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ABSTRACT: Obesity is a metabolic disease and causes significant changes in host and gut —
microbial metabolite levels. However, little research has been done on the relationship between IOE |(%p
host and gut microbial metabolites. Thus, this study investigated the connection of the chemicals, l
based on the different effects of two Inonotus obliquus extracts on high-fat-diet-induced mice and e,
their mechanisms. In this study, CS7BL6/] mice fed with a high-fat diet were given I obliquus (8
ethanol extract (IOE) and polysaccharide (IOP). 'H NMR-based metabolomics, 16S rRNA 4 S
sequencing, and real-time reverse transcription polymerase chain reaction (RT-PCR) were used to & '”‘ake\% AN Energy consumption
detect metabolites, cecal microbes, and expressions of genes in liver. IOE and IOP effectively e
improved the obesity of mice, including the adjustment of body weight gain, energy intake, energy
efficiency, liver glucose metabolism and triglyceride metabolism, tricarboxylic acid (TCA) cycle, and degradation of three major
nutrients (carbohydrate, lipid, and protein). IOE significantly increased cecal propionate based on Bacteroides and Akkermansia,
thereby inhibiting energy intake and fat accumulation in mice. IOP remarkably improved the level of cecal butyrate by Lactobacillus
and the Bacteroidales S24-7 group, resulting in increased energy consumption, and fat degradation by regulating the TCA cycle of the
host. Two extracts containing different bioactive substances of I obliquus improved obesity in mice through different effects on
production of cecal microbial metabolites. Moreover, cecal butyrate (not propionate) was connected with chemicals of mice,

Caecal Propionate

including four metabolites of the TCA cycle and other metabolism-related chemicals.

B INTRODUCTION

Obesity is a metabolic disease characterized by an excessive
accumulation of lipids, mainly due to the long-term imbalance
of energy intake and expenditure.” A great deal of research has
indicated that obesity increases the risk of diabetes, osteo-
arthritis, and cardiovascular diseases.” Moreover, it was the
cause of over 60% of deaths.” According to a report of World
Health Organization (WHO), more than 18% of children (380
million) and 39% of adults (1.9 billion) are overweight or
obese.* Thus, studies of obesity had attracted significant
attention.

Many studies have observed that obesity affects the
metabolism of the host and gut microbiota.”® The effect was
reflected in the levels of metabolites.” ® For example, diet-
induced obesity suppresses the levels of citric acid,’
ketoglutarate, and other metabolites in the host and short-
chain fatty acids of gut microbiota."” Moreover, many studies
treated obesity through the metabolites of the host or gut
microbiota.'"'* However, there were few studies on the
metabolites of host and gut microbiota together. Therefore,
little is known about the connections between host and gut
microbial chemicals.

Inonotus obliquus is a medicinal and edible mushroom, and
its ethanol extract (IOE) and polysaccharide (IOP) have been
investigated and found to have a significant effect on metabolic
diseases (such as obesity, type 2 diabetes, and hyper-
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uricemia).'”'* Previous studies revealed that IOE mainly
included phenolic acids and triterpenes'>'® and IOPs
consisted of a f-glucose backbone in the chain and were rich
in glucose, galactose, arabinose, and fucose.'” The research
suggested that IOE and IOP inhibited metabolic diseases
through different mechanisms.

The purpose of this study was to explore the relationship
between host and gut microbial metabolites, based on the
different effects of the two L obliquus extracts (IOP and IOE)
on obesity and their mechanisms.

B RESULTS

Body Weight, Body Mass Intake, Adipose Tissue
Weight, and Energy Intake. During the feeding process,
mice fed with a high-fat diet showed a higher weight growth
rate than those fed with a regular diet. At the end of the
experiment, mice in the high-fat diet (HFD) group showed an
increase in body weight gain, body mass index, inguinal fat, and
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Figure 1. Effects of IOE/IOP administration on the body weight and the percent of adipose tissue and energy intake in mice. (A) Body weight
curves and body weight gain; (B) body mass index; (C) relative weight of subcutaneous fat and inguinal fat; (D) relative weight of mesenteric fat,
perinephric fat, and epididymal fat; and (E) energy intake and energy efficiency (the ratio of body weight gain to energy intake).
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Figure 2. Effects of IOE/IOP administration on the biochemical index. (A) Oral glucose tolerance test (OGTT) curve, area under the
concentration—time curve (AUC) for the OGTT and the glucose level at 120 min after the glucose gavage. (B) Changes of fasting glucose
determination at 0 and 10 weeks. (C) Concentrations of total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL) in the serum. (D) Concentrations of TG in the liver.

