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Corn silk (CS) is known to reduce cholesterol levels, but its underlying

mechanisms remain elusive concerning the gut microbiota and metabolites.

The aim of our work was to explore how altered gut microbiota composition

and metabolite profile are influenced by CS intervention in mice using

integrated 16S ribosomal RNA (rRNA) sequencing and an untargeted

metabolomics methodology. The C57BL/6J mice were fed a normal

control diet, a high-fat diet (HFD), and HFD supplemented with the

aqueous extract of CS (80 mg/mL) for 8 weeks. HFD-induced chronic

inflammation damage is alleviated by CS extract intervention and also

resulted in a reduction in body weight, daily energy intake as well as serum

and hepatic total cholesterol (TC) levels. In addition, CS extract altered

gut microbial composition and regulated specific genera viz. Allobaculum,

Turicibacter, Romboutsia, Streptococcus, Sporobacter, Christensenella,

ClostridiumXVIII, and Rikenella. Using Spearman’s correlation analysis, we

determined that Turicibacter and Rikenella were negatively correlated with

hypercholesterolemia-related parameters. Fecal metabolomics analysis

revealed that CS extract influences multiple metabolic pathways like

histidine metabolism-related metabolites (urocanic acid, methylimidazole

acetaldehyde, and methiodimethylimidazoleacetic acid), sphingolipid

metabolism-related metabolites (sphinganine, 3-dehydrosphinganine,

sphingosine), and some bile acids biosynthesis-related metabolites including

chenodeoxycholic acid (CDCA), lithocholic acid (LCA), ursodeoxycholic

acid (UDCA), and glycoursodeoxycholic acid (GUDCA). As a whole, the

present study indicates that the modifications in the gut microbiota and

subsequent host bile acid metabolism may be a potential mechanism for the

antihypercholesterolemic effects of CS extract.
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Introduction

Recently there is a significant increase in the prevalence
of hypercholesterolemia which turned out to be one of the
most common pathological conditions among humans, and
is characterized by elevated plasma/serum levels for total
cholesterol (TC) and/or triglycerides (TG) as well as usually
accompanied by abnormal levels of low-density lipoprotein
cholesterol (LDL-C) and high-density lipoprotein cholesterol
(HDL-C) (1). Many factors contribute to it, including congenital
genetics, environment, and unhealthy eating habits. In the long
run, hypercholesterolemia may be linked to chronic diseases
such as atherosclerosis, coronary heart disease, and non-
alcoholic fatty liver disease. Due to this, most current treatment
strategies for hypercholesterolemia include a combination of
lipid-lowering drugs along with lifestyle changes particularly
low-fat as well as low-carbohydrate diets aimed at reducing
plasma lipid levels with LDL-C as the main target (2). Thus,
the development of natural herbs for improving and preventing
hypercholesterolemia has become a hotspot for current research.

Researchers have shown that High-fat diets (HFD) alter
the gut microbiota (GM) and act as a key influencer in
the advancement of conditions like obesity, hyperlipidemia,
resistance to insulin, and other diseases associated with
metabolic syndromes (3, 4). There have been reports on the
fecal microbiome and corresponding metabolites contributing
to dyslipidemia in hosts (5, 6). By altering intestinal barrier
permeability and interfering with reverse cholesterol transport
certain bacteria and their metabolites like short-chain fatty
acids (SCFAs) or bile acids (BAs) alters the efficiency of
energy harvesting as well as susceptibility toward metabolic
dysfunctions including obesity, diabetes, and non-alcoholic fatty
liver disease (7–11). With the in-depth study of GM, more and
more studies have confirmed the close relationship between GM
and the therapeutic activity of the Chinese herbal medicines.
Oral herbal medicines are often not directly absorbed by the host
(e.g., polysaccharides) and instead enter the intestine where they
are converted into active metabolites by the GM to exert their
therapeutic effects (12).

The traditional herbs corn silk (Maydis stigma, CS) has
been considered a folk medicine for centuries in countries such
as China, Korea, Vietnam, the United States, and many more
countries for health benefits to provide relief from conditions
such as inflammation, edema, hyperlipidemia, hyperglycemia,
hypertension, and obesity (13–16). The aqueous extract of CS is
found to contain polysaccharides, alkaloids, flavonoids, phenols,
saponins, tannins, and phytosterols (17). The Chinese Ministry
of Health 2012 classified CS as a general food based on its long
history of consumption, and no safety issues were found to
exist. Research in recent years has reported that CS extract can
significantly decrease the levels of serum TC, TG, and LDL-C in

animal models, and is effective in decreasing the regulatory pool
of hepatic cholesterol, in line with decreased blood and hepatic
levels of cholesterol through modulation of mRNA expression
levels of 3-hydroxy-3-methyl glutaryl- coenzyme A reductase
(HMG-CoA reductase), cholesterol acyltransferase (ACAT), and
farnesoid X receptor (FXR) (18, 19). In a study on the GM of
mice with type-2 diabetes, it was found that after 5 weeks of
treatment with CS polysaccharide, the blood glucose of diabetic
mice was significantly reduced and the quality and quantity
of Lactobacillus and Bacteroides genus in the feces of mice
increased significantly, and CS polysaccharide was considered
to have prebiotic properties (20).

Hence, the main focus of this work is to evaluate
the ameliorative impacts of CS extract on HFD-induced
hypercholesterolemia among mice, as well as its effect on
the composition of microbial communities and metabolites
in feces. This report provides valuable insight into the
underlying mechanism through which CS exerts its effect on
hypercholesterolemia.

Materials and methods

Materials and reagents

We used a control diet containing 10, 20, and 70% of lipids,
proteins, and carbohydrates, respectively, whereas the HFD
contains 40.29% lipids, 17.71% proteins, and 42% carbohydrates
(Beijing HFK Bioscience Co., Ltd., China). The HFD consisted
of lard 10%, sucrose 15%, egg yolk powder 15%, casein
5%, cholesterol 1.2%, sodium cholate 0.2%, calcium hydrogen
phosphate 0.6%, rock flour 0.4%, and rat maintenance diet
52.6%, the energy values were 3.85 kcal/g and 4.40 kcal/g for
the control and HFD, respectively. The CS extract was obtained
from Science and Technology Achievement Transformation
Center (Qiqihar Medical University, China). For the preparation
of CS extract, the CS was washed with ultrapure water,
dried at room temperature, and then approximately 20 kg
of dried CS was extracted with boiling water (1:15 w/v)
using a vacuum reflux extraction and concentration unit
(Chengdong Medicine Machine Instrument Factory, Wenzhou,
China) for at least 60 min each time, three times in total.
After this, the concentrated solution is spray-dried (GEA,
Dusseldorf, Germany) to obtain CS extract. Meanwhile, the
yield of crude extract was 4.74% which is subjected to total
glucose estimation by phenol-sulfuric acid method, protein
determination by Kjeldahl method, total flavonoids analysis
by AlCl3 spectrophotometric method, and total phenols
measurement using forintanol method. CS extract had a total
glucose content of 34.42%, polysaccharide content of 16.63%,
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protein content of 26.34%, a total flavonoid content of 4.07%,
and a total phenolic content of 10.17%.

Animals and experimental design

All animal experiments were conducted as per national
legislation and local guidelines at the Center for Laboratory
Animals, Qiqihar Medical University, Qiqihar, China. We
purchased male C57BL-6J mice weighing 16–20 g from
Changchun Changsheng Experimental Animal Co., Ltd.,
(Changchun, China). The maintenance of mice was achieved
in an environment [i.e., specific-pathogen-free (SPF), 12 h
light/dark cycles, a temperature of 20–22◦C, and 45 ± 5%
humidity]. To acclimate the mice, they were placed on a
control diet, administered ad libitum for 7 days and divided
randomly into groups of three with eight mice each: Control
group mice received a control diet with ultrapure water
(10 mL/kg), HFD group mice received a HFD with ultrapure
water (10 mL/kg), and CS group mice received HFD with an
aqueous solution of CS extract (80 mg/mL). CS group was
administered with 800 mg/kg per day dosage. For 8 weeks,
all mice were made freely accessible to control diet/HFD
as well as water, and their weights along with food intake
consumption were recorded once every week. The Animal
Ethical Care Committee of Qiqihar Medical University reviewed
and approved all animal experimental procedures (approval
number QMU-AECC-2020-69). After fasting overnight, mice
were euthanized on concluding the experiments. The feces
were collected for subsequent analysis, and collected blood
samples were kept for 30 min at room temperature to guarantee
thorough clotting, then centrifuged at 3,500 rpm for 20 min to
extract the serum samples. We measured wet weights of liver,
epididymal fat, and perinephric fat tissues while dividing them
into sections of two where one of the sections was fixed using
a formalin solution (10%) for histological examination, and the
other was frozen instantly using liquid nitrogen and then placed
in a freezer (−80◦C) till further utilization.

Glucose Tolerance Test

Mice were fasted overnight and orally gavaged with glucose
in sterile water (2 g/kg). Then, blood samples were collected
from the tip of the tail vein at 0, 30, 60, and 120 min
after glucose administration, and blood glucose was measured
with a blood glucose meter (Roche Diagnostics GmbH,
Mannheim, Germany).

