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ABSTRACT Postfermented Pu-erh tea (PE) protects against metabolic syndrome
(MS), but little is known regarding its underlying mechanisms. Animal experiments
were performed to determine whether the gut microbiota mediated the improve-
ment in diet-induced MS by PE and its main active components (PEAC). We con-
firmed that PE altered the body composition and energy efficiency, attenuated met-
abolic endotoxemia and systemic and multiple-tissue inflammation, and improved
the glucose and lipid metabolism disorder in high-fat diet (HFD)-fed mice via multi-
ple pathways. Notably, PE promoted the lipid oxidation and browning of white adi-
pose tissue (WAT) in HFD-fed mice. Polyphenols and caffeine (CAF) played critical
roles in improving these parameters. Meanwhile, PE remodeled the disrupted intesti-
nal homeostasis that was induced by the HFD. Many metabolic changes observed in
the mice were significantly correlated with alterations in specific gut bacteria. Akker-
mansia muciniphila and Faecalibacterium prausnitzii were speculated to be the key
gut bacterial links between the PEAC treatment and MS at the genus and species
levels. Interestingly, A. muciniphila administration altered body composition and en-
ergy efficiency, promoted the browning of WAT, and improved the lipid and glucose
metabolism disorder in the HFD-fed mice, whereas F. prausnitzii administration re-
duced the HFD-induced liver and intestinal inflammatory responses. In summary,
polyphenol- and CAF-rich PE improved diet-induced MS, and this effect was associ-
ated with a remodeling of the gut microbiota.

KEYWORDS metabolic syndrome, gut microbiota, Akkermansia muciniphila,
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umanity is facing an epidemic of metabolic syndrome (MS), which is characterized

by a cluster of metabolic disorders, including obesity, insulin (INS) resistance,
dyslipidemia, dysglycemia, hepatic steatosis, and nonoptimal blood pressure levels (1,
2). The gut microbiota has been shown to be an important factor in the development
of MS through its interactions with dietary, environmental, and host genetic factors
(3-8). Diet is one of the most important influential factors in the susceptibility of
humans to metabolic diseases; major dietary changes likely affect the stability of the
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gut microbiota (8-10). The development of a safe and effective dietary supplement to
improve MS would be a significant contribution to human health.

Postfermented Pu-erh tea (PE) is a dark tea that is produced mainly in Yunnan
Province in China. PE has recently become a more popular functional beverage in Asia,
Europe, and America. PE has been produced from a large-leaf tea species, i.e., Camellia
sinensis (Linn.) var. assamica (Masters) Kitamura, since the Tang dynasty (AD 618 to 906).
Multiple chemical changes and transformations occur in the chemical constituents of
the sun-dried green tea leaves during the postfermentation process (11-16). Incom-
pletely oxidized polyphenols, theabrownins (completely oxidized, polymerized, and
condensed catechins and their gallates), caffeine (CAF), polysaccharides, and gallic acid
(GA) become the main chemical constituents (11-14). These main chemical constitu-
ents might modulate the effects of PE on metabolic diseases. PE exhibits various
biological activities, including antioxidant, antiobesity, hypolipidemic, hypocholester-
olemic, antidiabetic, anti-inflammatory, anticancer, and antibacterial properties (17-22).
However, the corresponding relationships among its main chemical components and
its activities are ambiguous, partially because of the complex microbial transformation
during the process of postfermentation.

Here, the influences of PE and its main active components (PEAC) on the intestinal
microecology are reported for the first time. Animal experiments were performed to
explore whether the gut microbiota mediated the improvement in diet-induced MS via
PEAC. We showed that polyphenol- and CAF-rich PE improved diet-induced MS and
remodeled intestinal homeostasis in mice. Akkermansia muciniphila and Faecalibacte-
rium prausnitzii played important roles in the process of improving diet-induced MS.