epididymal fat compared with mice in the normal chow diet
(NCD) group (Figure 1A—D). Both IOE and IOP reduced the
weight growth rate and weight gain during feeding of high-fat
diets. Compared with the HFD group, IOE decreased the body
mass index (p = 0.0625) and mesenteric fat, while IOP showed
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no effect on body fat (Figure 1C,D). In addition, IOE has a
stronger regulating effect on body weight than IOP (p = 0.085)
(Figure 1A,B).

Energy intake and energy efficiency (body weight gain/
energy intake) were introduced to explore why IOE and IOP
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Figure 3. Effects of IOE/IOP administration on the expression of genes related to glucose metabolism and triglyceride metabolism in the liver.
IOE/IOP induces transcriptional responses of genes related to glycolysis (A), gluconeogenesis (B), fatty acid synthesis (C), f-oxidation (D), and

TG synthesis (E) in the liver.

inhibit the increase in body weight gain induced by a high-fat
diet. As shown in Figure 1E, IOE and IOP reduced the
elevation in energy intake and energy efliciency caused by
high-fat diet feeding, and mice in the IOE group had less
energy intake compared with those in the IOP group (p =
0.078).

These results suggested that IOE and IOP improved the
obesity of mice fed with a high-fat diet, which is related to the
energy metabolism, and IOE was more effective.

Biochemical Parameters. A high-fat diet causes changes
in many biochemical indicators. Therefore, glucose tolerance
and serum lipid levels were measured. The area under the
curve (AUC) and the blood glucose level at 2 h after the meal
increased in the mice given the high-fat diet compared with the
NCD group, indicating that 10 weeks of high-fat diet resulted
in an increase in glucose tolerance, i.e., impaired blood glucose
regulation (Figure 2A). Moreover, the difference in fasting
blood glucose between the 10th week and the beginning of the
experiment was higher in the HFD group than in the NCD
group (Figure 2B), again indicating a disorder of glucose
metabolism caused by the high-fat diet. Although the intake of
IOE and IOP did not improve the glucose tolerance induced
by high-fat diet feeding in mice, both extracts reduced the
increase in fasting glucose difference induced by the high-fat
diet (Figure 2A,B). These results indicate that IOE and IOP
ameliorated the disorder of glucose metabolism induced by
high-fat diet feeding in mice but not in a manner that affected
the ability of blood glucose regulation.

Serum lipid profiles showed that cholesterol and LDL were
increased by the high-fat diet, but I obliquus extracts did not
show significant effects on these biochemical parameters.
However, IOP reduced the serum triglyceride level in HFD-fed
mice, illustrating that triglyceride metabolism was regulated by
I obliquus (Figure 2C). Subsequent measurements of hepatic
triglycerides showed that both IOE and IOP reduced the
hepatic triglyceride accumulation induced by the high-fat diet
(Figure 2D).
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These results indicated that IOE and IOP regulated glucose
metabolism and triglyceride metabolism in HFD mice.

Real-Time Quantitative PCR. To further understand how
IOE or IOP regulated glucose metabolism and triglyceride
metabolism, liver mRNA expressions of key genes were
determined.

