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Microbiota and Lipid Metabolism in
Hyperlipidemic C57BL/6 Mice

Zhenya Zhai?", Jianping Liu'?, Kai-Min Niu?, Chong Lin", Yue Tu’, Yichun Liu’,
Lichuang Cai’, Huiping Liu®* and Kexian Ouyang™”

" Jiangxi Functional Feed Additive Engineering Laboratory, Institute of Biological Resource, Jiangxi Academy of Sciences,
Nanchang, China, 2 Key Laboratory of Agro-Ecological Processes in Subtropical Region, Institute of Subtropical Agriculture,
Chinese Academy of Sciences, National Engineering Laboratory for Pollution Control and Waste Ultilization in Livestock and
Poultry Production, Changsha, China, 3 Era Biotechnology (Shenzhen) Co., Ltd., Shenzhen, China

The aim of the study was to investigate the regulatory effects of policosanol on
hyperlipidemia, gut microbiota and metabolic status in a C57BL/6 mouse model. A
total of 35 C57BL/6 mice were assigned to 3 groups, chow (n=12), high fat diet (HFD,
n=12) and HFD+policosanol (n=11), then treated for 18 weeks. Policosanol
supplementation significantly reduced serum triglycerides and total cholesterol, as well
as the weight of brown adipose tissue (BAT) (p<0.05), without affecting body weight in
HFD-fed mice (p>0.05). Combined 16S rBNA gene sequencing and untargeted
metabolomic analysis demonstrated that policosanol had regulatory effects on gut
microbiota and serum metabolism in mice. In obese mice, policosanol increased the
proportion of Bacteroides, decreased the proportion of Firmicutes, and increased the ratio
of Bacteroides to Firmicutes (p<0.05). Policosanol promoted lipolysis and thermogenesis
process, including tricarboxylic acid (TCA) cycle and pyruvate cycle, correlated with the
increasing level of Bacteroides, Parasutterella, and decreasing level of Lactobacillus and
Candidatus_Saccharimonas. Moreover, policosanol decreased fatty acid synthase (FAS)
in the IWAT of obese mice. Policosanol also increased peroxisome proliferators-activated
receptor-y (PPARY), uncoupling Protein-1 (UCP-1), peroxisome proliferator-activated
receptor gamma coactivator-1a (PGC-1a) and PR domain containing 16 (PRDM16) in
brown adipose tissue (BAT) obese mice (p<0.05). This study presents the new insight that
policosanol may inhibit the synthesis of fatty acids, and promote lipolysis, thermogenesis
related gene expression and regulate gut microbiota constituents, which provides
potential for policosanol as an antihyperlipidemia functional food additive and provide
new evidence for whole grain food to replace refined food.
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INTRODUCTION

With the gradual improvement of living standards of people in
most countries, obesity induced by high-fat, high-sugar and
refined diets is becoming a global problem (1). According to
the World Health Organization, the number of obese people in
the world nearly doubled between 1998 and 2008, with 9 million
obese adolescents in the world (2). According to the data of the
China Centers for Disease Control and Prevention, during 2013-
2014, approximately 14% of Chinese people were also suffering
from obesity (3). Hyperlipidemia, which mainly reflects the high
cholesterol, high triglyceride content and lipid metabolism
disorder in blood, is a major complication of obesity (4, 5).
Long-term hyperlipidemia can induce nonalcoholic fatty liver
and other diseases, which are harmful to human health.

The microbiome was found regulated by diets and has
essential roles on impacting obesity by influencing the caloric
absorption and energy expenditure (6). In germ-free mouse
model, the bacteria transplantation dramatically increased the
body weight and decreased the feed intake (7). However, a higher
proportion of Firmicutes relative to Bacteroidetes was found in
obese people and when obese people accepted a low-calorie diet
and lose weight, this phenomenon was reversed (8, 9).
Microbiome-metabolic axis plays important role in obesity
(10). The metabolites of intestinal microbiota, such as bile
acids, butyric acid, monosaccharide and vitamins, have been
found to promote or ameliorate obesity (11, 12). For example,
butyrate, a short-chain fatty acid produced by microbial
degradation of carbohydrates, was found to upregulate
downstream genes such as UCP1, PGC-1o. and PRDM16
related to lipolysis and thermogenesis (13, 14). Secondary bile
acids, metabolites of gut microbiota from primary bile acids,
have been found to enhance the expression of downstream
lipolysis and thermogenesis genes by activating bile acid
receptors. There is growing consensus that the lipid
metabolism and energy expenditure of the host can be
regulated and improved by interfering the structure of
intestinal microbiota.

Policosanol is a kind of long-chain fatty acid alcohols (LFAs)
including octacosanol (C,3Hs;OH, the most abundant
component), tetracosanol (C,,;H49OH), triacontanol
(C30Hg1OH) and tetratriacontanol (Cs;4HgOH), that has been
considered a functional food with hypolipidemic, antiobesity,
antihypercholesterolemia, and antihypolipidemic activity and
has been used as a potential adjuvant drug for type 2 diabetes
mellitus in the past two decades (15). Policosanol exists widely in
rice bran, beeswax and other natural products (15). However,
compared with whole grain foods, policosanol in refined grains
or related foods is almost completely lost (16). Policosanol has
been proven to be absorbed easily, and metabolized by animals
and to exert activity on blood lipids. In a mouse model,
octacosanol can be absorbed after oral administration, the
plasma peak was reached in 30-60 min and existed in the body
for more than 3 hours. is mainly concentrated in the liver,
adipose tissue and digestive tract (17). Furthermore,
octacosanol, the main component of policosanol, has been
reported to reduce blood cholesterol levels, insulin resistance,

and low-density lipoprotein cholesterol (LDL-C) levels after oral
administration in humans (18). Similarly, in children with
hypercholesterolemia, oral administration of policosanol can
significantly reduce the levels of TC, LDL and apolipoprotein B
(19). Furthermore, in a rat model and in Hep G2 cell models,
octacosanol has been found to inhibit cholesterol synthesis (20).
These studies provide clues that policosanol can regulate blood
lipid and cholesterol levels and is targeted mainly to the liver and
fat tissues, however, whether policosanol has a regulating effect
on gut microbiota and serum metabolism is still no clear.

To clarify this situation, we attempted to investigate the
regulatory effects of policosanol on hyperlipidemia, gut
microbiota and serum metabolic status in mice by integrated
microbiome-metabolomic methods, coupled with serum
biochemical and gene expression analyses in the present study.

