12 ± 52.91 170.62 ± 45.18 202.25 ± 58.91* 123.15 ± 41.26

Butyric acid 390.36 ± 63.88 251.91 ± 110.23# 287.09 ± 102.55 420.08 ± 120.19* 194.36 ± 83.01

Isovaleric acid 4.64 ± 1.91 9.79 ± 4.87# 11.99 ± 3.23 14.25 ± 3.85* 10.03 ± 2.37

Total SCFAs 1427.68 ± 134.52 998.21 ± 81.70### 993.07 ± 188.37 1295.87 ± 237.87** 855.25 ± 134.54

(μg/g, mean ± SD, n = 6). Significantly different from NFD group, #p < 0.05, ##p < 0.01, ###p < 0.001. Significantly different from HFD group, *p < 0.05, **p < 0.01.
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Ruminiclostridium_5, Ruminococcaceae_NK4A214_group, and 
Lachnospiraceae_NK4A136_group were negatively correlated with 
serum HDL-C. Oscillibacter, Quinella, Ruminiclostridium_5, 
Intestinimonas, Lachnospiraceae_NK4A136_group, and [Eubacterium]_
xylanophilum_group were positively correlated with serum LDL-C, 
while Ruminococcaceae_UCG-014 and uncultured_bacterium_o_
Mollicutes_RF39 were negatively correlated with it. As to liver injury 
index, Alloprevotella, uncultured_bacterium_f_Muribaculaceae were 
negatively correlated with AST, and Akkermansia was positively 
correlated with it. Ruminiclostridium_5, Quinella, Lachnospiraceae_
NK4A136_group, Intestinimonas, [Eubacterium]_coprostanoligenes_
group, [Eubacterium]_xylanophilum_group, and Ruminiclostridium_9 
were negatively correlated with cAMP, and Lactobacillus was positively 
correlated with it. Alloprevotella and uncultured_bacterium_f_
Muribaculaceae were positively correlated with T. Therefore, our results 
suggested that the genus was important in the regulation of lipid 
metabolism disorders.

4. Discussion

Hyperlipidemia is mainly manifested as increased serum TC, TG, 
LDL-C levels, decreased HDL-C levels, and usually accompanied by 
obesity, NAFLD, and other risks (28). The results of this study 
suggested that feeding FG, HP, and BI can treat HFD-induced 
hyperlipidemia by improving lipid metabolism, increasing beneficial 
intestinal bacteria, and modulating SCFAs levels, respectively. In this 
study, HFD resulted in rats with significantly increase in body weight, 
serum TC, TG, and LDL-C levels, and a significant decrease in HDL-C 
level. Although oral FG, HP and BI were no effect on the body weight 
of HFD rats, they significantly decreased the levels of TC and TG in 
the serum of the rats. Furthermore, FG significantly decreased the 
serum LDL-C level in rats. Notably, HP and BI significantly increased 
the serum HDL-C level. TC/HDL-C was used as an index to evaluate 
the risk of cardiovascular disease and atherosclerosis (29). FG, HP, and 
BI significantly restored HFD-induced HDL-C/TC changes indicating 
they could reduce the risk of cardiovascular disease.

Polysaccharides could affect the diffusion of cholesterol micelles 
due to changing the viscosity of the intestinal lumen, thereby reducing 
the bioavailability of cholesterol (18). The binding capacity between 
bile acids and polysaccharides has been ascribed to hydrophobic 
interactions, electrostatic interactions, hydrodynamic restriction, and 
entrapment of bile acids by polysaccharides (30). Polysaccharides 
inhibited the reabsorption of bile acids by the intestinal cells, reduced 
the enterohepatic circulation of bile acids, and promoted the 
conversion of cholesterol in the liver or blood into bile acids through 
binding with bile acids, thereby exerting the cholesterol-lowering 
effect (31, 32). Galactomannan sourced from fenugreek increased the 
viscosity of the small intestine and thus inhibited the absorption of 
cholesterol and bile salt (19, 33, 34). FG had higher substitution degree 
of galactose and linear structure, which endowed it with a stronger 
bile acid binding capacity (8, 35, 36). The formation of complexes of 
pectin and bile salts was related to its structure. The higher the degree 
of esterification, the more hydrophobic groups, and the stronger the 
binding ability to bile salts (37). But in the effect of cholesterol-
lowering, the apparent viscosity rather than the degree of esterification 
of pectin was the critical factor (18). HP played a cholesterol-lowering 
effect by inhibiting the absorption of cholesterol and lipid and 
promoting the excretion of bile acids (13). Beyond its function as a BA 

A B

FIGURE 4

Factor analysis of biochemical indexes. (A) Scree plot depicting the eigenvalues of the factors extracted by factor analysis using biochemical indices as 
variables. (B) Scatter plot of FG, HP, and BI on the effects of hyperlipidemia related factors based on factor analysis.