Feeding with high-fat diet increased the mRNA expression
of 19 genes involved in glucose metabolism and triglyceride
metabolism (pyruvate kinase (PK) and carbohydrate-respon-
sive element binding protein (Chrebp) of the glycolysis
pathway; G6 Pase, fructose-1,6-bisphosphatase (FBPase),
pyruvate carboxylase (PC), and phosphoenolpyruvate carbox-
ykinase (PEPCK) of the gluconeogenesis pathway; sterol
regulatory element binding protein-lc (Srebplc), acetyl-CoA
carboxylase (Acc), ATP-citrate lyase (Acl), stearoyl-CoA
desaturase 1 (Scdl), fatty acid synthase (Fas), and peroxisome
proliferator-activated recepto y (PPAR-y) of the de novo fatty
acid synthesis pathway; PPAR-a, acyl-CoA oxidase (Acox),
carnitine palmitoyltransferase 1 (Cptl), and medium-chain
acyl-CoA dehydrogenase (Mcad) of the f§ oxidation pathway;
and glycerol-3-phosphate acyltransferase (Gpat), diacylglycerol
acyltransferase 1 (Dgatl), and diacylglycerol acyltransferase 2
(Dgat2) of the triglyceride synthesis pathway), and the
expression of these genes was suppressed by either IOE or
IOP (Figure 3A—E). Compared with the IOE group, the
expression levels in the IOP group were more similar to those
in the NCD group. The modulation of the expression of seven
genes (Chrebp for the glycolysis pathway, G6 Pas and PEPCK
for the gluconeogenesis pathway, Acc for the de novo fatty acid
synthesis pathway, Acox and Mcad for the beta oxidation
pathway, and Gpat for the triglyceride synthesis pathway) in
the IOE group was not as strong as that in the IOP group
(Figure 3A—E). Compared with the IOE group, the expression
of Chrebp of the glycolysis pathway and GG6PAS of the
gluconeogenesis pathway was more strongly suppressed in the
IOP group (Figure 3A,B). In addition, unlike other enzymes
and regulators, the expression levels of six genes in the de novo
fatty acid synthesis pathway were very similar in the IOE and
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Figure 4. Effects of IOE/IOP administration on metabolites of mice. 2D score scatter plots of the orthogonal partial least-squares discriminant
analysis (OPLS-DA) classification of (A) urine and (B) serum. Main metabolites (variable importance of projection (VIP) > 2) identified through

"H NMR data of (C) serum samples and (D) urine samples.

IOP groups (Figure 3C). Interestingly, the expression of
glucokinase (GK) of the glycolytic pathway, which expressed
an enzyme not inhibited by the product glucose-6-phosphate,
was not affected by IOE or IOP intake (Figure 3A).

In summary, both IOE and IOP ameliorated liver glucose
metabolism and triglyceride metabolism in HFD mice, and the
regulation ability of IOP was stronger.

'H NMR-Based Metabolomics for Determination of
Urine and Serum. The metabolomes of serum and urine
reflected the overall metabolic changes of the host and
explained the changes in glucose metabolism and triglyceride
metabolism in HFD mice. Therefore, we interrogated changes
in the metabolome using 'H NMR-based metabolomics
techniques.

The serum modeling was not ideal (R*X = 0.48, R*Y = 0.247,
Q* = —0.073). The separation was poor in the two-dimensional
(2D) score scatter plot of the four experimental groups (Figure
4A), and the difference among the four experimental groups
was seen in the three-dimensional (3D) score scatter plot
(Figure S1A). The 2D score scatter plot of urine showed a
significant separation of the basal diet group and the three
groups of high-fat diet (Figure 4B), and in the 3D score scatter
plot, the separation of HED group, IOE group, and IOP group
was also observed (Figure S1B).

After screening (VIP > 2, Figure S2) and identification
(Table S1), several metabolites in serum are presented in
Figure 4C. We found an increase of lactate in serum
metabolites with the high-fat diet compared with the basal
diet. However, compared with the HFD group, LDL (CH3—)
was decreased in the IOE group, and LDL (CH3-) (p =
0.049) and lactate (p = 0.071) were less in the IOP group.

The 16 major metabolites in urine were divided into two
categories (Table S2 and Figure 4D). Some metabolites were
decreased by HFD, including citrate, 2-oxoglutarate, succinate,
cis-aconitate, allantoin, dimethylamine, and trimethylamine,
and other metabolites were increased by HFD, including
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pyruvate, acetoacetate, 3-ureidopropionate, taurine, arginine,
N-acetylglutamate, phenylacetylglycine, and creatinine. We
found that both IOE and IOP increased the levels of cis-
aconitine (TCA cycle) and allantoin (the end product of ATP
and GTP) and decreased the levels of 3-ureidopropionate
(substrate for coenzyme A (CoA) synthesis), arginine (Amino
acid metabolism), and pyruvate (glucose metabolism). More-
over, the levels of citrate (p = 0.0526, TCA cycle), 2-
oxoglutarate (p = 0.0661, TCA cycle), and acetoacetate (fatty
acid metabolism) were also promoted by IOP.