Biochemistry assays

An auto-biochemistry analyzer (Olympus AU 600,
Hamburg, Germany) was used to measure the levers of

TC, TG, LDL cholesterol (LDL-C), HDL cholesterol (HDL-
C), and enzymes like alanine transaminase (ALT), and
aspartate transaminase (AST). We also quantified the hepatic
TC and TG levels using commercial kits (Nanjing Jian
Cheng Biology Engineering Institute, Nanjing, China).
The levels of IL-6 and TNF-α in serum and hepatic were
assessed using ELISA kits (Shanghai Jianglai Biotechnology,
Shanghai, China).

Histopathological analysis

The histology analysis was carried out as described in the
previous report (21). For this, the liver and adipose tissue
samples were fixed by the addition of 4% paraformaldehyde
solution and later embedded in paraffin. A three-micron section
was cut and subjected to staining with hematoxylin and eosin.
The histological changes are being observed using a light
microscope (CX31, Olympus, Tokyo, Japan).

Gut microbiota analysis

Following the manufacturer’s instructions, microbial
DNA was extracted from fecal samples with a DNA
extraction kit (Qiagen, Germany). The regions V3–V4 in
the bacterial 16S ribosomal-RNA genes were amplified
through PCR analysis using the following primers: forward
primer (341F5′-CCTACGGGRSGCAGCAG-3′) and reverse
primer (806R5′-GGACTACVVGGGTATCTAATC-3′).
Following the manufacturer’s guidelines, the AxyPrep
DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, United States) has been utilized for the amplicons
purification after being extracted from 2% agarose gels,
followed by quantification with the aid of Qubit 2.0
(Invitrogen, United States). Following library preparation,
these tags have been sequenced using a MiSeq platform
(from Illumina, Inc., CA, United States). The construction
of the library, as well as sequencing, were carried out at
Realbio Genomics Institute (Shanghai, China). UPARSE1

was applied with a similarity cut-off value of 97% for
clustering the Operational Taxonomic Units (OTUs) while
Usearch (version 7.0) for identification and removal of
chimeric sequences. RDP Classifier2 assisted in assigning
representative tags to taxa based on the RDP database
(see text footnote 2) with a set confidence threshold
(0.8). Python scripts from Qiime (version 1.9.1) are
utilized to compute OTU profiling tables and alpha/beta
diversity analyses.

1 http://drive5.com/uparse/

2 http://rdp.cme.msu.edu/
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Untargeted fecal metabolomic analysis

To an EP tube, 50 mg of sample was added with 1 mL of
extract solution (containing methanol:acetonitrile: water = 2:2:1
along with isotopically labeled internal standard solution). After
homogenizing samples for 4 min with 35 HZ, they were
sonicated for 5 min in ice water. A cycle of homogenization
and sonication was repeated three times and then the samples
after 1 h incubation at a temperature of−40◦C were subjected to
centrifugation with 12,000 rpm for 15 min at 4◦C. The resulting
supernatants were transferred to a fresh glass vial for analysis.
An equal aliquot of supernatant from all samples was used to
make the quality control (QC) sample.

An LC-MS/MS analysis was performed using a UHPLC
system (Vanquish, Thermo Fisher Scientific, Waltham, MA,
United States) equipped with a UPLC BEH Amide column
(2.1 mm × 100 mm, 1.7 µm) coupled to Q Exactive HFX
mass spectrometer (Orbitrap MS, Thermo Fisher Scientific,
Waltham, MA, United States). The mobile phase consisted of
solutions A and B where A consists of 25 mmol/L ammonium
acetate along with 25 mmol/L ammonium hydroxide in water
(pH = 9.75) while B contains acetonitrile. The auto-sampler
temperature has been set to 4◦C, and the injection volume
of 3 µL is used. The acquisition of MS/MS spectra is done
utilizing the QE HFX mass spectrometer operated in IDA
(information-dependent acquisition) mode under the control
of acquisition software (Xcalibur, Thermo Fisher Scientific,
Waltham, MA, United States). A full scan of the MS spectrum
was also continuously monitored using acquisition software
in IDA mode. In the ESI source conditions, sheath gas
flow rate was set to 30 Arb, aux gas flow rate to 25 Arb,
capillary temperature to 350◦C, full MS resolution to 60,000,
full MS/MS resolution to 7,500, collision energy to 10/30/60
in NCE mode and spray voltage set to 3.6 kV (positive) or
−3.2 kV (negative).

The raw data were converted to the mzXML format
using ProteoWizard and processed with an inhouse program,
which was developed using R and based on XCMS, for peak
detection, extraction, alignment, and integration (22). Then an
inhouse MS2 database (Biotree DB) was applied in metabolite
annotation. The cutoff for annotation was set at 0.3.

Statistical analysis

The experimental data were expressed as mean ± SD.
The differences between the two groups were analyzed
using Student’s t-test. Similarly, the differences present in
multiple groups were evaluated using one-way ANOVA. The
Correlations found among variables were identified by Pearson’s
product-moment correlation coefficient. Various tests were
conducted using GraphPad Prism version 8.0 available for
Windows (GraphPad Software, San Diego, CA, United States)

and SPSS Statistics 26 (IBM Corporation, Armonk, NY). The
p < 0.05 is considered an acceptable criterion of significance.

Results

Analysis of corn silk extract on the
body weight, energy intake, and
Glucose Tolerance Test

A dietary intervention of 8 weeks resulted in a remarkable
increase in the body weight of mice in the HFD group
(29.2 ± 1.9 g) in comparison to the mice in the control group
(22.4 ± 1.3 g) (p < 0.05). However, supplementation with CS
extract (24.4 ± 1.6 g) gradually reversed this HFD-induced
increase in body weight (p < 0.05). The daily food intake of
mice in the CS group was significantly lower at weeks 6, 7,
and 8 compared to mice in the HFD group. The daily energy
intake of mice in the CS group was significantly lower at weeks
5, 6, 7, and 8 compared to the HFD group (Figure 1). The
Glucose Tolerance Test (GTT) assay indicated that the blood
glucose of HFD mice was higher than that of control group at
the 120 min time point (p < 0.05), and there was no significant
difference in blood glucose and area under the curve (AUC) at
each time point in the CS group compared with the HFD group
(Figures 1E,F).

Effect of corn silk extract on lipid levels

According to Figure 2, weights of liver, epididymis fat,
and perinephric fat tissues were significantly higher within the
HFD group in comparison to the Control group, where the
CS group prevented that increase (p < 0.05). Further, histology
studies illustrated that the mice in the HFD group are having
more severely degenerating hepatocytes, larger intracellular
lipid droplets, and enlarged adipose tissue cells. In contrast, mice
supplemented with CS extract showed reduced lipid load and
tissue damage (Figure 3).

Moreover, we also analyzed the lipid contents in the serum
and liver. As compared to the control group, the serum and
hepatic TC levels of the HFD group were both significantly
higher at 3.38 ± 0.39 mmol/L and 6.79 ± 1.24 ± mol/g
(p < 0.05), whereas the corresponding levels in CS group were
considerably lower to 3.00 ± 0.22 mmol/L and 5.70 ± 0.474
µmol/g, respectively. Furthermore, the CS group also showed
a decreasing trend in LDL-C levels. The HDL-C levels in the
HFD group were considerably higher in comparison to the
Control group (p < 0.05), however, CS extract supplementation
reversed this trend. In terms of TG levels in the serum and liver,
there were no differences between the groups. Additionally, we
measured the ALT and AST activities of the mice and did not
find any differences (Figure 4).
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FIGURE 1

Effect of corn silk extract on body weight and energy intake. (A) Body weight; (B) final weight; (C) daily food intake; (D) daily energy intake;
(E) Glucose Tolerance Test; (F) area under the curve of the Glucose Tolerance Test. Control diet (Ctrl) group, high- fat diet (HFD) group, corn silk
(CS) group. The results are means ± SD (n = 8). *p < 0.05 vs. Ctrl, #p < 0.05 vs. HFD. ns, not significant.

Effect of corn silk extract on chronic
inflammation

The anti-inflammatory abilities of CS extract were also
determined in HFD mice and we found a significant increase

in IL-6 and TNF-α levels of serum and liver in the HFD group
in comparison to the control group indicating an occurrence of
systemic chronic inflammation (p < 0.05). The IL-6 and TNF-α
levels of serum and liver in the CS group displayed remarkably
lowered levels compared with the HFD group but were not
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FIGURE 2

Effect of corn silk extract on liver, epididymal fat and perinephric fat rate (%). (A) liver rate; (B) epididymal fat rate; (C) perinephric fat rate. Control
diet (Ctrl) group, high- fat diet (HFD) group, corn silk (CS) group. The results are means ± SD (n = 8). *p < 0.05 vs. Ctrl, #p < 0.05 vs. HFD.

FIGURE 3

Effect of corn silk extract on histopathology of liver and adipose in mice. (A) Representative photomicrographs of hematoxylin and
eosin-stained sections of the liver (400 × original magnification), (B) representative photomicrographs of hematoxylin and eosin-stained
sections of the adipose (200 × original magnification). Control diet (Ctrl) group, high- fat diet (HFD) group, corn silk (CS) group.

restored to the levels observed in control group (Figures 5A–D,
p < 0.05).