TABLE 3 Rotated component matrix of factor 1, factor 2, and factor 3.

Factor 1 Factor 2 Factor 3

Serum TC 0.871 0.005 0.011

Serum TG 0.858 −0.353 −0.139

HDLC −0.516 −0.578 0.402

LDLC 0.050 −0.094 −0.927

AST 0.922 −0.144 −0.026

Fecal TBA −0.154 0.908 −0.008

Fecal TC −0.171 0.842 −0.103

cAMP 0.040 −0.171 0.809

T −0.422 −0.207 0.502
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sequestrant, pectin played a role in promoting bile acid synthesis and 
reducing bile acid taken up through increasing hepatic Cyp7a1 
expression and decreasing ileal FXR activity (38). The results of this 
study were consisted of the above evidence, namely, the effects of lipid-
lowering by FG and HP were realized by promoting the excretion of 
cholesterol. Inulin-type fructans with lower molecular weight and 
viscosity might not have the ability to bind to bile acids (39–42). 
Although organic acids fermented in the intestinal from inulin-type 
fructans have been shown to lower the pH in the intestinal and 
decrease the solubility of bile acids to increase their excretion from the 
feces, (43) BI had no significant effect on the excretion of TC and TBA 
in feces in our study. The cholesterol-lowering effect of inulin was 
attributed to the effect of promoting the production of liver 
unconjugated bile acids, but it could neither increase hepatobiliary 
cholesterol excretion nor decrease intestinal cholesterol uptake (44). 
This explained that BI decreased the level of cholesterol in the serum 
but did not increase the excretion of cholesterol.

Hyperlipidemia was often accompanied by lipid accumulation in 
the liver, which was induced accumulation and enlargement of 
hepatocytes, fatty infiltration, liver damage, and dysfunction, leading 
to an elevated liver index (45). Most studies have shown that HFD led 
to increased liver index, such as AST and ALT in mice or rats (46, 47). 
The ratio of AST/ALT was an indicator to measure the risk of alcoholic 
liver disease and gestational diabetes mellitus (48, 49).

Early research suggested that hawthorn pectin 
pentaoligosaccharide (HPPS) reduced liver damage caused by 
hyperlipidemia by boosting the liver’s antioxidant system (50). 
Inulin also has antioxidant properties that prevent CCl4-induced 
liver damage (51). In this study, FG and HP significantly restored 
the increase in AST levels and attenuated vacuolar lesions of 
hepatocytes caused by HFD feeding indicating that they could 
improve liver injury caused by HFD. In addition, they significantly 
decreased the ratio of AST/ALT in hyperlipidemia rats. Short-term 
inulin feeding could induce liver cholestasis and mild damage in 
HCD-mice (44). This might explain the abnormal decrease in the 

liver index and the similar state of vacuolar lesions of hepatocytes 
in liver histopathological sections of BI group and those of the HFD 
group. It was also reported that short-term inulin feeding had no 
effect on the level of ALT (44), which was consistent with our data. 
Since our results also showed that BI decreased the ratio of AST/
ALT, which indicated a positive effect on liver injury, the effect of 
BI on HFD-induced liver injury needs to be confirmed by further 
studies. Although it was reported in the literature that the addition 
of 15% galactomannan in the daily diet aggravated liver damage 
caused by HCD-mice (52), the liver injury of FG was not found in 
our study, which might be due to the different administration dose 
and animal models (19). Therefore, the effects of FG on 
HFD-induced liver injury also needed further confirmation.

HFD led to pathological changes such as degeneration and 
atrophy of seminiferous tubules, and decreased spermatogenic cells in 
testicles (53, 54). Additionally, HCD decreased serum testosterone and 
estradiol levels in rats (55), and testosterone levels were negatively 
correlated with the risk of atherosclerosis (56). In this study, HFD 
feeding significantly decreased testicle index and testosterone levels in 
rats, which confirmed that HFD feeding had an effect on reproductive 
function in rats. FG significantly up-regulated the testis index in rats, 
and BI increased the level of testosterone in HFD rats. This suggested 
that FG and BI ameliorated HFD-induced reproductive damages.