Metabolic pathway analyses were conducted using Metab-
oAnalyst 4.0 (http:/ /www.metaboanalyst.ca/ ) based on the
differentially expressed metabolites.'® The identified pathways
associated with the effect of IOE/IOP on HFD mice are
presented according to the p-values from the pathway
enrichment analysis (y-axis) and pathway impact values from
pathway topology analysis (x-axis). We found that the TCA
cycle, pantothenate and CoA biosynthesis, and other metabolic
pathways were perturbed (Figure S3). Moreover, the TCA
cycle is the most affected by IOE (p = 0.011) and IOP (p =
1.82 X 107°).

These results indicated that IOE and IOP improved the
metabolism of mice disturbed by high-fat diet feeding, mainly
in the TCA cycle and degradation of three major nutrients.
Moreover, IOP showed stronger adjustment ability than IOE.

'H NMR-Based Metabolomics for Determination of
Cecum Contents. Recent studies have shown that the
metabolites of gut microbiota played an important and even
decisive role in the regulation of host metabolism by extracts of
plants and mushrooms.'®?° Therefore, metabolites in cecum
contents were measured.

As shown in Figure 5A, NCD and IOP groups were
significantly separated from the HFD group in the 2D score
scatter plot, and the IOE group was also well separated from
the HFD group in the 3D score scatter plot. Twelve
metabolites were picked up. Except for ethanol, the other 11
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metabolites showed statistical differences in the comparison of
the experimental groups (Table S3 and Figure SB). Compared
with the NCD group, HFD feeding decreased the relative
content of acetate, butyrate, and succinate and increased the
relative content of lactate, choline, alanine, taurine, leucine/
isoleucine, and S-aminopentanoate. Compared with the HFD
group, the intake of IOE increased the relative content of
propionate (p = 0.0281) in the cecum, and IOP increased the
relative content of butyrate and methanol (metabolites of
short-chain fatty acid (SCFA)) and decreased the relative
content of S-aminopentanoate in the cecum compared with the
HFD group.

In conclusion, IOE and IOP altered the metabolism of gut
microbiota in HFD mice, mainly in SCFA metabolism.

Gut Microbiota Analysis. The production of specific
metabolites was related to some bacteria.”' Therefore, we
analyzed the changes in the microbiota of cecum contents
induced by diet and extract, to investigate how changes in the
intestinal microbiota affect metabolite conversion.

As shown in Figure S4, the alpha diversity in the NCD
group, IOE group, or IOP group was not significantly different
from that in the HFD group, which illustrated that neither the
change in diet nor the intake of extracts changed the alpha
diversity of the microbiota in both cecum contents. However,
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the Shannon index of cecal microbiota was higher and the
Simpson index of cecal microbiota was lower in the IOE group
than those in NCD and IOP groups. In addition, the beta
diversity of cecal microbiota in each group showed significant
differences (p = 0.001).

After the DNA sequencing of cecal microbiota, we found
that HFD feeding and I obliquus extracts changed the
proportion of cecal bacteria (Figure 6A,B). At the phylum
level, compared with the NCD group, the high-fat diet caused
an increase in the Firmicutes-to-Bacteroidetes ratio (F/B), while
IOE and IOP decreased the F/B increase caused by the high-
fat diet. At the genus level, we analyzed bacterial changes with
relative abundances greater than 1%. Compared with the HFD
group, the Bacteroidales S24-7 group that produced butyrate
and Lactobacillus that produced lactate were enriched in NCD
and IOP groups, propionate producers Akkermansia and
Bacteroides were enriched in the IOE group, and SCFA-
producing bacteria Holdemanella and Ruminococcaceae_ UCG-
014 were enriched in the IOE group and IOP group.
Additionally, we found that Faecalibaculum that produced
butyrate, Helicobacter that produced lipopolysaccharide (LPS),
and Desulfovibrio that produced H,S were abundant in the
HEFD group.
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Figure 6. Effects of IOE/IOP administration on gut microbiota. (A) Relative abundance of microbiota at the phylum level and the ratio of
Firmicutes to Bacteroidetes (F/B) in the cecum. (B) Heatmaps generated by the relative abundance of cecal microbiota at the genus level. (C)

Function prediction of cecal microbiota.