MATERIALS AND METHODS

Ethics Statement

All the experimental design, procedures and experimental
operations in the present study were approved and in
accordance with the guidelines of the Committee of the
Institute of Subtropical Agriculture at the Chinese Academy of
Science (No. ISA-2020-18).

Preparation of Policosanol

Policosanol was prepared by a distillation method. Briefly, we
constructed a vacuum high-temperature distillation column. The
saponified crude alcohol used as raw material was added into the
material tank, high-temperature distillation was carried out in the
distillation column, and policosanol with different purities was
collected in different collectors. The Analyzing and Testing Center
of Guangzhou Institute of Chemistry, Chinese Academy of
Sciences, was entrusted to test the components of policosanol
(report number: YS160503-03). The policosanol used in this study
was composed of docosanol (C,,Hys0H, 2.48%), tetradecanol
(C,4H4oOH, 4.19%), hexacosanol (C,sHs30H, 4.33%),
octacosanol (C,sHs,OH, 64.16%) and triacontanol (Cs;oHgOH,
15.51%). Because policosanol is a waxy solid, it is necessary to use
a vehicle to improve its mixing uniformity in the diet. The vehicle
includes mainly cyclodextrin, isomaltooligosaccharide and Arabic
gum. The ratio of vehicle and policosanol was 1:9 (weight: weight).

Animals

A total of 35 male C57BL/6 specific pathogen-free mice (3-4 weeks
of age) were purchased from STJ Laboratory Animal Co., Ltd.
(Hunan, China). All mice were housed in cages and raised under
the same controlled conditions (temperature 25 + 2°C, light/dark
12 h:12 h, humidity of 60 + 10%). After 1 week of adaptation, the
mice were randomly assigned to 4 groups with equally adjusted
initial body weights as follows: the chow group was fed a chow diet
containing vehicle (17.81 + 0.16 kJ/g, n=12), the HFD group was
fed an high-fat diet containing vehicle (24.02 £ 0.09 kJ/g, n=12),
and (4) the HFD+policosanol group was fed HFD containing 0.5%
policosanol (23.97 + 0.06 kJ/g, n=11). All the diets were
customized by Jiangsu Xietong Pharmaceutical Bio-Engineering
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Co., Ltd. The normal and HFD formulas are shown in Supporting
Information Tables S1, S2. All the mice were raised with free
access to feed and water and body weight and food intake of the
mice were measured once a week for 18 weeks.

Sample Preparation

At the end of this experiment, all the mice were fasted for 6 h,
and anesthesia was induced by intraperitoneal injection of 2%
pentobarbital sodium intraperitoneally injection (45 mg/kg body
weight). Then, blood samples were collected after enucleation of
the eyeball. Then, the inguinal white adipose tissue (iWAT),
epididymal white adipose tissue (eWAT) and brown adipose
tissue were separately collected and weighed, as described in our
previous study (12, 21). iWAT was completely separated from
the subcutaneous of the abdomen. Further open the abdominal
cavity and completely separate eWAT from around the
epididymis. Finally, the skin of the scapula was cut to
completely separate the brown fat. The iWAT samples were
placed into 4% paraformaldehyde and embedded in paraffin and
then subjected to hematoxylin and eosin (H&E) staining.
Adipocyte size was measured using VistarImage (Olympus,
Japan) following the instructions. The blood, adipose tissue
and cecal content samples for metabolomics analysis, qQPCR or
16s rRNA were collected with centrifuges (germ-, RNase- and
DNase- free) tube, frozen in liquid nitrogen and stored at - 80 °C.

Lipid Parameters in Serum

The triglyceride (TG), total cholesterol (TC), high -density
lipoprotein cholesterol (HDL-C) and LDL-C in serum were
determined according to the instructions of the commercial kits
(Nanjing Jiancheng, Bioengineering Institute, Nanjing, China).

16S rRNA Gene Sequencing

Detailed sequencing methods were described in our previous
research (22) and performed in a commercial company
(Novogene, Beijing, China). Briefly, total DNA was extracted
from the cecum contents by using Qiangen QIAamp DNA Stool
Mini Kit according to the protocol. Then the V3-V4 region of the
bacterial 16S ribosomal RNA gene amplified by PCR, the
following primers (5-3’) 180 were used: 341F CCTAYGG
GRBGCASCAG and 806R 181 GGACTACNNGGGTATC
TAAT. After the PCR, and the amplicons were electrophoresed
and extracted. The gene library was constructed by using the Ion
Plus Fragment Library Kit 48 rxns 188 (Thermo Scientific,
Waltham, MA, USA). Then the sequencing of genes was
performed on the Ton $5'"XL platform to obtain the raw data.
The raw data were treated and measured to clean data. The clean
data were clustered with 97% identity to identify the operational
taxonomy units (OTUs).

Linear discriminant analysis (LDA) effect size (LEfSe) was
used to elucidate the differences in bacterial taxa, which were
described in our previously study (22). An LDA score >3 was
considered to be an important contributor to the model.
Spearman analysis was used to measure the correlation
between gut microbiota and adipose tissue weight or serum
metabolites using R software.

Untargeted Metabolomics in Serum
Untargeted metabolomics was conducted using a commercial
service from Biotree (Shanghai, China). Briefly, a 50 UL serum
sample was mixed with 200 pL extracting solution (50%
methanol: 50% acetonitrile) and internal standards [L-leucine-
5,5,5-d3 (CAS:87828-86-2), trimethylamine-d9-N-oxidein (CAS:
1161070-49-0)] in a 1.5 mL centrifuge tube. The mixture was
sonicated in an ice-water bath for 10 min and placed at -40°C for
1 h. Then, the samples were centrifuged at 4°C and 12000 rpm
for 5 min, and the supernatant was subjected to liquid
chromatography-mass spectrometry (LC-MS).

The LC was performed using a Vanquish ultra-performance
liquid chromatography instrument (Thermo Fisher Scientific,
MA, US) with a Waters ACQUITY UPLC BEH Amide (2.1 mm
x 100 mm, 1.7 um) chromatographic column to separate the
metabolites. A phase (ultrapure water containing 25 mmol/L
ammonium acetate and 25 mmoL/L ammonia) and B phase
(acetonitrile) were used for elution. The elution gradient is
shown in Supporting Information (Table S2). The column
temperature was 30°C, and the injection volume was 3 L.

A QE HFX mass spectrometer was used to obtain MS/MS
spectra in information-dependent acquisition (IDA) mode under
the control of the acquisition software (Xcalibur, Thermo Fisher
Scientific). In this mode, the acquisition software continuously
evaluates the full scan MS spectrum. The ESI source conditions
were set as follows: sheath gas flow rate of 50 Arb, Aux gas flow
rate of 10 Arb, capillary temperature of 320°C, full MS resolution
of 60000, MS/MS resolution of 7500, collision energy of 10/30/60
in NCE mode, and spray voltage of 3.5 kV (positive) or -3.2
kV (negative).