In the process of fat mobilization, cAMP in adipocytes can 
activate lipolytic enzymes such as hormone-sensitive lipase (HSL) and 
adipocyte-specific triglyceride lipase (ATGL) by activating protein 
kinase A (PKA), and promote lipolysis (57). And cGMP enhanced 
brown/beige adipocyte-mediated thermogenesis as a targeted anti-
obesity drug (58). In conclusion, cAMP and cGMP played important 
roles in the process of fat utilization and breakdown. The ratio of 
cAMP/cGMP significantly decreased in diabetic rats (59, 60). In this 
study, the ratio of cAMP/cGMP in HFD-fed rats significantly 
decreased, while HP and BI could significantly increase the ratio of 
cAMP/cGMP in rats, which indicated that HP and BI could decrease 
the diabetes risk induced by HFD.

FIGURE 5

Histopathological analysis of liver tissue of rats in different groups at 200× magnification. The lipid droplet vacuoles in the hepatocytes has been 
marked by green arrows.
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Based on factor analysis, the differences in the effect of each group 
on hyperlipidemia were compared. In reducing blood lipid levels and 
improving hyperlipidemia (factor 1), HP and BI were stronger than 
FG. In regulating cholesterol excretion (factor 2), FG and HP played 
a significant role, and the effect of FG was stronger than that of HP. In 
addition, all three improved the impact on cholesterol transport and 
fat mobilization induced by HFD.

SCFAs were mainly produced by the fermentation of dietary fiber 
by intestinal microorganisms in the intestinal tract, composed of 
acetic acid, propionic acid and butyric acid, and they had the effect of 
regulating lipid metabolism (61). Acetic acid improved the absorption 
of glucose by skeletal muscle, reduced fasting and postprandial blood 
sugar, and played a role in the treatment of diabetes (62). In addition, 
acetic acid could also cross the blood–brain barrier to reduce appetite 
(63). Propionic acid not only inhibited hepatic lipid synthesis, and 

lowered cholesterol levels, but also mediated the release of intestinal 
hormones to improve insulin resistance (62, 64). Butyric acid was 70% 
of the energy source of intestinal epithelial cells, which affected the 
absorption and metabolism of intestinal cells and slowed down the 
transportation of intestinal fat (65, 66).

Early studies showed that HFD disrupted the balance of intestinal 
microbiota in rats, significantly decreasing the levels of total SCFAs 
and acetic acid in the intestinal (67). This was consistent with the 
results obtained in this study. In addition, HFD also resulted in 
decreased intestinal propionic acid and butyric acid levels in rats in 
this study. HP could significantly increase the level of total SCFAs in 
rats, restoring the total SCFAs concentration close to the normal value. 
Galacturonic acid, the skeleton component of HP, could be fermented 
to produce acetic acid and butyric acid by the intestinal microbiota 
(68). In addition, Ara in the side chain might promote the availability 
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FIGURE 6

Diversity analysis of intestinal microflora in rat. (A) Alpha diversity violin (ACE, Chao1, Shannon, Simpson indice). (B) Venn diagram (NFD vs. HFD vs. FG 
vs. HP vs. BI) and Unweighted UniFrac PCoA.
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of HP in the fermentation to restore the concentration of total SCFAs 
in the caecum of HFD rats (69). In this study, the acetic acid level was 
slightly lower, while the levels of other SCFAs were not changed 
significantly in the FG group compared to the HFD group. This might 
be due to the higher Mw of FG, which was hard to be utilized by the 
intestinal microbiota (14, 70). Although BI was fermented by the 
intestinal microbiota to produce SCFAs such as propionic acid and 
butyric acid, the levels of most SCFAs in the BI group tended to 
decrease in this study, which was consistent with the results of 
Kiewiet’s study (16, 71). This result was attributed to the role of 
colonocytes in the absorption of SCFAs. However, in this study, caecal 
contents were used to measure the levels of SCFAs, and this possibility 

was ruled out. So the results might be due to the lower doses of BI 
applied in this study (16), and thus changes in SCFAs could not 
be detected.