The gut microbiota functional profile showed that high-fat
diet feeding caused a decrease in metabolism (class 1) of cecal
microbiota, while IOE and IOP increased the metabolism.
Moreover, IOE and IOP modulated the glycan biosynthesis
and metabolism of the microbiota (class 2), and there was a
significant increase in lipid metabolism by IOE (Figure 6C).

These results showed that IOE and IOP modulated the
structure and function of the cecal microbiota in HFD mice.

Correlation Analysis. In this study, key metabolites (three
SCFAs and four metabolites of the TCA cycle) were correlated
with other metabolites and measures separately (Figure 7A,B).
We found that there was a positive correlation between
butyrate and four metabolites of the TCA cycle, while
propionate was irrelevant to the metabolites of the TCA
cycle (Figure 7B). Moreover, there were significantly negative
correlations between the three SCFAs and most other cecal
metabolites and between the four metabolites of the TCA
cycle and most other urine metabolites. Furthermore, butyrate
was significantly negatively correlated with most urinary
metabolites, expression of genes involved in glucose, and
triglyceride metabolism in the liver, but propionate was
correlated with few measures.

16695

B DISCUSSION

I obliquus is a medicinal and edible mushroom and has been
used for the prevention and treatment of various diseases for
several centuries."” Its two extracts (IOP and IOE) rich in
many active ingredients have been proved to prevent or treat
diabetes, cardiovascular diseases, obesity, and neurodegener-
ative diseases.'> Moreover, their effect on HFD-induced
obesity caused changes in many metabolites of the mice and
gut microbiota. This study investigated the difference in effects
of two L obliquus extracts (IOE and IOP) on HFD-induced
obesity and associated the host and gut microbial metabolites
through the changes of the chemicals by the two extracts.
This study is the first to investigate the effects of IOE on
obese individuals and the comparison of the effects between
IOE and IOP. By measuring the usual indices of obesity, we
found that both IOE and IOP significantly ameliorated HFD-
induced obesity and regulated hepatic glucose metabolism and
triglyceride metabolism to varying degrees. Previous studies
have shown that a high-fat diet led to intestinal flora imbalance,
causing bacterial metabolic disorders.”” We performed an in-
depth examination and analysis of the gut microbiota
composition and metabolome. Previous studies have reported
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that the ratio of Firmicutes to Bacteroidetes was tightly linked to
microbiota metabolic capacity, polysaccharide metabolism, and
SCFA production.”® Consistent with this, in this experiment,
Firmicutes/Bacteroidetes were increased in the cecum of the
HFD group and the microbiota polysaccharide metabolic
function and SCFA levels were decreased. The two extracts
modulated the microbiota structure, function, and metabolite
levels. At the genus level, although the HFD group was
enriched with many SCFA-producing bacteria, such as
Faecalibaculum that had the main advantage, the overall ability
of the microbiota to degrade polysaccharides was low due to its
lack of ability to degrade polysaccharides,” resulting in the
decrease of SCFA levels. In the IOE group, compared with the
HFD group, the total relative abundance of Bacteroides,
Akkermansia, Holdemanella, and Olsenella significantly enriched
in the cecum, and they were all propionate-producing
bacteria.”>*® In the IOP group, Lactobacillus, which was
significantly enriched in the cecum compared with the HFD
group, did not produce butyrate directly, but it got converted
into lactate and then to pyruvate,”” a substrate required for
butyrate production, and it was often symbiotic with butyrate
producers, including the Bacteroidales S24-7 group.”® In
addition, production of SCFAs was closely related to

degradation of amino acids and dietary fats.””™>' We observed
higher amino acid levels in the HFD group with low cecal
SCFA levels. However, IOE and IOP groups with higher SCFA
levels had lower amino acid levels compared with the HFD
group. Moreover, we found that SCFAs were significantly
negatively correlated with most other metabolites in cecum
(Figure 7A). These results suggested that IOE and IOP exerted
different effects on the microbiota structure and function,
resulting in different SCFA profiles. There was a higher
propionate level in the IOE group and a higher butyrate level
in the IOP group.