The raw data were converted to an mzXML format, and R
software was used for peak detection, extraction alignment and
integration. The metabolites were annotated using an in-house
database. The peaks were normalized using internal standard.

Bioinformatic Analysis

To analyze the differences in gut microbiota and serum
metabolites in different groups, principal component analysis
(PCA), and orthogonal partial least squares discriminant analysis
(OPLS-DA) were performed and the over fitting of the model is
verified by cross-validation (permutation test) using SIMCA-P
(16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden)
(23). Then, univariate statistical analysis was used to screen
metabolic markers with significant differences in accordance
with our previous study (24, 25). Briefly, based on OPLS-DA,
the variable importance in the projection (VIP)>1, the relative
abundance fold change of the metabolites of <0.5 or >2, and a p-
value <0.05 were defined as differences. Furthermore, the
significantly changed metabolite pathways were analyzed using
the KEGG database (Kyoto Encyclopedia of Genes
and Genomes).

RNA Extraction and Quantitative Real-
Time Polymerase Chain Reaction

The iWAT and BAT were homogenized and total mRNA was
extracted using column RNA extraction kits (Magen,
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Guangzhou, China, R4121). The total RNA concentration was
determined using a NanoDrop 2000C spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and the
mRNA was reverse transcribed to cDNA using ¢cDNA
synthesis kits (CWBIO, Jiangsu, China, CW2582M).
Information on the primers is shown in Supporting
Information (Table S6) and synthesized (Sangon Biotech,
Shanghai, China). qPCR was performed in an Applied
Biosystems by Life Technologies QuantStudio 7 (Thermo
Fisher Scientific). The relative abundance of the genes was
normalized to GAPDH using the 2-AACT method and the
relative expression level were shown as fold changes relative to
chow group.

Statistical Analysis

Data are expressed as the mean + SEM. One-way ANOVA and
least significance difference (LSD) method as a suitable post-hoc
test was used to determine the differences among the groups by
using SPSS 20.0 (IBM, SPSS, USA) and a p-value of <0.05 was
considered statistically significant. GraphPad Prism 7 (GraphPad
Software Inc., San Diego, CA, USA) was used to generate
statistical plots.

RESULTS

Effects of Policosanol on Hyperlipidemia in
HFD-Fed Mice

C57BL/6 male mice aged 3-4 weeks were fed 0.5% policosanol in
a chow diet or HFD for 18 weeks. The data showed that the body
weight of HFD-fed was mice significantly higher than the body
weight of chow-fed mice (p<0.05). However, policosanol
treatment did not significantly affect changes in body weight,
or total energy intake in HFD-fed mice (p>0.05) (Figures 1A, B).
In serum, the TG and TC contents were both significantly
reduced in the HFD-fed mice (p<0.05, Figures 1C, D), while
decreased LDL-C content and increased HDL-C content were
observed in HFD-fed mice (p<0.05, Figures 1E, F) after
policosanol treatment.

Effects of Policosanol on Body Fat in
HFD-Fed Mice

The accumulation of adipose tissue in mice was evaluated.
Policosanol treatment showed no effect on eWAT weight
(p>0.05, Figure 2A), tended to reduce the weight of iWAT
(p=0.056, Figure 2B), and significantly decreased the BAT
weight (p<0.05) in the HFD-fed mice (Figure 2C). H&E
staining-based histological results for both groups showed that
policosanol reduced the iWAT adipocyte size (p<0.05,
Figures 2D, E).

Effect of Policosanol on Gut Bacterial
Communities in Mice

Thel6S rRNA gene sequencing data are shown in Figure 3. The
rarefaction and observed OTU results showed that the selective
sequences in clean data were sufficient to determine most of the

bacterial species (Supporting Information Figures S1 A, B).
The petal diagram showed that there were 544 core OUT's found
in all the groups, while 57, 74 and 38 OTUs were detected in
chow, HFD and HFD+policosanol groups (Figures 3A and
S1C). Policosanol increased Bacteroides, decreased the
Firmicutes relative abundance, and increased the B/F ratio in
obese mice (p<0.05, Figures 3B, C). To better understand the
effect of policosanol on microbiota constituents, LEfse was
conducted (Figure 3D). The data showed that Bacteroidales
and Muribaculaceae belonging to Bacteroidota phylum were
the feature taxa in the chow fed mice. In HFD group,
Lactobacillaceae, Actinobacteria and Erysipelotrichales were the
feature taxa. In HFD+policosanol group, Akkermansiaceae
belonging to Verucomicrobiales, Bacteroidaceae and
Desulfovibrionia were the feature taxa. Based on this, a
spearman correlation analysis was conducted between
microbiota composition and adipose tissue weight. The data
showed that Lactobacillus, Dubosiella, Candidatus:
Sarccharinonasm and Lachnospiaceae_UGG.006 showed
positive correlation with iWAT and BAT weight (R*>0.4),
while Alloprevotella, Parasutterella, Oscillibacter and
Faecalibacterium showed negative correlation (R*<-0.4).
Furthermore, compared to HFD group, policosanol was found
had lowering-effect on the relative abundance of Lactobacillus
and Candidatus:Sarccharinonasm compared to HFD group
(Figures 3F, G, p<0.05), while up-regulating effect on the
relative abundance of Bacteroides and Parasutterella (p<0.05,
Figures 31, J). It is also found that, compared to HFD group,
policosanol treatment tend to increase the relative abundance of
Allpprevotella and Akkmermansia (0.05<P<0.1, Figures 3], K).

Effects of Policosanol on Serum
Metabolites in HFD-Fed Mice Uncovered
by Untargeted Metabolomics

Untargeted metabolomics with both positive and negative
models was subsequently conducted to investigate the effects of
policosanol on influencing serum metabolite changes related to
lipid and energy metabolism. The PCA and OPLS-DA results
showed discriminately distinguished serum metabolites in HFD-
fed mice (Figures 4A, B). The permutation test showed that all
OPLS-DA models were reliable without overfitting (Figure 4C).
The volcano plot (Figure 4D) presented significantly changed
serum metabolites after treatment with policosanol. In HFD-fed
mice, we found that 483 metabolites were decreased and 359
metabolites were increased after policosanol treatment.