Effect of corn silk extract on gut
microbiota diversity and composition

For each group (n = 8), freshly collected feces samples were
used to determine the microbiota profile. A total of 856,559

clean reads were picked up after quality filtering where they
had an average length of 416 bp. Moreover, clustering of these
clean reads into 1,129 OTUs was done using a similarity level
of 97%. Figure 6 illustrates the α-diversity and β-diversity
indexes of gut microbiota in mice. A lower level of Simpson,
Shannon diversity indexes have been found among the HFD
group in comparison to the control group, however, the CS
group had no obvious effects. Both the Simpson and Shannon
diversity indexes are used to assess the diversity of microbial
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FIGURE 4

Effect of corn silk extract on lipid contents of the serum and liver. (A) Serum TC; (B) serum TG; (C) serum LDL- C; (D) serum HDL-C; (E) serum
AST; (F) serum ALT; (G) hepatic TC; (H) hepatic TG. Control diet (Ctrl) group, high- fat diet (HFD) group, corn silk (CS) group. The results are
means ± SD (n = 8). *p < 0.05 vs. Ctrl, #p < 0.05 vs. HFD. ns, not significant.

communities, with higher indexes resulting in higher diversity.
To further demonstrate the variation in species diversity
between samples, Principal Coordinates Analysis (PCoA) was
used to demonstrate the magnitude of variation between
samples. PCoA analysis of species diversity between samples,
where two samples are close together, indicates that the species
composition of the two samples is similar. Adonis analysis, also
known as PERMANOVA (Permutational multivariate analysis
of variance) analysis, can decompose the total variance using
a semimetric (e.g., Unifrac) or metric distance matrix (e.g.,
Euclidean) to analyze, through a linear model R-values indicate
the dilution of the variance of the sample by group or
environmental factor, i.e., the ratio of the variance of the group
or environmental factor indicator to the total variance. The
p-values indicate the confidence level of this analysis, adnois
analysis is often combined with PCoA. A UniFrac PCoA analysis
revealed further that the gut microbiota composition of mice in
HFD group and CS group were both distinct from the control
group (Figure 6, p < 0.05).

In mice, Bacteroidetes, Firmicutes, Verrucomicrobia, and
Proteobacteria were found to be dominant at the phylum

level (Figure 7A). When compared to the control group, the
consumption of HFD prompted the abundance of Firmicutes
(30.76% vs. 27.43%), Verrucomicrobia (12.40% vs. 0.04%), and
Proteobacteria (6.67% vs. 2.89%), but inhibited the abundance
of Bacteroidetes (48.57% vs. 67.45%). On the other hand, the CS
group increases the abundance of Bacteroidetes while reducing
Verrucomicrobia and Proteobacteria. At the family level, the
mice belonging to the HFD group had a higher abundance of
Verrucomicrobiaceae (13.91% vs. 0.04%), Bacteroidaceae (2.71%
vs. 1.64%), and Desulfovibrionaceae (3.54% vs. 0.92%), and a
lower abundance of Porphyromonadaceae (45.25% vs. 57.51%)
and Lachnospiraceae (14.83% vs. 19.41%) compared to the
control group (Figure 7B). The intake of CS extract, however,
reversed the gut microbiota imbalance as a result of HFD. At
a genus level, the changes in the fecal microbiota community
were shown in Figure 7C. The results of the LEfSe analysis
using 2.0 as a threshold on the LDA score were shown in
Figure 7D. Different colors correspond to different groupings,
while nodes of different colors represent microbial groups that
play an important role in that grouping. There are yellow
nodes representing microorganisms that do not have much
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FIGURE 5

Effects of corn silk extract on chronic inflammation. (A) Serum IL-6; (B) serum TNF-α; (C) hepatic IL-6; (D) hepatic TNF-α. Control diet (Ctrl)
group, high- fat diet (HFD) group, corn silk (CS) group. The results are means ± SD (n = 8). *p < 0.05 vs. Ctrl, #p < 0.05 vs. HFD.

of an impact on other groups. Furthermore, our studies at
the genus level showed significant differences in microbiota
including Allobaculum, Turicibacter, Romboutsia, Streptococcus,
Sporobacter, Christensenella, Clostridium XVIII, and Rikenella in
HFD and CS group (p < 0.05, Figure 7E).

Spearman correlation analysis was conducted between
the dominant bacteria at the genus level of all groups and
hypercholesterolemia symptoms to identify specific bacteria
that attenuate hypercholesterolemia symptoms. The horizontal
coordinates represent the environmental factors and the vertical
coordinates represent the species, the shades of color visually
show the correlation between the species and the environmental
factors, where red indicates positive correlation and blue
indicates negative correlation. The correlation is also tested for
significance, with + marked as significant when p < 0.05 and
∗ marked as significant when p < 0.01. A positive correlation
between the genus and hypercholesterolemia symptoms
indicates that an increase in the abundance of the genus may
promote the development of hypercholesterolemia, while a
negative correlation indicates that an increase in the abundance
of the genus may favor the suppression of hypercholesterolemia.
As shown in Figure 8, the abundance of Akkermansia,
Streptococcus, Parvibacter, Ruminococcus, Acinetobacter, and

Clostridium XVIII were significantly positively correlated to
the body weight, serum TC and LDL-C (p < 0.05). Besides,
the abundance of Prevotella, Turicibacter, Vampirovibrio,
Rikenella, Anaeroplasma, Saccharibacteria-genera-incertaesedis,
and Bifidobacterium were found to have a significant negative
correlation with the weight of the body, and levels of serum TC
and LDL-C (p < 0.05). Although the plethora of Megamonas
and Allobaculum were linked to serum LDL-C levels, however,
they were not statistically significant (p > 0.05).

Effect of corn silk extract on
untargeted fecal metabolomic analysis

We collected fresh feces samples from each group (n = 8)
for analysis of the effects of CS extract on HFD mice using
UHPLC-QE HFX-MS. LC-MS data were analyzed using PCA
and OPLS-DA to determine metabolic changes. Based on the
metabolic profiles in Supplementary Figure 1, the PCA and
OPLS-DA score plots distinguished between the control and
HFD groups for positive (POS) as well as negative (NEG)
modes. Control and HFD groups achieved an R2Y and Q2 of
respectively 0.999 and 0.992 in the POS ion mode and 0.998 and
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FIGURE 6

Effects of corn silk extract on the α- diversity and β- diversity index of gut microbiota in mice. (A) α-Diversity; (B) unweighted UniFrac PCoA
analysis. Control diet (Ctrl) group, high- fat diet (HFD) group, corn silk (CS) group. The results are means ± SD (n = 8). *p < 0.05 vs. other group.
ns, not significant.
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FIGURE 7

Comparison of community composition. (A) Microbial community bar plot at the phylum level; (B) microbial community bar plot at the family
level; (C) microbial community bar plot at the genus level; (D) LDA effect size; (E) heatmap of significant differences microbiota at the genus
level. Control diet (Ctrl) group, high- fat diet (HFD) group, corn silk (CS) group.
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FIGURE 8

Spearman correlations between hypercholesterolemia symptoms and gut microbiota. Positive correlations indicated by red cubes and negative
correlations indicated by blue cubes. At the same time, the correlation significant test was carried out, when p < 0.05, + was used to mark the
significance, when p < 0.01, * was used to mark the significance.

0.985 in the NEG ion mode (Supplementary Figure 1C). Both
groups (CS and HFD) underwent thorough separation in POS
as well as NEG ion modes (Supplementary Figure 2). R2Y and
Q2 were 0.96 and 0.709, respectively, for POS mode as well as
0.895 and 0.597, respectively, for the NEG ion mode. In all cases,
R2Y values were > 0.5, indicating a reliable and stable model.
The outcomes from PCA along with OPLS-DA supported that
establishment of the HFD mice model is successful as well as
the ability of CS extract supplementation in regulating metabolic
profiles of the mice.

A volcano plot was used to compare potential biomarkers
between the two groups. Then, we conducted a Student’s
t-test (Supplementary Figure 3). On the volcanic map, each
point denoted a metabolite where its size portrays the OPLA-
DA model’s VIP value (variable importance in projection).
Metabolites that are considerably up-regulated, down-regulated,
and non-significant are shown as colors (red, blue, and
gray). Using a commercial database being self-established as a
base, screening of differential metabolites was achieved with
thresholds of VIP > 1 and p < 0.05. The HMDB and KEGG
databases data matched the model of MS/MS fragmentation
that furnish information on metabolites structure. A total of
583 metabolites were identified through heatmaps generated
with analysis of hierarchical clustering between control and
HFD groups (Supplementary Figure 4), including 478 and 105
metabolites in the POS and NEG ion modes, respectively. The
CS and HFD groups identified 201 metabolites, of which 171
metabolites were identified in the POS ion mode and 30 in
the NEG ion mode.