Intestinal SCFAs produce many metabolic benefits to the
host, and the improvement of energy metabolism mainly
includes the regulation of energy intake and energy
expenditure.”” The most main mechanism by which SCFAs
regulate energy intake is to promote the release of two
anorexigenic gut hormones, glucagon-like peptide (GLP-1)
and peptide YY (PYY), from intestinal L colonocytes by
activating G-protein-coupled receptors GPR41 and
GPR43.>” In this study, the mice in the IOE group had
the least energy intake. Although acetate and butyrate are also
involved in the regulation of energy intake, propionate has a
higher affinity for GPR41 and GPR43.***
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When SCFA increases host energy consumption, the
increase of TCA cycle level has been often observed,®® but
their correlation has been rarely mentioned. In our study, the
TCA cycle and butyrate, which played a key role in host
metabolism and microbial metabolism, were found to be
significantly correlated. Previous studies have shown that
butyrate promoted host mitochondrial uncoupling, which led
to accelerate the rate of NADH production, thereby increasing
the level of the TCA cycle, and finally resulted in promoting
degradation of nutrients and reducing the accumulation of
metabolites.>*™>* Moreover, IOE and IOP reduced 3-
ureidopropionate, a synthetic substrate of CoA. It is well
known that CoA is an important coenzyme in the degradation
of nutrients and reflects the levels of nutrient degradation and
metabolite accumulation. Similarly, metabolites produced
during nutrient degradation and the expression of associated
genes, which was regulated by metabolite levels, are able to
more intuitively reflect the levels of nutrient degradation and
metabolite accumulation. In this experiment, both IOE and
IOP improved high levels of metabolites and the expression of
related genes caused by the diet. Moreover, the improvement
of IOP was more effective. Consistent with this, in our study,
in addition to a significant decrease in hepatic lipid
accumulation in the IOE group, which inhibited energy intake
by propionate enrichment, hepatic lipids were also significantly
reduced in the mice in the IOP group, which was largely
enriched with butyrate. Compared with the IOE group, IOP
had a stronger regulatory effect on hepatic metabolism and
triglyceride metabolism and higher levels of TCA cycle in the
host. In addition, butyrate has the ability to promote browning
of white adipose tissue (WAT) to brown adipose tissue
(BAT).””*® WAT stores energy, whereas BAT uses energy for
heating and consequently host energy expenditure in-
creases.”"** However, adipose tissue weight does not change
after WAT browning.*’ Therefore, the weight of adipose tissue
of mice in the IOP group dominated by butyrate was greater
than that of the mice in the IOE group dominated by
propionate.

In conclusion (Figure 7C), the improvement of obesity
condition in mice by both I obliquus extracts was attributed to
their effects on gut microbiota and SCFA profiles. IOE
increased the levels of propionate-producing bacteria Bacter-
oides and Akkermansia in the cecum of HFD-fed mice, resulting
in the enrichment of propionate. Propionate reduced weight
gain in mice by inhibiting energy intake. IOP increased the
levels of butyrate-production-associated bacteria Lactobacillus
and the Bacteroidales S24-7 group in the cecum of HFD-fed
mice, resulting in the enrichment of butyrate. Butyrate
increased energy consumption, TCA cycle levels, and
degradation of carbohydrates and lipids in mice by promoting
mitochondrial decoupling.

B CONCLUSIONS

IOE and IOP ameliorated HFD-induced obesity condition in
mice through differential modulatory effects on gut microbial
metabolism. Moreover, we found the connections between
cecal butyrate (not propionate) and chemicals of mice,
including four metabolites of the TCA cycle and other
metabolism-related chemicals.

B MATERIALS AND METHODS

Preparation of IOE/IOP. The dried and powdered I
obliquus (1.0 kg) was extracted with ultrapure water (30 L) at
90 °C for 3 h and concentrated. The supernatant was
evaporated in vacuo at 45 °C, followed by extracting with 4 vol
of ethanol to get crude extract. The extract was deproteinized
by the Sevage method five times. The supernatant was dried in
vacuo and lyophilized to get IOP (62.5 g). After L. obliquus was
extracted with water, the residue was extracted with 80%
ethanol at 80 °C in a water bath for 2 h. The supernatant was
dried in vacuo and lyophilized to get IOE (30.9 g).

Animal Experimental Design. The experimental protocol
was approved by the Animal Ethics Committee of Jilin
University and complied with national laws. Five-week-old
CS7BL/6] male mice (15—17 g) were divided into four
groups, 12 mice per group. The mice in the NCD group were
fed with normal chow diet, and the mice in the HFD group,
IOE group, and IOP group were fed with high-fat diet. The
compositions of mice diets are presented in Tables S4 and SS.
The mice in the IOP group were gavaged with IOP at a dose of
1000 mg/kg per day according to previous studies,"* and the
mice in the IOE group were gavaged with IOE at a dose of 500
mg/kg per day according to the extraction rate of IOE/IOP
and the dose of IOP. After 14 weeks of treatment, the mice
were sacrificed for specimens.