RESULTS

Effects of PEAC administration on body composition and energy efficiency in
mice. PE administration in the high-fat diet (HFD)-fed mice prevented weight gain
(WG), and this effect was observed as early as 3 weeks post-PE treatment (Fig. 1A and
D). Eight weeks of PE treatment also prevented WG of normal chow diet (NCD)-fed mice
(Fig. 1A). Compared to the HFD group, the mice given tea polyphenols (TP) and CAF
had significantly lower body weights from 3 to 12 weeks and 4 to 12 weeks, respec-
tively, and oxidized TP (OTP) exhibited a weaker body weight control effect (Fig. 1B and
D). The significantly reduced ratio of WG/energy intake (Fig. 1E) suggests that the
preventive effect of PE, TP, and CAF administration on WG is related mostly to a
decrease in energy efficiency.

The relative weights of the mesenteric, perinephric, epididymal, and inguinal fat in
the different groups directly reflected the body weight control effect of PEAC (see Fig.
S1A to D in the supplemental material). Additionally, the mice in NCD-PE, HFD-PE, and
HFD-CAF groups had significantly lower liver weights than the mice in the vehicle-
treated control group (Fig. STE). Interestingly, we observed that TP administration in the
HFD-fed animals significantly recovered the mass of the ceca to the level observed in
the NCD group (Fig. STF).

Effects of PEAC administration on metabolic endotoxemia and systemic and
hepatic inflammation in mice. Compared to the NCD group, the mice in the HFD
group had significantly higher blood serum levels of lipopolysaccharide (LPS), tumor
necrosis factor alpha (TNF-a), interleukin 18 (IL-1B8), and IL-6, indicating that the HFD
triggered metabolic endotoxemia and systemic inflammation. More importantly, the PE
and OTP administration in the HFD-fed mice reduced the levels of LPS, TNF-«, and IL-6
in serum, TP reduced the levels of LPS and TNF-« in serum, and CAF reduced the level
of only LPS in serum. In contrast, administration of GA and tea polysaccharides (TPS) to
the HFD-fed mice reduced only the level of IL-18 in serum (Fig. 2A, B, C, and D).

We also determined the impact of PEAC treatment on the liver histomorphology and
hepatic inflammation. As shown in Fig. 2E and F, PE and CAF attenuated the extent of
the HFD-induced ballooning degeneration. Meanwhile, PE reduced the mRNA expres-
sion of liver inflammatory factors (Fig. 2G to J), suggesting that PE also improved the
HFD-induced hepatic inflammation.
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FIG 1 Effects of PEAC administration on the body weight and energy efficiency in mice. Mice were fed either an NCD or an HFD for 12 weeks. Two groups of
NCD-fed and HFD-fed mice were treated daily with oral doses of PE (750 mg/kg). The other five groups of HFD-fed mice were treated daily with oral doses of
TP (250 mg/kg), OTP (250 mg/kg), TPS (250 mg/kg), CAF (50 mg/kg), and GA (50 mg/kg). The NCD- and HFD-fed control mice received a gavage with vehicle
(water). (A, B, C) WG curves; (D) total WG; (E) energy efficiency (i.e., the ratio of body WG to energy intake). Specific symbols indicate significant differences
between two groups using the unpaired two-tailed Student t test (#, P < 0.05, HFD versus NCD; $, P < 0.05, NCD-PE versus NCD; A, P < 0.05, HFD-PE versus
HFD; &, P < 0.05, HFD-TP versus HFD; |, P < 0.05, HFD-CAF versus HFD; *, P < 0.05). The data are expressed as the means = SEM; n = 8 to 10. Data with different
lowercase letters are significantly different (P < 0.05) according to the post hoc one-way ANOVA statistical analysis.

Effects of PEAC administration on glucose metabolism. PE and TP administration
improved the HFD-induced glucose intolerance, while OTP, CAF, GA, and TPS had no
effect (Fig. 3A and D). Consistent with the results of the oral glucose tolerance test
(OGTT), PE and TP significantly reduced the fasting glucose (Fig. 3C) and fasting INS (Fig.
3D) levels after 12 weeks of treatment. This conclusion is also supported by the low
homeostasis model assessment of INS resistance (HOMA-IR) index values observed in
the PEAC-treated HFD-fed mice compared with those observed in the vehicle-treated
HFD controls (Fig. 3G). Interestingly, PE and TP significantly enhanced the mRNA
expression of glucose transporter 4 (Glut4) and glucose-6-phosphatase (G6pc) in the
liver (Fig. 3E and F). This increased mRNA expression might explain the improvement
in the HFD-induced glucose metabolism disorder.