Studies have shown that lipid metabolism disorders led to 
dysbiosis of the intestinal microbiota, and maintaining a stable 
intestinal microbial ecological environment regulated cholesterol 
metabolism in the liver, promoted lipid oxidation in muscle and 
energy storage in adipose tissue, and maintained the integrity of the 
intestinal barrier (72). At the phylum level, Firmicutes and 
Bacteroidetes are the dominant phylum of the intestinal microbiota. 
Firmicutes, the most abundance of gut microbiota, are responsible 
for energy resorption and obesity (73). Bacteroidetes primarily 
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FIGURE 7

Effect of FG, HP and BI on the microbiota composition in HFD-fed rats. (A) Composition of intestinal microbiota at the phylum and genus level. (B) The 
abundance of Firmicutes, Bacteroidetes and the ratio of Firmicutes and Bacteroidetes in each group. (C) The abundance of Lachnospiraceae_ 
NK4A136_group, uncultured_bacterium_f_Muribaculaceae in each group. (D) LEfSe comparison of intestinal microbiota among five experimental 
groups. (E) Linear discriminant analysis (LDA) of five experimental groups. Significantly different from NFD group, #p < 0.05, ###p < 0.001. Significantly 
different from HFD group, *p < 0.05, **p < 0.01, ***p < 0.001.
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reside in the distal intestinal tract and contain a variety of 
polysaccharides and glycosidases and participate in the fermentation 
of indigestible polysaccharides, such as dietary fibers such as 
cellulose, hemicellulose, and β-glucan to produce SCFAs. They are 
the main carbohydrate-degrading bacteria in the gut (74). For 
example, Bacteroidetes was generally equipped with several enzymes 
able to degrade pectin, which could made good use of pectin 
components (75). During the degradation and utilization of 
polysaccharide fractions by the intestinal microbiota, the lower-
molecular-weight polysaccharides were easier to be fermented (76). 
The fermentation rate of galactomannan by intestinal microflora was 
far lower than that of pectin, which might lead to the excretion of 
galactomannan in animal models with feces before being utilized by 
intestinal microflora (18). In contrast, FG with high molecular 
weight structure was more difficult to be fermented by Bacteroidetes, 
resulting in no significant change in the abundance of Bacteroidetes 

in the FG group. The ratio of Firmicutes to Bacteroidetes (F/B) 
increased in obesity, fatty liver, diabetes, hyperlipidemia, and other 
diseases (77–80). Consistent with most studies, HFD increased the 
F/B value in this study. HP and BI significantly decreased the F/B 
value indicating that HP and BI restored the balance of intestinal 
microbiota at the phylum level.

Lachnospiraceae_NK4A136_group, a distinguishing feature of 
gut dysbiosis, had higher levels in rats or mice with diseases such as 
type 2 diabetes, colitis, and NAFLD (81–84). Thus to decrease the 
relative abundance of Lachnospiraceae_NK4A136_group might 
be the key to slowing the development of these diseases (81). The 
level of Lachnospiracea_NK4A136_group, which was strongly 
related to hyperlipidemia indicators, improved high-fat diet-induced 
glucose and lipid metabolic disorders (85). However, other studies 
have shown that Lachnospiraceae_NK4A136_group as a kind of 
butyrate-producing bacteria, could maintain the integrity of the 

FIGURE 8

Correlation analysis between biochemical indiex and intestinal microbiota based on the Spearman’s analysis. sTC and sTG standed for serum TC and 
serum TG, respectively. fTC and fTBA standed for fecal TC and fecal TBA, respectively.
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intestinal barrier, inhibit inflammation, and prevent obesity (86). 
Therefore, the role of the Lachnospiraceae_NK4A136_group in 
lipid-lowering was still controversial. According to the results of this 
study, Lachnospiraceae_NK4A136_group was positively correlated 
with the serum levels of TC and LDL-C and fecal levels of TC and 
TBA, negatively correlated with the level of serum HDL-C and 
cAMP, indicating that Lachnospiraceae_NK4A136_group as a 
harmful genus played a role in a disturbance the transportation of 
cholesterol in HFD-rats. BI significantly restored HFD-induced 
increase levels of them and improved cholesterol transportation. The 
uncultured_bacterium_f_Muribaculaceae was negatively correlated 
with blood lipid levels and associated with carbohydrate degradation, 
glycogen synthesis, and cellulose metabolism (87, 88). The 
correlation analysis in this study showed uncultured_bacterium_f_
Muribaculaceae was positively correlated with levels of HDL-C, 
indicating it might relate to cholesterol transport. Furthermore, 
although uncultured_bacterium_f_Muribaculaceae showed the 
negative correlation with the levels of fecal TC and TBA, it was not 
the main genus for regulating the excretion of cholesterol. HP and 
BI significantly restored the decrease of the uncultured_
bacterium_f_Muribaculaceae level.