Oral Glucose Tolerance Test (OGTT). OGTT was
performed using a previously described method.*

Serum Biochemical Analysis. Serum and liver lipid were
measured using the method of kits obtained from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).

RNA Preparation and Quantitative PCR Analysis. The
total RNA extraction and the reverse transcription (RT)-qPCR
analysis of the gene expression were performed using a
previously described method.”® Primer sequences for the
targeted mouse genes are shown in Table S6.

Sample Collection. Urine was collected using metabolic
cages at 14th week, and 50 uL of sodium azide solution (0.1%
w/w) was added into each urine sample. Cecum contents were
washed from cecum in a 2 mL Eppendorf tube containing 1.0
mL of cold phosphate-buffered saline (PBS) (pH 7.4). All
samples were then stored in a —80 °C freezer for later analysis.

All samples were thawed at room temperature. Serum was
prepared by mixing 100 yL of each sample with a solution of
500 uL of PBS in D,O (containing 3-(tri-methyl-silyl)
propionic-2,2,3,3-d4 acid sodium salt (TSP)). Then, 200 uL
exudate of cecum contents was mixed with a solution of 400
UL of PBS in D,0O (containing TSP). Supernatants (550 uL)
were pipetted into NMR analysis tubes after centrifuging
(15000 rpm, 15 min, 4 °C) and passing through 0.22 ym
membrane filters. For each urine sample, 400 L of the sample
was mixed with a solution of 200 uL of PBS in H,O. Then, 500
uL of supernatants was pipetted into NMR analysis tubes after
centrifuging (15000 rpm, S min, 4 °C), and S0 uL of D,O
containing TSP was also added to each tube. D,0O provided a
field frequency lock and TSP a chemical shift reference (‘H, &
0.0).

NMR Data Acquisition and Processing. All samples
were analyzed by an AVANCE III 600M MHz NMR
spectrometer at 298.2 K. 'H NMR spectra were acquired by
one-dimensional (1D) version CPMG (serum samples) and
noesyphpr (urine and cecal samples) pulse sequence with
water suppression during the relaxation delay of 3 s and a
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mixing time of 0.1 s. Sixty-four free induction decays were
collected into 64 K data points with a spectral width of 7812.5
Hz (serum samples) and 8417.5 Hz (urine and cecal samples)
and an acquisition time of 2 s. Free induction decay (FID) was
zero-filled to 64 K prior to Fourier transformation.

Metabolite identifications were confirmed using the Human
Metabolome Database (HMDB) and previous studies,”” based
on chemical shifts of hydrogen and peak multiplicity (Figures
$5—S7 and Table S7).

All of the spectra were manually phased and baseline-
corrected in software MestreNova 12.0 (Mestre-lab Research
SL). Each spectrum was segmented into regions with a width
of 0.005 ppm between 6 9.6 and 0.4. The 6 5.48—6.20 region
in urine spectra and & 4.72—5.20 region in all spectra were
excluded to eliminate the effects of urea signals and water
suppression. All remaining regions of the spectra were then
normalized to the total sum of the integrated spectral area to
reduce any significant concentration differences.

Sequencing, Diversity Analysis, and Function Pre-
diction of Cecal Microbiota. DNA extraction, sequencing,
and data processing were performed using a previously
described method.*®

Four parameters of the alpha diversity were used to assess
the overall diversity thoroughly. The Ace and Chao (only
presence/absence of taxa considered) indexes determine the
richness in a community, while the Shannon and Simpson
indexes (additionally accounts for the number of times that
each taxon was observed) determine the richness and/or
evenness of a community. In addition, a higher Shannon index
or a lower Simpson index indicates higher community
diversity. Unlike alpha diversity, beta diversity was used to
measure the division of diversity between two or more
communities. Microbial communities had often been charac-
terized using divergence-based measures of beta diversity to
determine whether two or more communities were signifi-
cantly different.