In total, 44 substances made up of lipids and lipid-
like molecules shared by all groups were screened, as
shown in Figure 9. For the HFD group, the number
of metabolites detected was larger in comparison to
control group, especially Xanthorrhizol, Butyrylcarnitine,
2-Angeloyl- 9-(3-methyl-2E-pentenoyl)-2b,9a-dihydroxy-
4Z,10(14)-oplopadien-3-one, d-Tocotrienol, Plastoquinone
3, Linoleamide, Jujubasaponin VI, ent-16beta- Meth-oxy-
19-kauranoic acid, 28-Hydroxyglycyrrhetic acid, PGD2
ethanolamide, Tetraco-sahexaenoic acid, Elaidic carnitine,
PIP[20:1(11Z)/18:1(9Z)], Stachyoside A, Falca-rindiol,
PC[P-18:1(11Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)], Torvoside
G, LysoPI(18:0/0:0), Linoleyl carnitine, trans-Hexadec-
2-enoyl carnitine, and Momordicinin. In contrast, those
with lower levels in the HFD group than in Ctrl group
included 20-Carboxy-leukotriene B4, Acetylvalerenolic acid,
Glycyrrhetinic acid, 5-Hexyltetrahydro-2-furanoctanoic
acid, LysoPA[18:2(9Z,12Z)/0:0], MG[0:0/18:1(9Z)/0:0]
and (14alpha,17beta,20S,22R)-14,20-Epoxy-17-hydroxy-1-
oxowitha-3,5,24-trienolide. Whereas supplementation of CS
extract reversed the changes caused by HFD.

KEGG metabolic pathway analysis

Potential metabolic pathways were analyzed using the
differential metabolites screened above. The identified
metabolites were classified by Human Metabolome Database
(HMDB) into 29 subclasses, such as amino acid, bile acid,
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FIGURE 9

Heatmap of lipids and lipid-like molecules shared by all groups (A: POS ion, B: NEG ion). Control diet (Ctrl) group, high- fat diet (HFD) group,
corn silk (CS) group.

aromatic compounds, flavonoids, neurotransmitters, alkaloids,
carbohydrates, vitamins, organic acid, fatty acids, fatty acyls,
plant hormone, etc. KEGG data were used for pathway
enrichment analysis and bubble plot map depicted as shown
in Figure 10A. Here, the bubble size was positively correlated
with the influence factor size of this pathway in topological
analysis. An enrichment analysis p-value is represented by
the color of the bubble: darker color reflects a smaller p-value
with a greater degree of enrichment. Ten candidate metabolic
pathways in the POS ion mode being regulated after CS

extract treatment were as follows: Histidine metabolism;
Sphingolipid metabolism; Thiamine metabolism; Nicotinate
and nicotinamide metabolism; Tryptophan metabolism; Steroid
hormone biosynthesis; Pantothenate and CoA biosynthesis;
Pentose and glucuronate interconversions; beta-Alanine
metabolism and Pyrimidine metabolism. Meanwhile, 11
potential metabolic pathways in the NEG ion mode were found:
Biotin metabolism; Valine, leucine, and isoleucine biosynthesis;
Glycerolipid metabolism; Starch and sucrose metabolism;
Galactose metabolism; Glycine, serine, and threonine
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FIGURE 10

CS supplementation modulates fecal metabolite pathways and profiles in HFD-fed mice. (A) Bubble plot map of metabolic pathways (A1: POS
ion, A2: NEG ion); (B) heatmap of bile acids (B1: POS ion, B2: NEG ion); (C) heatmap of Spearman’s correlation between microbiota and bile
acids, the correlation significant test was carried out, when p < 0.05, + was used to mark the significance, when p < 0.01, * was used to mark
the significance. Control diet (Ctrl) group, high- fat diet (HFD) group, corn silk (CS) group.

metabolism; Valine, leucine, and isoleucine degradation;
Biosynthesis of unsaturated fatty acids; Primary bile acid
biosynthesis; Aminoacyl-tRNA biosynthesis and Steroid
hormone biosynthesis.

Furthermore, the abundance of primary bile acids including
cholic acid (CA), chenodeoxycholic acid (CDCA), glycocholic
acid (GCA), and taurocholic acid (TCA), as well as secondary
bile acids including deoxycholic acid (DCA), lithocholic acid
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(LCA), taurodeoxycholic acid (TDCA), Ursodeoxycholic acid
(UDCA), glycoursodeoxycholic acid (GUDCA), and allocholic
acid (ACA) in the three groups were shown in Figure 10B.
HFD increased the abundance of bile acids in the feces of
mice, however, the levels of CDCA, LCA, UDCA, and GUDCA
were significantly higher after the CS extract intervention
compared to the HFD group. Thus, CS extract supplementation
affected bile acid metabolism. Using Spearman’s correlation
analysis, we also calculated the correlations between the
substantial differences in gut microbiota at the genus level
and the amounts of bile acids. As shown in Figure 10C,
the abundance of Rikenella, Turicibacter, Romboutsia, and
Sporobacter were positively correlated to the amounts of
CDCA, GUDCA, LCA, and UDCA. In contrast, the abundance
of Streptococcus, Clostridium XVIII, and Allobaculum had a
negative correlation with the amounts of CDCA, GUDCA,
LCA, and UDCA. Besides, the amounts of GCA was positively
correlated to the abundance of Streptococcus, Clostridium XVIII,
and Allobaculum, and negatively correlated with the abundance
of Rikenella, Turicibacter, Romboutsia, and Sporobacter.

Discussion

In the present study, corn silk extract was investigated for
its effects on body weight, lipid levels, intestinal microbiota,
and fecal metabolomics in HFD-fed mice. There is a clear
link between obesity and hypercholesterolemia. In HFD-fed
mice, the CS extract significantly decreased body weight,
adipose tissue weight, and liver weight. As a vital organ
to maintain cholesterol homeostasis, the liver is responsible
for not only cholesterol de novo synthesis but also biliary
cholesterol elimination.

To rule out the possibility that the reduced body weight
and liver size are a consequence of liver damage induced
by CS extract treatment, we measured serum ALT and AST
activity levels of the HFD mice. As a result, CS extract
did not impair liver function. Furthermore, the serum and
hepatic levels of TC in mice were also significantly reduced
by CS extract. Previous reports showed that the CS reduced
adipose tissue weight and improved cholesterol metabolism in
mice fed HFD (18, 23), and the benefit is likely due to the
inhibition of genes involved in adipocyte differentiation, fat
accumulation, and fat synthesis (24). Mice of the HFD group
also exhibited macrovesicular steatosis around the central vein
of hepatocytes as well as enlarged adipocytes in the adipose
tissue of the epididymis. However, the CS extract ameliorated
these morphological changes. Based on these results, the CS
extract exerted a protective effect on HFD-fed mice by lowering
weight and lipid levels.

The adipose tissue does not only contain adipose cells
but also macrophages, which are closely associated with
inflammation. It has been found that obesity can increase

both local and systemic inflammation, whereas obesity is a
chronic low inflammation caused by various inflammatory
factors (25). In an attempt to determine whether the CS
extract could alleviate inflammation, we studied the change in
inflammation. Macrophages are major immune effector cells
that release inflammatory cytokines. These cytokines include
tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) (26).
The result showed that supplementing with CS extract reduced
serum and liver levels of TNF-α and IL-6. Thus, CS extract
may be responsible for alleviating liver injury by reducing HFD-
induced liver inflammation.

By analyzing high throughput sequencing data, we
determined the effects of CS extract on fecal microbiota
composition and structure. Another study highlighted the
crucial role of gut microbiota in metabolic diseases, such as
obesity and diabetes (27). In the present study, we found
that HFD drastically changes the gut microbiota composition
of C57BL/6J mice. The administration of HFD to mice
reproducibly induces obesity, metabolic syndrome, and hepatic
steatosis (28). The metabolism of the host is highly influenced
by the microbiota in the intestine, the composition and
function of the microbiota are dynamic and affected by dietary
characteristics such as the amount and composition of lipids.
Dietary lipids may therefore alter host physiology by interacting
with gut microbiota (29). Gut microbiota is affected by lipids
both as substrates for bacterial metabolic processes and inhibits
bacterial growth. Mice and humans have been shown to have
altered lipid metabolism and lipid levels in their blood and
tissues due to their gut microbes (30). The gut microbiota profile
is affected by conditions such as dyslipidemia, hyperlipidemia,
non-alcoholic liver disease, and atherosclerosis (31, 32).

HFD increased the abundance of Firmicutes,
Verrucomicrobia, and Proteobacteria, but inhibited the
counts of Bacteroidetes at the phylum level. Meanwhile,
the CS group increases the abundance of Bacteroidetes and
decreases the abundance of Verrucomicrobia and Proteobacteria.
Previous studies suggest the change in the load of Firmicutes
and Bacteroidetes may be a marker for metabolic disorder
in HFD animal models and can be exploited for research
benefits (33, 34). However, some studies suggest that linking
Firmicutes/Bacteroidetes ratio with health status is currently
difficult (35, 36).