Effects of PEAC administration on lipid metabolism in the blood, liver, and
adipose tissue. As depicted in Fig. S2A to F in the supplemental material, PE, TP, OTP,
and CAF improved the HFD-induced hyperlipidemia to different extents. Remarkably,
TP, OTP, and CAF significantly increased the ratio of high-density lipoprotein choles-
terol (HDL-C) to low-density lipoprotein cholesterol (LDL-C) (Fig. S2E), and only TP
significantly reduced the serum lectin-like oxidized low-density-lipoprotein receptor 1
(sLOX-1) (Fig. S2F); consistently with the triglycerides (TG) content in the serum, PE and
CAF attenuated the HFD-induced liver adipose deposition (Fig. S2G). However, the
effects of TP and OTP on the liver weight (Fig. 1K and 2E) and liver TG contents (Fig.
S2G) were not significant. The enhanced mRNA expression levels of fasting-induced
adipose factor (Fiaf), lipoprotein lipase (LPL), and peroxisome proliferator-activated
receptor « (Ppara) in the livers from mice in the NCD-PE, HFD-PE, HFD-TP, HFD-OTP,
and HFD-CAF groups may explain the improved HFD-induced hyperlipidemia and fatty
liver (Fig. S2H to J).
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FIG 2 Effects of PEAC administration on metabolic endotoxemia and systemic and hepatic inflammation. Results for blood serum LPS (A), TNF-« (B), IL-6 (C),
and IL-1B (D). (E) Photomicrographs of hematoxylin and eosin (H&E)-stained liver sections. (F) Ballooning degeneration area (%) in the liver. (G to J) mRNA

expression of I|ver inflammatory factors is shown for monocyte chemotactic protein-1 (MCP-1) (G), TNF-a

(H), IL-6 (1), and IL-1B (J

). The data are expressed as

the means = SEM.n = 8to 10 (A to F); n = 6 (G to J). Data with different lowercase letters are significantly different (P < 0.05) according to the post hoc one-way
ANOVA statistical analysis. Asterisks indicate a significant difference between two groups using the unpaired two-tailed Student t test (*, P < 0.05; **, P < 0.01).

To investigate whether the decreased fat amount (Fig. 1F to |) is due to differences
in the adipocyte volume, we measured the adipocyte size distribution using high-
content imaging. Compared to the vehicle-treated control group, the PE-, TP-, and
CAF-treated mice had increased numbers of small and decreased numbers of large
adipocytes in their epididymal fat depots (Fig. 4A, C, and D). The average adipose cell
size was also reduced by the PE, TP, and CAF treatments. OTP reduced the average
adipose cell size but not significantly (Fig. 4B). These results were all consistent with the
effect of PEAC on the amount of epididymal fat.

Subsequently, we investigated whether PEAC could affect lipogenesis, lipid oxida-
tion, and the browning of the white adipose tissue (WAT). Compared to what was seen
in the vehicle-treated control group, the mRNA expression levels of markers of lipo-
genesis (Fig. 4E) and lipid oxidation (Fig. 4F to ) in the epididymal fat pad and the
mRNA expression levels of markers of browning (Fig. 40 to U) in the inguinal fat pad
were all enhanced by PE, TP, OTP, and CAF to different extents. The increased mRNA
expression of the browning markers in WAT was consistent with the increased protein
expression of uncoupling protein 1 (Ucp1) in the inguinal fat pads of the PE-, TP-, OTP-,
and CAF-treated mice (Fig. 4V and W). Meanwhile, PE, TP, OTP, and CAF also reduced
the mRNA expression of inflammatory factors in the epididymal fat pad (Fig. 4J to N).