Effects of Policosanol on Changing the
Metabolic Pathways in HFD-Fed Mice

Based on the PCA, the relative abundance of metabolites between
HFD and HFD + policosanol mice were shown to be remarkably
different. Thus, relevant metabolic pathways were further
analyzed (Figure 5). In HFD-fed mice, policosanol was found
to regulate mainly the TCA cycle, butanoate metabolism, alanine,
aspartate and glutamate metabolism, pyruvate metabolism,
pantothenate and CoA biosynthesis and glycerophospholipid
metabolism pathways under the negative scan model, while the
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FIGURE 1 | Policosanol did not affect body weight, but showed the lipid lowering effect in the serum of mice. (A) Policosanol had no effect on the body weight of
obese mice for 18 weeks. (B) The total energy intake (per mice) of chow diet or HFD fed mice after 18 weeks. (C-F) Policosanol reduced serum TG, TC, LDL-C,
HDL-C in HFD induce obese mice for 18 weeks. Chow: The mice fed with chow diet (n=12), HFD: the mice fed with high fat diet (n=12), HFD+policosanol: The mice
fed with high fat diet containing 0.5% policosanol (n=11). TG, Total glyceride; TC, total cholesterol; LDL-C, low density lipoprotein cholesterol; HDLC, high density
lipoprotein cholesterol. Data were expressed as mean + SEM. Differences of data in mice subjects were assessed by one-way ANOVA. For all pictures, columns
indicated with different letters (a- ¢) have significant difference, p < 0.05. ns, not significant.

regulation related to glycerophospholipid metabolism, arginine and
proline metabolism, and cysteine and methionine metabolism-
related pathways was determined under the positive the scan
model. Small molecule metabolites in mouse cecal contents were
also detected. The data showed that policosanol treatment mainly
affect the linoleic acid metabolism, biosynthesis of unsaturated fatty
acids, propanoate metabolism and amino acid metabolism

(Supplementary Figure S2).

Effects of Policosanol on the Regulation of
Representative Metabolites in Chow- and
HFD-Fed Mice
Further, we combined OPLS-DA, t-test and serum content to
screen key small molecule metabolites that may be regulated by
policosanol. A total of 30 metabolites were primarily identified
(Figure 6) and all the significantly changed metabolites found in
this study were shown in Supporting Information Tables S5.
In HFD-fed mice, metabolites involved in nucleotides, amino
acids, fatty acids, and their intermediates that are associated with

mitochondrial oxidation, such as 3—methyl-2—oxovaleric acid,
citraconic acid, trans—aconitic acid, and pyruvic acid, were
significantly enriched with policosanol treatment compared to
the control. Conversely, glycerophospholipid metabolism-related
metabolites such as 2,3-dihydroxybutanedioic acid, pantothenic
acid, L—carnitine, choline, phosphorylcholine, and trimethylamine
oxide (TMAO), were significantly downregulated. The data
showed that, policosanol significantly decreased the content of
lipids and lipid-like molecules (e.g., 12-HEPE and 12-HETE, the
derivates of eicosapentaenoic acid) and increased the content of
linoleic acid and ricinoleic acid (p<0.05, Supporting Information
Figure S3 and Supplementary Table S6) in the cecal content
of mice.

Correlation of Key Microbiota
Communities and Differential

Serum Metabolites

To better reveal how altered microbiota regulate host metabolic
processes in mice, correlation analysis of microbiome-
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metabolomic studies were conducted in obese mice (Figure 7).
In HFD induced obese mice, Allobactulum is the feature taxa in
HFD + policosanol, was positively correlated with the
metabolites involved in energy metabolism, such as succinic
acid, trans-aconitic acid and citraconic acid. Bacteroides were
positively correlated with pyruvic acid and uridine (R*>0.4,
p<0.05) but negatively correlated with trigonelline,
phoshorycholine, pantothenic acid, L-cartnitine (R*<-0.4,
p<0.05). In contrast, Candidatus_Sacchanimonas and
Turicibacter, the feature communities in the HFD group, were
negatively correlated with uridine, trans-aconitic acid, succinic
acid, citraconic acid (R*<-0.4, p<0.05), while positively correlated
with choline, pantothenic acid and 2,3-dihydroxybutanedioic
acid (R*>0.4, p<0.05). Inductive information on the sources of
all small molecule metabolites is presented in Supporting
Information Table S7.

Effects of Policosanol on the Regulation of
Lipid Metabolism-Related mRNA
Expression in Adipose Tissue

In iWAT, policosanol treatment decreased the gene expression of
FAS, TNF-o and IL-6, while increased PPARy, PGC-1o. and
UCP-1 in HFD-fed mice (p<0.05, Figures 8A-I). Similarly, in
BAT, policosanol showed no significant effect on FAS, ATGL,
HSL, (p>0.05), but upregulation of PPARy, UCP1, PGC-1 and
PRDM16 in obese mice after policosanol treatment (p<0.05,
Figures 8]J-P).

DISCUSSION

Obesity is a chronic metabolic disease that has been found to be
closely related to cardiovascular disease, diabetes and gut disease
since the early 20th century. To date, the causes of obesity are still
unclear, but controlling energy intake, increasing energy
consumption and promoting fat decomposition and oxidation
have been deemed to alleviate obesity (26). In general,
pharmacotherapy intervention, bariatric surgery treatment and
lifestyle intervention are mainly used to treat obesity (27).
However, these interventions can cause side effects such as
vitamin deficiency, hyperthyroidism, headache, vomiting and
hypoglycemia (28, 29). Among these interventions, lifestyle
interventions, including adjustment of dietary structure and
exercise, are considered safe ways to improve obesity. A large
amount of evidence has shown that policosanol improves
hypertriglyceridemia and hypercholesterolemia in humans and
animals and has the potential as a functional food to improve
obesity. For example, a double-blind experiment on volunteers
with prehypertension showed that orally taking 10 mg
policosanol tablets (containing 60-70% octacosanol) each day
can reduce TC and TG by 20% and 14%, respectively, and the
activity of cholesteryl ester transfer protein in the serum (30).
Policosanol (mainly containing 28% octacosanol, 21%
triacontanol, and 36% tetratriacontanol) also significantly
decreased the weight of iWAT and BAT (31). The present
study was conducted to investigate the effects of policosanol on
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FIGURE 3 | Policosanol reshaped the gut microbiota in mice. (A) The Venn plot of OTUs. (B) Relative abundance of gut microbiota at phylum level. (C) The of
Bacteroides/Firmicutes ratio in the cecal contents of mice. (D) LEfse analysis between HFD and HFD+policosanol groups. (E) The correlation among microbiota and
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metabolism in vivo and to explore the potential mechanisms for
improving obesity. Our results showed that dietary
supplementation with 0.5% policosanol (containing
approximately 64% octacosanol) did not change the body

weight or total energy intake of mice. This is consistent with a
previous study that showed that policosanol orally administered
for 6-12 months does not affect the body weight of Sprague-
Dawley rats (32, 33). Similarly, octacosanol, the main component
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and blue indicate upregulation and downregulation, respectively.

of policosanol, has no effect on mouse body weight after
treatment for 12 weeks (34). However, the present study found
that policosanol can effectively reduce the content of TG, TC,
LDL-C and increase HDL-C content in HFD-fed mice,
suggesting its potential to ameliorate hyperlipidemia.