The LEfSe analysis noted significant differences in
microbiota between HFD and CS groups at the genus
level, including Allobaculum, Turicibacter, Romboutsia,
Streptococcus, Sporobacter, Christensenella, Clostridium XVIII,
and Rikenella. Subsequently, our findings found an association
between significant differences in microbiota and symptoms
of hypercholesterolemia (Figure 8). Allobaculum cells exhibit
a shape like a rod and are Gram-positive in staining with
a paired or chain arrangement (37). Researchers found that
Allobaculum produced butyric acid and is linked positively to
Angiogenin-like protein 4 (ANGPTL4) expression, which is
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regarded to be a circulating mediator between the microbiota
of gut and fat storage (38–40). Butyric acid transactivated
PPARγ and regulated ANGPTL4, the target gene of PPARγ,
in colon cells (41). FIAF (fasting induction factor), another
term for ANGPTL4, is reported to regulate the metabolism
of lipids while playing a crucial role in the deposition of
lipids via inhibition of lipoprotein lipase (LPL) (42). Studies
revealed that the abundance of Allobaculum might be linked
reversely to inflammation, insulin resistance, and obesity with
the intervention of berberine and metformin in mice (43).
In the present study, CS extract supplementation reduced
the relative abundance of Allobaculum in the GM of HFD
mice, which was beneficial for the inhibition of inflammation
and the regulation of lipid metabolism. Many studies have
reported Turicibacter as an anti-inflammatory taxon due to
its inverse relationship with NF-B1 protein (44–46). Further,
the results of other scientists indicate that the abundance of
Turicibacter is markedly reduced in mice fed HFD, and there is
a negative correlation between the abundance of Turicibacter
and body weight (47–50), this is consistent with the results
observed in our experiments, and after intervention with CS
extract, the abundance of Turicibacter was significantly higher,
which contributed to the anti-inflammatory effect. Turicibacter
inhabits the small intestine and deconjugates 96∼100% of
glycochenodeoxycholic acid and taurocholic acid within 24 h
after meals when BAs are released. In addition, BA levels
may affect the abundance of Turicibacter (51). In the human
microbiome, Streptococcus is ubiquitous and belongs to the
phylum Firmicutes (52). Streptococci are often considered to be
obligate or opportunistic pathogens that cause a wide variety
of diseases in various organs, such as pneumonia, endocarditis,
and meningitis (53, 54). Streptococcus abundance in feces may
be reduced due to the anti-inflammatory effect of CS extract.
The gut microbiota of animals fed CS extracts is enriched
with Sporobacter compared to animals fed a HFD. In addition,
the observed anti-hyperlipidemic effect of Rhizoma Coptidis
alkaloids could also be attributed to the promotion of the
abundance of Sporobacter termitidis, Alcaligenes faecalis, and
Akkermansia muciniphila in obese mice (55).

In the present study, reduced abundance of Christensenella
was found in the feces of CS extract-fed mice and it was
suggested that the reduced abundance of Christensenella had a
beneficial effect in alleviating hypercholesterolemia. However,
family Christensenellaceae is known to be negatively associated
with obesity, hypertriglyceridemia and body mass index (BMI)
and to have a potentially beneficial effect on gut microbes, and
in humans with high levels of Christensenellaceae, the levels of
lipid biosynthesis and energy metabolism pathways are reduced
(56, 57). It is a fact that the diversity of microbes exists even
within the same family, so uniqueness can only be guaranteed at
the strain level. Meanwhile, other studies have reported that an
unknown genus belonging to the Christensenellaceae was found
to be negatively associated with weight loss (58), and an OTU

was annotated as a member of the family Christensenellaceae,
whose representative sequence had the highest identity with
Christensenella, but with a positive correlation of obesity (59).
Studies have shown that Clostridium XVIII produces exotoxins
and promotes inflammation (60, 61), however, some studies
have observed their potential ability to induce homeostatic
T-reg responses (62). In response to cancer, Clostridium XVIII
may additionally activate Tregs and increase the risk of tumors
(63). It has been demonstrated that prolonged feeding of
HFD will increase the abundance of Clostridium XVIII and
the degree of inflammation, while Clostridium XVIII showed
significant correlations with serum and hepatic lipid profiles
(64). HFD mice fed by CS extract had a significant decrease
in the abundance of Clostridium XVIII in GM. Rikenella is a
genus of the family Rikenellaceae, the GM of overweight/obese
patients exhibited a remarkable reduction in the relative
abundance of Rikenella in comparison to normal-weight
controls (65). Consistent with the results of this study, the HFD-
induced reduction in Rikenella abundance was alleviated by
supplementing with CS extract. However, some studies have
shown that HFD increases the abundance of Rikenella in male
C57BL/6J mice (66, 67), but there are also opposite results (68).
This suggests that the abundance of Rikenella may be altered by
changes in the intestinal environment and that it may not have a
potential role in itself. To a certain extent, our current research
indicates that GM changes induced by HFD and reversed by
CS extract may explain the ameliorating effects of CS extract on
hypercholesterolemia.

Both the host and the gut microbiota produce fecal
metabolites that play an important role in preserving health.
To find out the differential metabolites involved in the
beneficial effect of CS extract, we analyzed the changes in
metabolite profile and metabolic pathway by using feces
samples. The histidine metabolism pathway, which contains
three differential metabolites urocanic acid, methylimidazole
acetaldehyde, and methylimidazoleacetic acid, showed the most
significant enrichment (Figure 10A). Histidine is an essential
amino acid for mammals as it cannot be synthesized by the
body de novo and must be obtained from the diet (69). Studies
have shown that histidine reduces body fat, decreases appetite,
increases insulin sensitivity, reduces oxidative stress, and lowers
levels of systemic inflammation markers in plasma (70).
Based on metabolic pathway enrichment analysis, sphingolipid
metabolism and biotin metabolism were also significantly
altered. Sphingolipid metabolism is significantly affected by
HFD (71). Sphingolipids have biologically significant roles in
nearly all aspects of cell biology, including cell death, the cell
cycle, immune responses, inflammation, angiogenesis, nutrient
uptake, metabolism, stress responses, and autophagy (72). The
balance between biotin metabolism and recycling is essential
to normal bacterial growth and function in the microbiota,
and altered biotin metabolism is associated with obesity-related
metabolism and systemic inflammation (73). On the other
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hand, we found that CS extract had a significant effect on
bile acid biosynthesis and increased bile acid levels in feces,
including CDCA, LCA, UDCA, and GUDCA. Alterations in bile
acid metabolism directly affect hepatic metabolic homeostasis
and contribute to the development of metabolic diseases such
as non-alcoholic fatty liver disease (NAFLD), obesity, and
inflammatory bowel disease (IBD) (74). Bile acids are known
to produce from cholesterol in the liver, and considered the
primary lipid component of bile, and have the capacity to bind
to taurine or glycine for enhancing its solubility. Subsequently,
there is a secretion of BAs in bile resulting in its concentration
and storage in the gallbladder. The intake of food causes a release
of bile into the duodenum from the gallbladder, thereby making
BAs accessible to lipids and fat-soluble vitamins assisting in
their digestion and absorption, respectively (75). Bile acids
regulate the absorption of fats and steroids in the gut and
act as signaling molecules activated by farnesoid X receptor
(FXR) and G-protein-coupled bile acid receptor-1 (GPBAR-1)
in the liver, intestine, muscle, and brown adipose tissue (76,
77). In the liver, cholesterol is catabolized by the conversion
of cholesterol to bile acids. In the meantime, the bile acids’ re-
entry to the liver via enterohepatic circulation will affect the
production of cholesterol in the liver. The ileum is the site for
the passive absorption of bile acids, but these acids are mostly
reabsorbed into the portal blood circulation with the active
transport system, and then to the liver, where small amounts
of bile acids are excreted in the feces are replaced by de novo
synthesis in the liver. Consequently, with increased bile acid loss
in the feces, cholesterol will be converted to bile acids in the liver,
lowering cholesterol levels.

Conclusion

In conclusion, the CS extract intervention improved
the hypercholesterolemia caused by HFD and the potential
mechanisms may include: (1) improved inflammation of the
liver; (2) regulating the abundance of certain functional gut
microbiota, including Allobaculum, Turicibacter, Sporobacter,
and Clostridium XVIII; (3) exert an impact on the primary
bile acid biosynthesis. A follow-up study using germ-free mice
and fecal microbiota transplants will provide us with enhanced
insights into the mechanism through which CS affects the
microbiota in the gut, thus evaluating the role of metabolite-
microbe interactions on the metabolic health of the host.

Data availability statement

The 16S rRNA gene sequences were provided and available
at NCBI Sequence Read Archive (SRP) repository with
Accession Code: PRJNA817057; untargeted metabolomic data
have been deposited to the EMBL- EBI MetaboLights database

with the identifier MTBLS4543, the complete data set can be
accessed at www.ebi.ac.uk/metabolights/MTBLS4543.

Ethics statement

The animal study was reviewed and approved by the Animal
Ethical Care Committee of Qiqihar Medical University.

Author contributions

JL and HG designed the study. LD and SR conducted
the animal trial, sample collection, and physical analysis. LD
and HG performed the bioinformatics analysis of 16S rRNA
sequencing and untargeted metabolomics data. LD and JL wrote
the manuscript. YL, HG, CZ, YS, and WY contributed to the
discussion of the work and assisted in drafting the manuscript.
All authors read and approved the final manuscript.

Funding

This work was supported by the Qiqihar Academy of
Medical Sciences Item (QMSI2021M-14), the Fundamental
Research Funds for Education Department of Heilongjiang
Province (2019-KYYWF-1220), and the Heilongjiang Provincial
Office of Philosophy and Social Science funded projects
(21JYB156).