Akkermansia is a member of the Verrucomicrobia phylum that is 
conducive to blood glucose stability. It can degrade mucin and reverse 
increases in fat mass caused by HFD, intra-metabolic toxemia, and 
insulin resistance, but it also can improve obesity through lipolysis, 
participation in the synthesis of secondary bile acids, and promotion 
bile acid metabolism (89–93). As a widely accepted beneficial genus, 
Blautia, Ruminiclostridium_9 were associated with anti-obesity effects 
(94, 95). In addition, [Eubacterium]_coprostanoligenes_group 
improves dyslipidemia induced by HFD through sphingosine 
supplementation (96). In addition, [Eubacterium]_coprostanoligenes_
group regulated host lipid homeostasis partly by converting cholesterol 
to coprostanol to improve its excretion (96, 97). In the early study, 
fenugreek played a role in treating hyperlipidemia and improving 
insulin resistance by increasing the level of Akkermansia. In addition, 
the galactomannan from fenugreek also could promoted the growth 
of some beneficial microbes (98, 99). In this study Akkermansia, 
Blautia, Ruminiclostridium_9, and Quinella, etc. were enriched in the 
FG group. The results of the correlation analysis showed that the 
abundance of Akkermansia, Blautia, Ruminiclostridium_9, Quinella, 
[Eubacterium]_coprostanoligenes_group, and uncultured_
bacterium_f_Peptococcaceae were positively correlated with the levels 
of fecal TC, TBA. This suggested that the effect of the promotion 
excretion of cholesterol in HFD-rats by FG was related to its effect on 
increasing beneficial genus in the intestinal.

Early studies have shown that lemon pectin could increase the 
level of Lachnospiraceae family in the human gut, but pectin with 
different esterification degrees and molecular weight had different 
effects on the intestinal flora (100). Uncultured_bacterium_f_
Lachnospiraceae exhibited potential reduces the activity of fat deposits 
and metabolic disorders. Oscillibacter can ferment complex plant 
carbohydrates, and an increase in the abundance of Oscillospiraceae 
was significantly associated with the production of butyric acid (101). 
The above two genus were enriched in the HP group. The results of the 
correlation analysis showed that both of uncultured_bacterium_f_
Lachnospiraceae and Oscillospiraceae were positively correlated with 
the levels of fecal TC, TBA.

In addition, Alloprevotella and Prevotellaceae_Ga6A1_group are 
SCFA-producing bacteria. Alloprevotella is a genus that ferments 
carbohydrates, which are negatively correlated with various diseases, 
such as obesity, diabetes, and cardiovascular diseases (102). In this 
study, uncultured_bacterium_f_Muribaculaceae, Alloprevotella, and 
Prevotellaceae_Ga6A1_group, which enriched in the BI group were 
negatively correlated with the levels of serum TC, TG, AST, and 
positively correlated with the levels of serum HDL-C. In addition, 
Prevotellaceae_NK3B31_group, uncultured_bacterium_f_
Prevotellaceae, which are from Prevotellaceae also enriched in the BI 
group. The higher abundance of Prevotellaceae not only protects 
intestinal epithelial cells against oxidative stress, thereby, alleviating 
inflammatory symptoms in patients with inflammatory bowel 
diseases, but also beneficial for preventing obesity (103, 104). 
Consistent with this study, Jerusalem artichoke inulin also enriched 
several genera of the Prevotelaceae family, and improved lipid 
metabolism in type 2 diabetes mice (105). This suggested that 
Prevotellaceae might be the key family for BI to exert its effect on 
lipid-lowering.

The results showed that FG, HP and BI had good lipid-lowering 
activity. Among them, FG and HP with relatively high molecular 
weight played the lipid-lowering roles by increasing the excretion of 
cholesterol and bile acid. In the role of regulating the intestinal 
microenvironment, HP could be fermented and utilized by intestinal 
flora to produce SCFAs. HP and BI could also restore intestinal flora 
disorder caused by HFD. Although FG with large molecular weight 
was difficult to be  used by most intestinal flora, it might still 
be specifically used by the several kinds of intestinal bacteria. In this 
study, FG enriched some beneficial bacteria. This study analyzed the 
differences in some mechanisms of FG, HP, and BI in the treatment of 
hyperlipidemia, but did not include all lipid-lowering pathways. 
Therefore, the effect of different polysaccharides in the treatment of 
hyperlipidemia needs further study.
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