The diversity, richness and structure of gut microbiota play an
important role in the regulation of host obesity, diabetes and
metabolic diseases. The individuals who were marked as overall
adiposity, were found with low bacterial richness compared to the
non-obese individuals (35). In the present study, we analyzed the
effects of policosanol on gut microbiota in obese mice. Policosanol
reduced the weight of iWAT, BAT but not eWAT. Then, the effect
of policosanol was further confirmed by histological analyses
showing reduced adipocyte size in iWAT. As expected, the gut
microbiota of mice fed with diet (containing 0.5% policosanol) for
18 weeks changed significantly and showed change manners in
obese mice. Policosanol increased Bacteroides/Firmicutes ratio
only in obese mice. In addition to the proportional changes of

M Uridine IZ
3-Methyl-2-oxovaleric acid
~ Citraconic acid
trans-Aconitic acid
B N-Ethylglycine I‘1

Trimethylamine N-oxide
Deoxycytidine
Cytosine
L-Gulonolactone
~ Pyruvic acid
2-Oxovaleric acid
Pelargonic acid
Mesalazine
5'-Methylthioadenosine
| ICapryIic acid
2,3-Dihydroxybutanedioic acid
Beta-Carboline
' Pantothenic acid
Prostaglandin A2
Riboflavin
Norizalpinin
L-Palmitoylcarnitine
Trigonelline
L-Carnitine
Alpha-dimorphecolic acid
Choline
Dodecanoic acid
Phosphorylcholine

1

0

-2

u[I || I Saccharin
Daidzein

ITIITIITIITIIITIIIT

3333338833 II

QQQQQQDDDDDD

555580

O0O000O0

DO non

VOO OLOLOLO®

3333335

OO0OO0O0O0O0

FIGURE 6 | Hierarchical clustering analysis of top the 30 metabolites in mice. Heat map of top the 30 metabolites in HFD and HFD +policosanol groups. The red

Bacteroidea and Firmicutes, the significant change of
Parasutterella and Canaidatus_Saccharimonas after policosanol
intervention was highly correlated with the weight change of
iWAT and BAT. Akkermansia and Alloprevotella tended to
recover to a level similar to that of the control group after
policosanol treatment. Researchers have found that the gut
microbiota can regulate the metabolic state and health of the
host through pathways such as energy metabolism regulation and
release of signaling molecules. According to the previous studies,
the balance between Bacteroides and Firmicutes is considered to be
the key factor affecting obesity (35). Furthermore, the altered
microbiota can regulate the metabolism of host by regulating the
changes of various metabolites. The proportion of Firmicutes and
Bacteroidetes increases, so that more plant derived polysaccharides
are decomposed into short fatty acids, which affects the
metabolism of carbohydrates and promotes the host’s calories
absorption and adipogenesis (6). Parasutterell can occupy a
specific niche in the intestine and affect the metabolism of
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aromatic amino acids, bilirubin, succinate and bile acids in the
intestine, so as to regulate the metabolism of the host. Therefore,
Parasutterell is considered to be a core flora but has not been fully
studied in recent years (36). In the present study, a combined
metabolomics and microbiomics analysis was used to reveal the
correlation of metabolites and microbiota. Our results clearly
showed that policosanol could significantly influence
metabolism in HFD-fed mice. Policosanol significantly increased
metabolites associated with the TCA cycle, pyruvate metabolism,
glycolysis or gluconeogenesis, and pantothenate and CoA
metabolism and significantly inhibited the synthesis of
glycerophospholipids. Furthermore, our results clearly revealed
that Bacteroides, Allobaculum, Staphylococcus, and Parasutterella
were participated in succinic acid, pyruvic acid, and critraconic
acid regulation. In this study, the results also showed that
Akkmermansia tended to be increased in HFD + policosanol

group, but there was no high correlation in the regulation of
metabolites in serum and intestinal contents. Lack of
Akkmermansia is a key factor in inducing obesity and even
diabetes (37). However, studies have shown that compared with
living Akkmermansia, dead Akkmermansia can better regulate
host fat content, insulin resistance and hyperlipidemia by releasing
Amuc-1100 protein from cell membrane (38, 39).

Lipolysis and thermogenesis process in adipose tissue are
important factors regulating fat deposition in mammals. In this
study, Bacteroidetes, Firmicutes in phylum and Parasutterell and
Canaidatus_Saccharimonas in genus level showed high
correlation with iWAT and BAT weight and metabolites
contents correlated with TCA cycle. Fat in scWAT is more
easily metabolized than visceral WAT, which including eWAT
and the adipose tissue around liver and heart (40). Compared
with visceral WAT, scWAT is more likely to be mobilized,
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browned, hydrolyzed, oxidized and thermogenerated (41).
Therefore, we examined the gene expression associated with
lipogenesis and lipolysis in adipose tissue. In obese mice,
policosanol did not significantly change the expression of FAS
and HSL genes but remarkably increased ATGL gene expression
in iWAT. In addition to lipolysis related genes, the genes involved
in thermogenesis and adipose “browning” process such as PPARs,
UCP-1 and PRDM also play important roles in anti-obesity (14,
27). PPARs, including PPAR o and PPAR Y, regulate the
metabolism of liver and adipose tissue, respectively. PPAR o in
the liver has the effect of decreasing the level of SREBP-Ic,
promoting fat thermogenesis and alleviating nonalcoholic fatty
liver (42, 43). In addition, we found that PPAR vy regulates fat
metabolism in adipose tissue, which was also elevated in scWAT.
PPARs are key proteins in thermogenesis. PRDM16 and PGC-1o.
can combine with PPARs to drive the differentiation of brown
adipocytes and promote the expression of UCP-1 (12, 43). In this
study, in the HFD+policosanol group, we found that PGC-1o. and
UCP-1 were increased in iWAT and BAT while PRDM16 was
only increased in BAT. These results suggest that in obese mice,
policosanol mainly plays a role by increasing the decomposition,
oxidation and thermogenesis of lipids.