Conflict of interest

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

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.935612/full#supplementary-material

Frontiers in Nutrition 16 frontiersin.org

https://doi.org/10.3389/fnut.2022.935612
http://www.ebi.ac.uk/metabolights/MTBLS4543
https://www.frontiersin.org/articles/10.3389/fnut.2022.935612/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.935612/full#supplementary-material
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-935612 July 26, 2022 Time: 14:27 # 17

Ding et al. 10.3389/fnut.2022.935612

References

1. He N, Ye H. Exercise and Hyperlipidemia. Adv Exp Med Biol. (2020) 1228:79–
90. doi: 10.1007/978-981-15-1792-1_5

2. Griffin BA. Nonpharmacological approaches for reducing serum low-density
lipoprotein cholesterol. Curr Opin Cardiol. (2014) 29:360–5. doi: 10.1097/HCO.
0000000000000078

3. Hamilton MK, Raybould HE. Bugs, guts and brains, and the regulation of food
intake and body weight. Int J Obes Suppl. (2016) 6(Suppl 1):S8–14. doi: 10.1038/
ijosup.2016.3

4. Araujo JR, Tomas J, Brenner C, Sansonetti PJ. Impact of high-fat diet on the
intestinal microbiota and small intestinal physiology before and after the onset of
obesity. Biochimie. (2017) 141:97–106. doi: 10.1016/j.biochi.2017.05.019

5. Schoeler M, Caesar R. Dietary lipids, gut microbiota and lipid metabolism. Rev
Endocr Metab Disord. (2019) 20:461–7. doi: 10.1007/s11154-019-09512-0

6. Wu CC, Weng WL, Lai WL, Tsai HP, Liu WH, Lee MH, et al. Effect of
Lactobacillus plantarum strain K21 on high-fat diet-fed obese mice. Evid Based
Complement Alternat Med. (2015) 2015:391767. doi: 10.1155/2015/391767

7. van de Wouw M, Boehme M, Lyte JM, Wiley N, Strain C, O’Sullivan O,
et al. Short-Chain fatty acids: microbial metabolites that alleviate stress-induced
brain-gut axis alterations. J Physiol. (2018) 596:4923–44. doi: 10.1113/JP276431

8. Gaboriau-Routhiau V, Cerf-Bensussan N. [Gut microbiota and development
of the immune system]. Med Sci. (2016) 32:961–7. doi: 10.1051/medsci/
20163211011

9. Fiorucci S, Distrutti E. Bile Acid-Activated receptors, intestinal microbiota,
and the treatment of metabolic disorders. Trends Mol Med. (2015) 21:702–14.
doi: 10.1016/j.molmed.2015.09.001

10. Staley C, Weingarden AR, Khoruts A, Sadowsky MJ. Interaction of gut
microbiota with bile acid metabolism and its influence on disease states. Appl
Microbiol Biotechnol. (2017) 101:47–64. doi: 10.1007/s00253-016-8006-6

11. Ghazalpour A, Cespedes I, Bennett BJ, Allayee H. Expanding role of gut
microbiota in lipid metabolism. Curr Opin Lipidol. (2016) 27:141–7. doi: 10.1097/
MOL.0000000000000278

12. Lin TL, Lu CC, Lai WF, Wu TS, Lu JJ, Chen YM, et al. Role of gut microbiota
in identification of novel tcm-derived active metabolites. Protein Cell. (2021)
12:394–410. Epub 2020/09/16. doi: 10.1007/s13238-020-00784-w.,

13. Wang B, Xiao T, Ruan J, Liu W. Beneficial effects of corn silk on
metabolic syndrome. Curr Pharm Des. (2017) 23:5097–103. doi: 10.2174/
1381612823666170926152425

14. Sarfare S, Khan SI, Zulfiqar F, Radhakrishnan S, Ali Z, Khan IA.
Undescribed C-glycosylflavones from corn silk and potential anti-inflammatory
activity evaluation of isolates. Planta Med. (2021). doi: 10.1055/a-1728-1347 [Epub
ahead of print].

15. Cho IJ, Kim SE, Choi BR, Park HR, Park JE, Hong SH, et al. Lemon balm
and corn silk extracts mitigate high-fat diet-induced obesity in mice. Antioxidants
(Basel). (2021) 10:2015. doi: 10.3390/antiox10122015

16. Shi S, Yu B, Li W, Shan J, Ma T. Corn silk decoction for blood lipid in patients
with angina pectoris: a systematic review and meta-analysis. Phytother Res. (2019)
33:2862–9. doi: 10.1002/ptr.6474

17. Sabiu S, O’Neill FH, Ashafa AOT. Kinetics of alpha-amylase and alpha-
glucosidase inhibitory potential of zea mays linnaeus (Poaceae), stigma Maydis
aqueous extract: an in vitro assessment. J Ethnopharmacol. (2016) 183:1–8. doi:
10.1016/j.jep.2016.02.024

18. Cha JH, Kim SR, Kang HJ, Kim MH, Ha AW, Kim WK. Corn silk extract
improves cholesterol metabolism in C57bl/6j mouse fed high-fat diets. Nutr Res
Pract. (2016) 10:501–6. doi: 10.4162/nrp.2016.10.5.501

19. Zhang Y, Wu L, Ma Z, Cheng J, Liu J. Anti-Diabetic, anti-oxidant and anti-
hyperlipidemic activities of flavonoids from corn silk on stz-induced diabetic mice.
Molecules. (2015) 21:E7. doi: 10.3390/molecules21010007

20. Wang C, Yin Y, Cao X, Li X. Effects of Maydis stigma polysaccharide on
the intestinal microflora in type-2 diabetes. Pharm Biol. (2016) 54:3086–92. doi:
10.1080/13880209.2016.1211153

21. Wick MR. The hematoxylin and eosin stain in anatomic pathology-an often-
neglected focus of quality assurance in the laboratory. Semin Diagn Pathol. (2019)
36:303–11. doi: 10.1053/j.semdp.2019.06.003

22. Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. Xcms: processing
mass spectrometry data for metabolite profiling using nonlinear peak alignment,
matching, and identification. Anal Chem. (2006) 78:779–87. doi: 10.1021/
ac051437y

23. Lee CW, Seo JY, Kim SL, Lee J, Choi JW, Park YI. Corn Silk maysin
ameliorates obesity in vitro and in vivo via suppression of lipogenesis,

differentiation, and function of adipocytes. Biomed Pharmacother. (2017) 93:267–
75. doi: 10.1016/j.biopha.2017.06.039

24. Lee EY, Kim SL, Kang HJ, Kim MH, Ha AW, Kim WK. High maysin corn silk
extract reduces body weight and fat deposition in C57bl/6j mice fed high-fat diets.
Nutr Res Pract. (2016) 10:575–82. doi: 10.4162/nrp.2016.10.6.575

25. Lecube A, Lopez-Cano C. Obesity, a diet-induced inflammatory disease.
Nutrients. (2019) 11:2284. doi: 10.3390/nu11102284

26. Zhang L, Wang CC. Inflammatory response of macrophages in infection.
Hepatobiliary Pancreat Dis Int. (2014) 13:138–52. doi: 10.1016/s1499-3872(14)
60024-2

27. Greiner T, Backhed F. Effects of the gut microbiota on obesity and glucose
homeostasis. Trends Endocrinol Metab. (2011) 22:117–23. doi: 10.1016/j.tem.2011.
01.002

28. Asai A, Chou PM, Bu HF, Wang X, Rao MS, Jiang A, et al. Dissociation
of hepatic insulin resistance from susceptibility of nonalcoholic fatty liver disease
induced by a high-fat and high-carbohydrate diet in mice. Am J Physiol Gastrointest
Liver Physiol. (2014) 306:G496–504. doi: 10.1152/ajpgi.00291.2013

29. Sonnenburg JL, Backhed F. Diet-Microbiota interactions as moderators of
human metabolism. Nature. (2016) 535:56–64. doi: 10.1038/nature18846

30. Just S, Mondot S, Ecker J, Wegner K, Rath E, Gau L, et al. The gut microbiota
drives the impact of bile acids and fat source in diet on mouse metabolism.
Microbiome. (2018) 6:134. doi: 10.1186/s40168-018-0510-8

31. Aron-Wisnewsky J, Vigliotti C, Witjes J, Le P, Holleboom AG, Verheij J,
et al. Gut microbiota and human nafld: disentangling microbial signatures from
metabolic disorders. Nat Rev Gastroenterol Hepatol. (2020) 17:279–97. doi: 10.1038/
s41575-020-0269-9

32. Jonsson AL, Backhed F. Role of gut microbiota in atherosclerosis.
Nat Rev Cardiol. (2017) 14:79–87. doi: 10.1038/nrcardio.201
6.183

33. Rivero-Gutierrez B, Gamez-Belmonte R, Suarez MD, Lavin JL, Aransay AM,
Olivares M, et al. A synbiotic composed of Lactobacillus fermentum Cect5716 and
fos prevents the development of fatty acid liver and glycemic alterations in rats fed
a high fructose diet associated with changes in the microbiota. Mol Nutr Food Res.
(2017) 61:1600622. doi: 10.1002/mnfr.201600622