Effects of PEAC administration on intestinal homeostasis in mice. Intestinal
homeostasis is maintained through interactions among the intestinal mucosa, local and
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FIG 3 PE and TP administration improved the HFD-induced glucose metabolism disorder. Mice were fasted overnight (12 h), and an OGTT (A) was performed
after a glucose gavage (1 g/kg body weight). (B) Area under the concentration-time curve (AUC) for the OGTT. The mice were fasted overnight (12 h) for the
fasting glucose and fasting INS (D) determination at 0 and 12 weeks; fasting glucose changes (C) and HOMA-IR index (G) were calculated. PE and TP significantly
enhanced the mRNA expression of liver Glut4 (E) and G6pc (F). The data are expressed as the means = SEM; n = 8 to 10 (A, B, C, D, G) or n = 6 (E, F). Data
with different lowercase letters are significantly different (P < 0.05) according to the post hoc one-way ANOVA statistical analysis. Asterisks indicate a significant
difference between two groups using the unpaired two-tailed Student t test (*, P < 0.05; **, P < 0.01).

systemic immune factors, and the microbial content in the gut. As shown in Fig. 5A, the
PE, TP, and OTP treatments significantly reduced the HFD-induced intestinal inflamma-
tory responses, including the infiltration of inflammatory cells (Fig. 5B) and the mRNA
expression of inflammation factors (Fig. 5C to F).

Antimicrobial peptides (AMPs) in the intestine are produced mainly by intestinal
epithelial cells to protect against pathogens and maintain microbiota-host homeosta-
sis. The mRNA expression of the AMPs, including a-defensins (Defa), lysozyme C (Lyz1),
regenerating islet-derived 3-gamma (Reg3g), and phospholipase A2 group Il (Pla2g2),
were all significantly upregulated in the colon by the HFD challenge (P < 0.05).
Compared to the HFD group, only CAF significantly reduced Defa (Fig. 5G). Compared
to the vehicle-treated control group, all PEAC treatments significantly reduced Lyz1 (Fig.
5H). Notably, PE, TP, and OTP downregulated Reg3g and Pla2g2 to the levels observed
in the NCD group, while GA and TPS upregulated the expression of Reg3g and Pla2g2
in the colons of HFD-fed mice (Fig. 5l to J).
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FIG 4 Effects of PEAC administration on lipid metabolism in adipose tissue. (A to N) Effects of PEAC on the adipocyte morphology and mRNA expression of
lipogenesis, lipid oxidation, and inflammatory factors in the epididymal fat pad. (A) H&E staining of paraffin sections of epididymal fat pad; (B) adipocyte mean
area (um?); (C and D) cell size profiling of adipocytes from the epididymal fat pads of PEAC-treated mice; points show the mean pooled fraction from each
animal = SEM. (E to N) The mRNA expressions of the markers of lipogenesis (acetyl coenzyme A [acetyl-CoA] carboxylase 1, Accl) (E), of lipid oxidation, including
acyl-CoA oxidase 1, Acox1 (F), peroxisome proliferator-activated receptor «, Ppara (G), peroxisome proliferator-activated receptor vy, Ppary (H), and PPARy
coactivator-1e, Pgcle (1), and of inflammatory factors, including MCP-1 (J), CD11c (K), TNF- (L), IL-6 (M), and IL-18 (N), were all measured in the epididymal fat
pad. (O to W) PEAC promote the browning of the inguinal fat pad. mRNA expression of the markers of browning, including Ucp1 (0), Pgcla (P), cell
death-inducing DFFA-like effector A (Cidea) (Q), T-box transcription factor 1 (Tbx1) (R), Cd137 (TNF receptor superfamily member 9) (S), PR domain-containing
16 (Prdm16) (T), and transmembrane protein 26 (Tmem26) (U), were determined; Western blotting (V) and protein quantifications (Ucp1/total protein) (W) from
the inguinal fat pads of PEAC-treated or vehicle-treated control mice are shown. BTub, B-tubulin. The data are expressed as the means = SEM; n = 8 to 10
(B to D); n = 6 to 8 (E to W). Data with different lowercase letters are significantly different (P < 0.05) according to the post hoc one-way ANOVA statistical
analysis. Asterisks indicate a significant difference between two groups using the unpaired two-tailed Student t test (*, P < 0.05; **, P < 0.01).
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FIG 5 Effects of PEAC administration on intestinal homeostasis in mice. (A) Photomicrographs of H&E-stained proximal colon sections. Infiltration of
inflammatory cells into the tissue are shown in blue in the photomicrographs in the HFD, HFD-GA, and HFD-TPS groups. (B) Percent coverage of the nucleus
in proximal colon tissue. (C to F) Expression of inflammation genes in the proximal colon, including MCP-1 (C), TNF-a (D), IL-183 (E), and IL-6 (F). (G to J) Expression
of barrier integrity and AMPs genes in the proximal colon, including a-defensins (encoded by Defa) (G), lysozyme C (encoded by Lyz1) (H), regenerating
islet-derived 3-gamma (encoded by Reg3g) (1), and phospholipase A2 group Il (encoded by Pla2g2) (J). (K to M) Expression of barrier integrity genes in the distal
ileum, including Muc2 (K), occludin (L), and ZO-1 (M). The data are expressed as the means = SEM; n = 8 to 10 (B), n = 6 (C to M). Data with different lowercase
letters are significantly different (P < 0.05) according to the post hoc one-way ANOVA statistical analysis. Asterisks indicate a significant difference between two
groups using the unpaired two-tailed Student t test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).