Based on the findings of this research and predecessors, there
are still some limitations to be further studied in the regulation of
host metabolism by policosanol through intestinal microbiota.
How policosanol regulates intestinal microbiota and how it is
metabolized and utilized by intestinal microbiota still remains
unclear. In addition, whether the changes of small molecule
metabolites in host intestine and serum after treatment with
policosanol, such as the increase of polyunsaturated fatty acids
and the decrease of TMAO contents, are caused by the changes
of intestinal microbiota, which may need to be verified by sterile
mouse model. In the future, in-depth research on these aspects
may provide a new perspective for the promotion of whole grain
food or policosanol as a functional food additive.

CONCLUSION

In summary, our findings elucidated that policosanol reduces fat
accumulation in obese mice. Furthermore, we found that in
obese mice, the metabolites involved in TCA cycle and
thermogenesis were highly correlated with Firmicutes,
Bacteroidetes, and Candidatus:Sarccharinonasm, and
Parasutterella. These findings suggest that policosanol has the

REFERENCES

1. Jaacks LM, Vandevijvere S, Pan A, McGowan CJ, Wallace C, Imamura F, et al.
The Obesity Transition: Stages of the Global Epidemic. Lancet Diabetes
Endocrinol (2019) 7:231-40. doi: 10.1016/52213-8587(19)30026-9

2. Cardel M, Jastreboff AM, Kelly AS. Treatment of Adolescent Obesity in 2020.
JAMA (2019) 322:1707-8. doi: 10.1001/jama.2019.14725

3. Zhang X, Zhang M, Zhao Z, Huang Z, Deng Q, Li Y, et al. Geographic
Variation in Prevalence of Adult Obesity in China: Results From the 2013-
2014 National Chronic Disease and Risk Factor Surveillance. Ann Intern Med
(2020) 172:291. doi: 10.7326/M19-0477

potential to be applied as an antihyperlipidemia supplement to
improve well-being and health in humans.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repositories and accession(s)
number can be found below: National Center for Biotechnology
Information (NCBI) BioProject, https://www.ncbi.nlm.nih.gov/
bioproject/, PRINA729899 and Figshare, DOI: https://doi.org/10.
6084/m9.figshare.14456595.v1.

ETHICS STATEMENT

The animal study was reviewed and approved by Committee of
the Institute of Subtropical Agriculture at the Chinese Academy
of Science (No. ISA-2020-18).

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

The project was funded by General Projects of Key Research and
Development Plan in Jiangxi Province (20203BBFL63054),
Project funded by China Postdoctoral Science Foundation
(2020M682108), Guangdong Province enterprise special person
special plan project (GDKTP2020054600), Pilot demonstration
project for overall rationing system of Jiangxi Academy of
Sciences (2021YSBG22008, 2021YSBG50009) and Research
and Development Project of Jiangxi Academy of Sciences -
Doctoral Fund Project (2020-YYB-01).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo0.2021.722055/
full#supplementary-material

4. Loffredo L, Martino F, Carnevale R, Pignatelli P, Catasca E, Perri L, et al.
Obesity and Hypercholesterolemia Are Associated With NOX2 Generated
Oxidative Stress and Arterial Dysfunction. ] Pediatr (2012) 161:1004-9.
doi: 10.1016/j.jpeds.2012.05.042

5. Marengo A, Rosso C, Bugianesi E. Liver Cancer: Connections With Obesity,
Fatty Liver, and Cirrhosis. Annu Rev Med (2016) 67:103-17. doi: 10.1146/
annurev-med-090514-013832

6. Komaroff AL. The Microbiome and Risk for Obesity and Diabetes. Jama-] Am
Med Assoc (2017) 317:355-6. doi: 10.1001/jama.2016.20099

7. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An
Obesity-Associated Gut Microbiome With Increased Capacity for Energy
Harvest. Nature (2006) 444:1027-31. doi: 10.1038/nature05414

Frontiers in Endocrinology | www.frontiersin.org

October 2021 | Volume 12 | Article 722055


https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://doi.org/10.6084/m9.figshare.14456595.v1
https://doi.org/10.6084/m9.figshare.14456595.v1
https://www.frontiersin.org/articles/10.3389/fendo.2021.722055/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.722055/full#supplementary-material
https://doi.org/10.1016/S2213-8587(19)30026-9
https://doi.org/10.1001/jama.2019.14725
https://doi.org/10.7326/M19-0477
https://doi.org/10.1016/j.jpeds.2012.05.042
https://doi.org/10.1146/annurev-med-090514-013832
https://doi.org/10.1146/annurev-med-090514-013832
https://doi.org/10.1001/jama.2016.20099
https://doi.org/10.1038/nature05414
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhai et al.

Policosanol Regulates Microbiota and Metabolomics

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et al. Gut

Microbiota From Twins Discordant for Obesity Modulate Metabolism in
Mice. Science (2013) 341:1049-79. doi: 10.1126/science.1241214

. Liu R, Hong J, Xu X, Feng Q, Zhang D, Gu Y, et al. Gut Microbiome and

Serum Metabolome Alterations in Obesity and After Weight-Loss
Intervention. Nat Med (2017) 23:859-68. doi: 10.1038/nm.4358

Kincaid HJ, Nagpal R, Yadav H. Microbiome-Immune-Metabolic Axis in the
Epidemic of Childhood Obesity: Evidence and Opportunities. Obes Rev (2020)
2:1-13. doi: 10.1111/0br.12963

Zheng X, Chen T, Jiang R, Zhao A, Wu Q, Kuang J, et al. Hyocholic
Acid Species Improve Glucose Homeostasis Through a Distinct TGR5 and
FXR Signaling Mechanism. Cell Metab (2020) 33:791. doi: 10.1016/
j.cmet.2020.11.017

Wang D, Liu CD, Li HF, Tian ML, Pan JQ, Shu G, et al. LSD1 Mediates
Microbial Metabolite Butyrate-Induced Thermogenesis in Brown and White
Adipose Tissue. Metabolism (2020) 102:154011. doi: 10.1016/
j.metabol.2019.154011

Chavez-Talavera O, Haas ], Grzych G, Tailleux A, Staels B. Bile Acid
Alterations in Nonalcoholic Fatty Liver Disease, Obesity, Insulin Resistance
and Type 2 Diabetes: What do the Human Studies Tell? Curr Opin Lipidol
(2019) 30:244-54. doi: 10.1097/MOL.0000000000000597