34. Grigor’eva IN. Gallstone disease, obesity and the firmicutes/bacteroidetes
ratio as a possible biomarker of gut dysbiosis. J Pers Med. (2020) 11:13. doi: 10.
3390/jpm11010013

35. Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, et al. The
firmicutes/bacteroidetes ratio: a relevant marker of gut dysbiosis in obese patients?
Nutrients. (2020) 12:1474. doi: 10.3390/nu12051474

36. Khan TJ, Ahmed YM, Zamzami MA, Mohamed SA, Khan I, Baothman
OAS, et al. Effect of atorvastatin on the gut microbiota of high fat diet-induced
hypercholesterolemic rats. Sci Rep. (2018) 8:662. doi: 10.1038/s41598-017-19013-2

37. Greetham HL, Gibson GR, Giffard C, Hippe H, Merkhoffer B, Steiner U,
et al. Allobaculum stercoricanis Gen. Nov., Sp. Nov., isolated from canine feces.
Anaerobe. (2004) 10:301–7. doi: 10.1016/j.anaerobe.2004.06.004

38. Zheng Z, Lyu W, Ren Y, Li X, Zhao S, Yang H, et al. Allobaculum involves in
the modulation of intestinal angptlt4 expression in mice treated by high-fat diet.
Front Nutr. (2021) 8:690138. doi: 10.3389/fnut.2021.690138

39. Janssen AWF, Katiraei S, Bartosinska B, Eberhard D, Willems van Dijk K,
Kersten S. Loss of Angiopoietin-Like 4 (Angptl4) in mice with diet-induced obesity
uncouples visceral obesity from glucose intolerance partly via the gut microbiota.
Diabetologia. (2018) 61:1447–58. doi: 10.1007/s00125-018-4583-5

40. Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et al. The gut
microbiota as an environmental factor that regulates fat storage. Proc Natl Acad Sci
USA. (2004) 101:15718–23. doi: 10.1073/pnas.0407076101

41. Kumar J, Rani K, Datt C. Molecular link between dietary fibre, gut microbiota
and health. Mol Biol Rep. (2020) 47:6229–37. doi: 10.1007/s11033-020-05611-3

42. Li J, Li L, Guo D, Li S, Zeng Y, Liu C, et al. Triglyceride metabolism and
angiopoietin-like proteins in lipoprotein lipase regulation. Clin Chim Acta. (2020)
503:19–34. doi: 10.1016/j.cca.2019.12.029

43. Zhang X, Zhao Y, Xu J, Xue Z, Zhang M, Pang X, et al. Modulation
of gut microbiota by berberine and metformin during the treatment of high-
fat diet-induced obesity in rats. Sci Rep. (2015) 5:14405. doi: 10.1038/srep1
4405

44. Bassols J, Serino M, Carreras-Badosa G, Burcelin R, Blasco-Baque V, Lopez-
Bermejo A, et al. Gestational diabetes is associated with changes in placental
microbiota and microbiome. Pediatr Res. (2016) 80:777–84. doi: 10.1038/pr.2016.
155

Frontiers in Nutrition 17 frontiersin.org

https://doi.org/10.3389/fnut.2022.935612
https://doi.org/10.1007/978-981-15-1792-1_5
https://doi.org/10.1097/HCO.0000000000000078
https://doi.org/10.1097/HCO.0000000000000078
https://doi.org/10.1038/ijosup.2016.3
https://doi.org/10.1038/ijosup.2016.3
https://doi.org/10.1016/j.biochi.2017.05.019
https://doi.org/10.1007/s11154-019-09512-0
https://doi.org/10.1155/2015/391767
https://doi.org/10.1113/JP276431
https://doi.org/10.1051/medsci/20163211011
https://doi.org/10.1051/medsci/20163211011
https://doi.org/10.1016/j.molmed.2015.09.001
https://doi.org/10.1007/s00253-016-8006-6
https://doi.org/10.1097/MOL.0000000000000278
https://doi.org/10.1097/MOL.0000000000000278
https://doi.org/10.1007/s13238-020-00784-w.,
https://doi.org/10.2174/1381612823666170926152425
https://doi.org/10.2174/1381612823666170926152425
https://doi.org/10.1055/a-1728-1347
https://doi.org/10.3390/antiox10122015
https://doi.org/10.1002/ptr.6474
https://doi.org/10.1016/j.jep.2016.02.024
https://doi.org/10.1016/j.jep.2016.02.024
https://doi.org/10.4162/nrp.2016.10.5.501
https://doi.org/10.3390/molecules21010007
https://doi.org/10.1080/13880209.2016.1211153
https://doi.org/10.1080/13880209.2016.1211153
https://doi.org/10.1053/j.semdp.2019.06.003
https://doi.org/10.1021/ac051437y
https://doi.org/10.1021/ac051437y
https://doi.org/10.1016/j.biopha.2017.06.039
https://doi.org/10.4162/nrp.2016.10.6.575
https://doi.org/10.3390/nu11102284
https://doi.org/10.1016/s1499-3872(14)60024-2
https://doi.org/10.1016/s1499-3872(14)60024-2
https://doi.org/10.1016/j.tem.2011.01.002
https://doi.org/10.1016/j.tem.2011.01.002
https://doi.org/10.1152/ajpgi.00291.2013
https://doi.org/10.1038/nature18846
https://doi.org/10.1186/s40168-018-0510-8
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.1038/nrcardio.2016.183
https://doi.org/10.1038/nrcardio.2016.183
https://doi.org/10.1002/mnfr.201600622
https://doi.org/10.3390/jpm11010013
https://doi.org/10.3390/jpm11010013
https://doi.org/10.3390/nu12051474
https://doi.org/10.1038/s41598-017-19013-2
https://doi.org/10.1016/j.anaerobe.2004.06.004
https://doi.org/10.3389/fnut.2021.690138
https://doi.org/10.1007/s00125-018-4583-5
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1007/s11033-020-05611-3
https://doi.org/10.1016/j.cca.2019.12.029
https://doi.org/10.1038/srep14405
https://doi.org/10.1038/srep14405
https://doi.org/10.1038/pr.2016.155
https://doi.org/10.1038/pr.2016.155
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-935612 July 26, 2022 Time: 14:27 # 18

Ding et al. 10.3389/fnut.2022.935612

45. Liu W, Crott JW, Lyu L, Pfalzer AC, Li J, Choi SW, et al. Diet- and genetically-
induced obesity produces alterations in the microbiome, inflammation and wnt
pathway in the intestine of Apc(+/1638n) mice: comparisons and contrasts. J
Cancer. (2016) 7:1780–90. doi: 10.7150/jca.15792

46. Johnson AM, Costanzo A, Gareau MG, Armando AM, Quehenberger O,
Jameson JM, et al. High fat diet causes depletion of intestinal eosinophils associated
with intestinal permeability. PLoS One. (2015) 10:e0122195. doi: 10.1371/journal.
pone.0122195

47. Everard A, Geurts L, Caesar R, Van Hul M, Matamoros S, Duparc T,
et al. Intestinal epithelial Myd88 Is a sensor switching host metabolism towards
obesity according to nutritional status. Nat Commun. (2014) 5:5648. doi: 10.1038/
ncomms6648

48. Guo X, Li J, Tang R, Zhang G, Zeng H, Wood RJ, et al. High fat diet
alters gut microbiota and the expression of paneth cell-antimicrobial peptides
preceding changes of circulating inflammatory cytokines. Mediators Inflamm.
(2017) 2017:9474896. doi: 10.1155/2017/9474896

49. Jiao N, Baker SS, Nugent CA, Tsompana M, Cai L, Wang Y, et al. Gut
microbiome may contribute to insulin resistance and systemic inflammation in
obese rodents: a meta-analysis. Physiol Genomics. (2018) 50:244–54. doi: 10.1152/
physiolgenomics.00114.2017

50. Fan S, Raychaudhuri S, Page R, Shahinozzaman M, Obanda DN.
Metagenomic insights into the effects of Urtica Dioica vegetable on the gut
microbiota of C57bl/6j obese mice, particularly the composition of clostridia. J Nutr
Biochem. (2021) 91:108594. doi: 10.1016/j.jnutbio.2021.108594

51. Kemis JH, Linke V, Barrett KL, Boehm FJ, Traeger LL, Keller MP, et al. Genetic
determinants of gut microbiota composition and bile acid profiles in mice. PLoS
Genet. (2019) 15:e1008073. doi: 10.1371/journal.pgen.1008073

52. Parte AC, Sarda Carbasse J, Meier-Kolthoff JP, Reimer LC, Goker M. List of
prokaryotic names with standing in nomenclature (Lpsn) Moves to the Dsmz. Int J
Syst Evol Microbiol. (2020) 70:5607–12. doi: 10.1099/ijsem.0.004332

53. Manzer HS, Nobbs AH, Doran KS. The multifaceted nature of streptococcal
antigen i/ii proteins in colonization and disease pathogenesis. Front Microbiol.
(2020) 11:602305. doi: 10.3389/fmicb.2020.602305