We used PICRUSt (phylogenetic investigation of commun-
ities by reconstruction of unobserved states) to perform
functional predictions. PICRUSt generates metagenomic
predictions from 16S rRNA data using annotations of
sequenced genomes in the IMG database. Moreover, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
was used for functional classification.*”

Statistical Analysis. The data were expressed as means =+
standard errors of the means (SEM). One-way analysis of
variance (ANOVA) was performed to identify significant
differences among four groups, followed by the indicated post
hoc test (lysergic acid diethylamide (LSD) comparison test).
The results were considered statistically significant at p-value <
0.0S unless otherwise specified in the figures. P-value between
two independent groups was analyzed using an unpaired two-
tailed t-test. Metabolomics data were subjected to OPLS-DA
using software SIMCA 14.0 (Umetrics, Sweden) and used to
construct multivariate statistical models. Bivariate correlations
were calculated using Spearman’s r coeflicients. Heatmaps
were constructed using Excel 2016.

Accession Number. High-throughput sequencing data
have been submitted to the NCBI Sequence Read Archive
(SRA) under the accession number PRJNAS76716.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.0c01566.

3D score plots of the OPLS-DA classification; VIP plot
of OPLS-DA; pathway analysis based on different
metabolites; effects of IOE/IOP on gut microbial
diversity; 'H NMR spectra of mice serum, urine, and
cecal contents (Figures S1—S7); main metabolites of
serum, urine, and cecum contents; compositions of
NCD and HFD; primer sequence for amplification of
the fragments; and metabolite identifications (Tables
S1-S7) (PDE)

B AUTHOR INFORMATION

Corresponding Authors

Hongyu Xiang — Key Laboratory for Molecular Enzymology
and Engineering of Ministry of Education, School of Life
Sciences, National Engineering Laboratory for AIDS Vaccine,
School of Life Sciences, and School of Life Sciences, Jilin
University, Changchun, Jilin 130012, People’s Republic of
China; ® orcid.org/0000-0002-3902-8436;
Email: hyxiang@jlu.edu.cn

Qiuhong Xie — Key Laboratory for Molecular Enzymology and
Engineering of Ministry of Education, School of Life Sciences,
National Engineering Laboratory for AIDS Vaccine, School of
Life Sciences, and School of Life Sciences, Jilin University,
Changchun, Jilin 130012, People’s Republic of China;
Phone: 86-431-85153832; Email: ghxie@jlu.edu.cn

Authors
Jian Yu — School of Life Sciences, Jilin University, Changchun,
Jilin 130012, People’s Republic of China
Jun-Yan Xiang — School of Life Sciences, Jilin University,
Changchun, Jilin 130012, People’s Republic of China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c01566

Author Contributions

Conceptualization, J.Y.,, HX, and QX investigation, J.Y.;
supervision and resources, HX. and Q.X; Writing-original
draft, J.Y. and J.-Y.X.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Jilin Province Science and
Technology Institute of China (No. 20180201078YY).
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TC, total cholesterol

TG, triglycerides

HDL, high-density lipoprotein cholesterol

LDL, low-density lipoprotein cholesterol

TSP, 3-(tri-methyl-silyl) propionic-2, 2, 3, 3-d4 acid sodium
salt

PBS, phosphate-buffered saline

Chrebp, carbohydrate-responsive element binding protein
GK, glucokinase

PK, pyruvate kinase

PEPCK, phosphoenolpyruvate carboxykinase
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PC, pyruvate carboxylase

FBPase, fructose-1,6-bisphosphatase

G6Pase, glucose-6-phosphatase

Ppar-y, peroxisome proliferator-activated recepto y
Srebplc, sterol regulatory element binding protein-1c
Fas, fatty acid synthase

Acl, ATP-citrate lyase

Scdl, stearoyl-CoA desaturase 1

Acc, acetyl-CoA carboxylase

Acox, acyl-CoA oxidase

Ppar-a, peroxisome proliferator-activated recepto a
Cptl, carnitine palmitoyltransferase I

Mcad, medium-chain acyl-CoA dehydrogenase
Dgatl, diacylglycerol acyltransferase 1

Dgat2, diacylglycerol acyltransferase 2

Gpat, glycerol-3-phosphate acyltransferase

VIP, variable importance of projection

OPLS-DA, orthogonal partial least-squares discriminant
analysis

CoA, coenzyme A

SCFA, short-chain fatty acids
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