Guo J, Han X, Tan H, Huang W, You Y, Zhan J. Blueberry Extract Improves
Obesity Through Regulation of the Gut Microbiota and Bile Acids via
Pathways Involving FXR and TGRS5. iScience (2019) 19:676-90.
doi: 10.1016/j.is¢i.2019.08.020

Shen J, Luo F, Lin Q. Policosanol: Extraction and Biological Functions. J Funct
Foods (2019) 57:351-60. doi: 10.1016/j.jff.2019.04.024

Irmak S, Dunford NT, Milligan J. Policosanol Contents of Beeswax, Sugar
Cane and Wheat Extracts. Food Chem (2006) 95:312-8. doi: 10.1016/
j.foodchem.2005.01.009

Kabir Y, Kimura S. Tissue Distribution of (8-14C)-Octacosanol in Liver and
Muscle of Rats After Serial Administration. Ann Nutr Metab (1995) 39:279—
84. doi: 10.1159/000177873

Mazza A, Lenti S, Schiavon L, Zuin M, D’Avino M, Ramazzina E, et al.
Nutraceuticals for Serum Lipid and Blood Pressure Control in Hypertensive
and Hypercholesterolemic Subjects at Low Cardiovascular Risk. Adv Ther
(2015) 32:680-90. doi: 10.1007/s12325-015-0229-x

Guardamagna O, Abello F, Baracco V, Stasiowska B, Martino F. The
Treatment of Hypercholesterolemic Children: Efficacy and Safety of a
Combination of Red Yeast Rice Extract and Policosanols. Nutr Metab
Cardiovasc Dis (2011) 21:424-9. doi: 10.1016/j.numecd.2009.10.015

Nam DE, Yun JM, Kim D, Kim OK. Policosanol Attenuates Cholesterol
Synthesis via AMPK Activation in Hypercholesterolemic Rats. ] Med Food
(2019) 22:1110-7. doi: 10.1089/jmf.2019.4491

Liu Y, Xie C, Zhai Z, Deng ZY, De Jonge HR, Wu X, et al. Uridine Attenuates
Obesity, Ameliorates Hepatic Lipid Accumulation and Modifies the Gut
Microbiota Composition in Mice Fed With a High-Fat Diet. Food Funct
(2021) 12:1829-40. doi: 10.1039/d0f002533j

Zhai Z, Zhang F, Cao R, Ni X, Xin Z, Deng J, et al. Cecropin a Alleviates
Inflammation Through Modulating the Gut Microbiota of C57BL/6 Mice
With DSS-Induced IBD. Front Microbiol (2019) 10:1595. doi: 10.3389/
fmicb.2019.01595

Saccenti E, Hoefsloot HCJ, Smilde AK, Westerhuis JA, Hendriks MMWB.
Reflections on Univariate and Multivariate Analysis of Metabolomics Data.
Metabolomics (2014) 10:361-74. doi: 10.1007/s11306-013-0598-6

Xin Z, Zhai Z, Long H, Zhang F, Ni X, Deng J, et al. Metabolic Profiling by
UPLC-Orbitrap-MS/MS of Liver From C57BL/6 Mice With DSS-Induced
Inflammatory Bowel Disease. Mediators Inflamm (2020) 2020:6020247.
doi: 10.1155/2020/6020247

Tan C, Zhai Z, Ni X, Wang H, Ji Y, Tang T, et al. Metabolomic Profiles Reveal
Potential Factors That Correlate With Lactation Performance in Sow Milk. Sci
Rep (2018) 8:10712. doi: 10.1038/s41598-018-28793-0

Gonzalez-Muniesa P, Martinez-Gonzalez MA, Hu FB, Despres JP, Matsuzawa Y,
Loos R, et al. Obesity. Nat Rev Dis Primers (2017) 3:17034. doi: 10.1038/
nrdp.2017.34

Nguyen NT, Varela JE. Bariatric Surgery for Obesity and Metabolic Disorders:
State of the Art. Nat Rev Gastroenterol Hepatol (2017) 14:160-9. doi: 10.1038/
nrgastro.2016.170

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Heymsfield SB, Wadden TA. Mechanisms, Pathophysiology, and
Management of Obesity. N Engl ] Med (2017) 376:254-66. doi: 10.1056/
NEJMral514009

Inge TH, Jenkins TM, Xanthakos SA, Dixon JB, Daniels SR, Zeller MH, et al.
Long-Term Outcomes of Bariatric Surgery in Adolescents With Severe
Obesity (FABS-5+): A Prospective Follow-Up Analysis. Lancet Diabetes
Endocrinol (2017) 5:165-73. doi: 10.1016/52213-8587(16)30315-1

Cho K, Kim S. Consumption of Cuban Policosanol Improves Blood Pressure
and Lipid Profile via Enhancement of HDL Functionality in Healthy Women
Subjects: Randomized, Double-Blinded, and Placebo-Controlled Study. ] Am
Coll Cardiol (2018) 728:C84. doi: 10.1016/j.jacc.2018.08.458

Sharma R, Matsuzaka T, Kaushik MK, Sugasawa T, Ohno H, Wang Y, et al.
Octacosanol and Policosanol Prevent High-Fat Diet-Induced Obesity and
Metabolic Disorders by Activating Brown Adipose Tissue and Improving
Liver Metabolism. Sci Rep-Uk (2019) 9:5169. doi: 10.1038/s41598-019-41631-1
Gamez R, Aleman CL, Mas R, Noa M, Rodeiro I, Garcia H, et al. A 6-Month Study
on the Toxicity of High Doses of Policosanol Orally Administered to Sprague-
Dawley Rats. ] Med Food (2001) 4:57-65. doi: 10.1089/109662001300341707
Aleman CL, Mas R, Hernandez C, Rodeiro I, Cerejido E, Noa M, et al. A 12-
Month Study of Policosanol Oral Toxicity in Sprague Dawley Rats. Toxicol
Lett (1994) 70:77-87. doi: 10.1016/0378-4274(94)90147-3

Othman RA, Xu Z, Fitz E, Riediger N, Moghadasian MH. The Impact of
Dietary Octacosanol on Plasma Lipids and Atherosclerotic Lesion
Development in Apo E-KO Mice. FASEB ] (2007) 21:A1087.

Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al.
Richness of Human Gut Microbiome Correlates With Metabolic Markers.
Nature (2013) 500:541-6. doi: 10.1038/nature12506

Ju T, Kong JY, Stothard P, Willing BP. Defining the Role of Parasutterella, a
Previously Uncharacterized Member of the Core Gut Microbiota. Isme ]
(2019) 13:1520-34. doi: 10.1038/541396-019-0364-5

Zhang J, Ni Y, Qian L, Fang Q, Zheng T, Zhang M, et al. Decreased
Abundance of Akkermansia Muciniphila Leads to the Impairment of
Insulin Secretion and Glucose Homeostasis in Lean Type 2 Diabetes. Adv
Sci (2021). doi: 10.1002/advs.202100536

Wang L, Tang L, Feng Y, Zhao S, Han M, Zhang C, et al. A Purified
Membrane Protein From Akkermansia Muciniphila or the Pasteurised
Bacterium Blunts Colitis Associated Tumourigenesis by Modulation of CD8
(+) T Cells in Mice. Gut (2020) 69:1988-97. doi: 10.1136/gutjnl-2019-320105
Plovier H, Everard A, Druart C, Depommier C, Van Hul M, Geurts L, et al. A
Purified Membrane Protein From Akkermansia Muciniphila or the
Pasteurized Bacterium Improves Metabolism in Obese and Diabetic Mice.
Nat Med (2017) 23:107-13. doi: 10.1038/nm.4236

Hsiao WY, Jung SM, Tang Y, Haley JA, Li R, Li H, et al. The Lipid Handling
Capacity of Subcutaneous Fat Is Programmed by Mtorc2 During
Development. Cell Rep (2020) 33:108223. doi: 10.1016/j.celrep.2020.108223
Pollard AE, Martins L, Muckett PJ, Khadayate S, Bornot A, Clausen M, et al.
AMPK Activation Protects Against Diet Induced Obesity Through Ucpl-
Independent Thermogenesis in Subcutaneous White Adipose Tissue. Nat
Metab (2019) 1:340-9. doi: 10.1038/s42255-019-0036-9

Sun B, Jia Y, Hong ], Sun Q, Gao S, Hu Y, et al. Sodium Butyrate Ameliorates
High-Fat-Diet-Induced Non-Alcoholic Fatty Liver Disease Through
Peroxisome Proliferator-Activated Receptor Alpha-Mediated Activation of
Beta Oxidation and Suppression of Inflammation. J Agric Food Chem (2018)
66:7633-42. doi: 10.1021/acs.jafc.8b01189

Jordan S, Tung N, Casanova-Acebes M, Chang C, Cantoni C, Zhang D, et al.
Dietary Intake Regulates the Circulating Inflammatory Monocyte Pool. Eur J
Immunol (2019) 491:178. doi: 10.1016/j.cell.2019.07.050

Conflict of Interest: Author HL is employed by Era Biotechnology (Shenzhen)
Co., Ltd, China.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in

Frontiers in Endocrinology | www.frontiersin.org

October 2021 | Volume 12 | Article 722055


https://doi.org/10.1126/science.1241214
https://doi.org/10.1038/nm.4358
https://doi.org/10.1111/obr.12963
https://doi.org/10.1016/j.cmet.2020.11.017
https://doi.org/10.1016/j.cmet.2020.11.017
https://doi.org/10.1016/j.metabol.2019.154011
https://doi.org/10.1016/j.metabol.2019.154011
https://doi.org/10.1097/MOL.0000000000000597
https://doi.org/10.1016/j.isci.2019.08.020
https://doi.org/10.1016/j.jff.2019.04.024
https://doi.org/10.1016/j.foodchem.2005.01.009
https://doi.org/10.1016/j.foodchem.2005.01.009
https://doi.org/10.1159/000177873
https://doi.org/10.1007/s12325-015-0229-x
https://doi.org/10.1016/j.numecd.2009.10.015
https://doi.org/10.1089/jmf.2019.4491
https://doi.org/10.1039/d0fo02533j
https://doi.org/10.3389/fmicb.2019.01595
https://doi.org/10.3389/fmicb.2019.01595
https://doi.org/10.1007/s11306-013-0598-6
https://doi.org/10.1155/2020/6020247
https://doi.org/10.1038/s41598-018-28793-0
https://doi.org/10.1038/nrdp.2017.34
https://doi.org/10.1038/nrdp.2017.34
https://doi.org/10.1038/nrgastro.2016.170
https://doi.org/10.1038/nrgastro.2016.170
https://doi.org/10.1056/NEJMra1514009
https://doi.org/10.1056/NEJMra1514009
https://doi.org/10.1016/S2213-8587(16)30315-1
https://doi.org/10.1016/j.jacc.2018.08.458
https://doi.org/10.1038/s41598-019-41631-1
https://doi.org/10.1089/109662001300341707
https://doi.org/10.1016/0378-4274(94)90147-3
https://doi.org/10.1038/nature12506
https://doi.org/10.1038/s41396-019-0364-5
https://doi.org/10.1002/advs.202100536
https://doi.org/10.1136/gutjnl-2019-320105
https://doi.org/10.1038/nm.4236
https://doi.org/10.1016/j.celrep.2020.108223
https://doi.org/10.1038/s42255-019-0036-9
https://doi.org/10.1021/acs.jafc.8b01189
https://doi.org/10.1016/j.cell.2019.07.050
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Zhai et al.

Policosanol Regulates Microbiota and Metabolomics

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Zhai, Liu, Niu, Lin, Tu, Liu, Cai, Liu and Ouyang. This is an open-
access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

October 2021 | Volume 12 | Article 722055


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Integrated Metagenomics and Metabolomics to Reveal the Effects of Policosanol on Modulating the Gut Microbiota and Lipid Metabolism in Hyperlipidemic C57BL/6 Mice
	Introduction
	Materials and Methods
	Ethics Statement
	Preparation of Policosanol
	Animals
	Sample Preparation
	Lipid Parameters in Serum
	16S rRNA Gene Sequencing
	Untargeted Metabolomics in Serum
	Bioinformatic Analysis
	RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction
	Statistical Analysis

	Results
	Effects of Policosanol on Hyperlipidemia in HFD-Fed Mice
	Effects of Policosanol on Body Fat in HFD-Fed Mice
	Effect of Policosanol on Gut Bacterial Communities in Mice
	Effects of Policosanol on Serum Metabolites in HFD-Fed Mice Uncovered by Untargeted Metabolomics
	Effects of Policosanol on Changing the Metabolic Pathways in HFD-Fed Mice
	Effects of Policosanol on the Regulation of Representative Metabolites in Chow- and HFD-Fed Mice
	Correlation of Key Microbiota Communities and Differential Serum Metabolites
	Effects of Policosanol on the Regulation of Lipid Metabolism-Related mRNA Expression in Adipose Tissue

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