54. Hyun DW, Lee JY, Kim MS, Shin NR, Whon TW, Kim KH, et al.
Pathogenomics of Streptococcus Ilei Sp. Nov., a newly identified pathogen
ubiquitous in human microbiome. J Microbiol. (2021) 59:792–806. doi: 10.1007/
s12275-021-1165-x

55. He K, Hu Y, Ma H, Zou Z, Xiao Y, Yang Y, et al. Rhizoma coptidis alkaloids
alleviate hyperlipidemia in b6 mice by modulating gut microbiota and bile acid
pathways. Biochim Biophys Acta. (2016) 1862:1696–709. doi: 10.1016/j.bbadis.2016.
06.006

56. Li X, Li Z, He Y, Li P, Zhou H, Zeng N. Regional distribution of
christensenellaceae and its associations with metabolic syndrome based on a
population-level analysis. PeerJ. (2020) 8:e9591. doi: 10.7717/peerj.9591

57. Peters BA, Shapiro JA, Church TR, Miller G, Trinh-Shevrin C, Yuen E, et al. A
Taxonomic signature of obesity in a large study of american adults. Sci Rep. (2018)
8:9749. doi: 10.1038/s41598-018-28126-1

58. Aleman JO, Bokulich NA, Swann JR, Walker JM, De Rosa JC, Battaglia T,
et al. Fecal microbiota and bile acid interactions with systemic and adipose tissue
metabolism in diet-induced weight loss of obese postmenopausal women. J Transl
Med. (2018) 16:244. doi: 10.1186/s12967-018-1619-z

59. Song Y, Shen H, Liu T, Pan B, De Alwis S, Zhang W, et al. Effects of three
different mannans on obesity and gut microbiota in High-Fat Diet-Fed C57bl/6j
Mice. Food Funct. (2021) 12:4606–20. doi: 10.1039/d0fo03331f

60. Stiles BG, Pradhan K, Fleming JM, Samy RP, Barth H, Popoff MR.
Clostridium and Bacillus binary enterotoxins: bad for the bowels, and eukaryotic
being. Toxins (Basel). (2014) 6:2626–56. doi: 10.3390/toxins6092626

61. Woting A, Pfeiffer N, Loh G, Klaus S, Blaut M. Clostridium Ramosum
promotes high-fat diet-induced obesity in gnotobiotic mouse models. mBio. (2014)
5:e1530–1514. doi: 10.1128/mBio.01530-14

62. Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al.
Treg induction by a rationally selected mixture of clostridia strains from the human
microbiota. Nature. (2013) 500:232–6. doi: 10.1038/nature12331

63. Sugimoto M, Abe K, Takagi T, Suzuki R, Konno N, Asama H, et al.
Dysbiosis of the duodenal microbiota as a diagnostic marker for pancreaticobiliary
cancer. World J Gastrointest Oncol. (2021) 13:2088–100. doi: 10.4251/wjgo.v13.i12.
2088

64. Li L, Guo WL, Zhang W, Xu JX, Qian M, Bai WD, et al. Grifola Frondosa
polysaccharides ameliorate lipid metabolic disorders and gut microbiota dysbiosis
in high-fat diet fed rats. Food Funct. (2019) 10:2560–72. doi: 10.1039/c9fo00075e

65. Palmas V, Pisanu S, Madau V, Casula E, Deledda A, Cusano R, et al. Gut
microbiota markers associated with obesity and overweight in italian adults. Sci
Rep. (2021) 11:5532. doi: 10.1038/s41598-021-84928-w

66. Liu J, Hao W, He Z, Kwek E, Zhao Y, Zhu H, et al. Beneficial effects of tea
water extracts on the body weight and gut microbiota in C57bl/6j mice fed with a
high-fat diet. Food Funct. (2019) 10:2847–60. doi: 10.1039/c8fo02051e

67. He WS, Li L, Rui J, Li J, Sun Y, Cui D, et al. Tomato seed oil attenuates
hyperlipidemia and modulates gut microbiota in C57bl/6j Mice. Food Funct. (2020)
11:4275–90. doi: 10.1039/d0fo00133c

68. Cai TT, Ye XL, Li RR, Chen H, Wang YY, Yong HJ, et al. Resveratrol
modulates the gut microbiota and inflammation to protect against diabetic
nephropathy in mice. Front Pharmacol. (2020) 11:1249. doi: 10.3389/fphar.2020.
01249

69. Moro J, Tome D, Schmidely P, Demersay TC, Azzout-Marniche D. Histidine:
a systematic review on metabolism and physiological effects in human and different
animal species. Nutrients. (2020) 12:1414. doi: 10.3390/nu12051414

70. DiNicolantonio JJ, McCarty MF, Jh OK. Role of dietary histidine in the
prevention of obesity and metabolic syndrome. Open Heart. (2018) 5:e000676.
doi: 10.1136/openhrt-2017-000676

71. Choi S, Snider AJ. Sphingolipids in high fat diet and obesity-related diseases.
Mediators Inflamm. (2015) 2015:520618. doi: 10.1155/2015/520618

72. Hannun YA, Obeid LM. Sphingolipids and their metabolism in physiology
and disease. Nat Rev Mol Cell Biol. (2018) 19:175–91. doi: 10.1038/nrm.2017.107

73. Belda E, Voland L, Tremaroli V, Falony G, Adriouch S, Assmann KE, et al.
Impairment of gut microbial biotin metabolism and host biotin status in severe
obesity: effect of biotin and prebiotic supplementation on improved metabolism.
Gut. (2022) 1–18. doi: 10.1136/gutjnl-2021-325753

74. Chiang JYL, Ferrell JM. Bile acid metabolism in liver pathobiology. Gene
Expr. (2018) 18:71–87. doi: 10.3727/105221618X15156018385515

75. Li T, Chiang JY. Bile acid signaling in metabolic disease and drug therapy.
Pharmacol Rev. (2014) 66:948–83. doi: 10.1124/pr.113.008201

76. Thomas C, Pellicciari R, Pruzanski M, Auwerx J, Schoonjans K. Targeting
bile-acid signalling for metabolic diseases. Nat Rev Drug Discov. (2008) 7:678–93.
doi: 10.1038/nrd2619

77. Chiang JY. Bile acid metabolism and signaling. Compr Physiol. (2013) 3:1191–
212. doi: 10.1002/cphy.c120023

Frontiers in Nutrition 18 frontiersin.org

https://doi.org/10.3389/fnut.2022.935612
https://doi.org/10.7150/jca.15792
https://doi.org/10.1371/journal.pone.0122195
https://doi.org/10.1371/journal.pone.0122195
https://doi.org/10.1038/ncomms6648
https://doi.org/10.1038/ncomms6648
https://doi.org/10.1155/2017/9474896
https://doi.org/10.1152/physiolgenomics.00114.2017
https://doi.org/10.1152/physiolgenomics.00114.2017
https://doi.org/10.1016/j.jnutbio.2021.108594
https://doi.org/10.1371/journal.pgen.1008073
https://doi.org/10.1099/ijsem.0.004332
https://doi.org/10.3389/fmicb.2020.602305
https://doi.org/10.1007/s12275-021-1165-x
https://doi.org/10.1007/s12275-021-1165-x
https://doi.org/10.1016/j.bbadis.2016.06.006
https://doi.org/10.1016/j.bbadis.2016.06.006
https://doi.org/10.7717/peerj.9591
https://doi.org/10.1038/s41598-018-28126-1
https://doi.org/10.1186/s12967-018-1619-z
https://doi.org/10.1039/d0fo03331f
https://doi.org/10.3390/toxins6092626
https://doi.org/10.1128/mBio.01530-14
https://doi.org/10.1038/nature12331
https://doi.org/10.4251/wjgo.v13.i12.2088
https://doi.org/10.4251/wjgo.v13.i12.2088
https://doi.org/10.1039/c9fo00075e
https://doi.org/10.1038/s41598-021-84928-w
https://doi.org/10.1039/c8fo02051e
https://doi.org/10.1039/d0fo00133c
https://doi.org/10.3389/fphar.2020.01249
https://doi.org/10.3389/fphar.2020.01249
https://doi.org/10.3390/nu12051414
https://doi.org/10.1136/openhrt-2017-000676
https://doi.org/10.1155/2015/520618
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.1136/gutjnl-2021-325753
https://doi.org/10.3727/105221618X15156018385515
https://doi.org/10.1124/pr.113.008201
https://doi.org/10.1038/nrd2619
https://doi.org/10.1002/cphy.c120023
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Modulation of gut microbiota and fecal metabolites by corn silk among high-fat diet-induced hypercholesterolemia mice
	Introduction
	Materials and methods
	Materials and reagents
	Animals and experimental design
	Glucose Tolerance Test
	Biochemistry assays
	Histopathological analysis
	Gut microbiota analysis
	Untargeted fecal metabolomic analysis
	Statistical analysis

	Results
	Analysis of corn silk extract on the body weight, energy intake, and Glucose Tolerance Test
	Effect of corn silk extract on lipid levels
	Effect of corn silk extract on chronic inflammation
	Effect of corn silk extract on gut microbiota diversity and composition
	Effect of corn silk extract on untargeted fecal metabolomic analysis
	KEGG metabolic pathway analysis

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