The mucin 2 (Muc2)-rich mucus layer is the first host defense barrier that noxious
luminal agents contact in the intestine. Tight junction proteins play an important role
in the maintenance of the gut barrier integrity. We found that Muc2, Occludin, and
Zonula occludens 1 (ZO-1) were significantly reduced by HFD. PE, TP, and OTP recovered
the expression levels of Muc2, Occludin, and ZO-1 to different extents (Fig. 5H).
Altogether, the HFD triggered an inflammatory response and compromised the gut
barrier function; however, administration of PE, TP, OTP, and CAF repaired the disrupted
intestinal homeostasis to different extents.

PEAC administration restored the HFD-induced gut microbial community struc-
tural shift. PCR-denatured gradient gel electrophoresis (PCR-DGGE) was performed to
evaluate the effect of the PEAC intake on the gut microbial community structure (Fig.
6A and D; see also Fig. S3A in the supplemental material). As shown in Fig. S3B, the HFD
induced drastic changes in the microbial community structure in the cecal content from
the mice. The partial least squares-discriminant analysis (PLS-DA) results further con-
firmed that PE, TP, OTP, and CAF restored the HFD-induced gut microbial community
structure (Fig. S3Q).

A hierarchical clustering analysis confirmed that 2 and 12 weeks of the PE, TP, and
CAF treatment and 12 weeks of the OTP treatment dramatically improved the disrupted
gut microbial community structure (Fig. 6B and E). A biplot analysis supported this
conclusion (Fig. 6C and F). Importantly, the biplot analysis results also showed that
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FIG 6 Effects of PEAC on the HFD-induced gut microbial community structure and selected specific gut bacteria. PEAC administration repaired the HFD-induced
gut microbial community structural shift. Drastic changes in the microbial community structure in the feces of mice induced by PEAC administration were
assessed by PCR-DGGE. (A) Microbial profiles in feces DNA from PE-treated NCD-fed or HFD-fed mice at 0, 2, and 12 weeks; (B) hierarchical clustering analysis
(Pearson distance, Ward’s clustering algorithm); (C) biplot analysis using PCA of DGGE profiles from panel A at the band level. (D) Microbial profiles of feces
DNA from TP-, OTP-, and CAF-treated HFD-fed mice at 0, 2, and 12 weeks; (E) hierarchical clustering analysis (Spearman distance, Ward's clustering algorithm);
(F) biplot analysis based on the PCA of DGGE profiles from panel D at the band level. (G to Q) gPCR analyses of selected specific gut bacteria in mouse cecal
content. (K) EREC, Eubacterium rectale/Clostridium coccoides group. The data are expressed as Whisker plots from minimum to maximum; n = 6. Data with
different lowercase letters are significantly different (P < 0.05) according to the post hoc one-way ANOVA statistical analysis. Asterisks indicate a significant

difference between two groups using the unpaired two-tailed Student ¢ test (*,

band 51-2 in Fig. 6A and band 66 in Fig. 6D were the strongest biomarkers.
Subsequently, the two bands were identified as the same sequence of A. mucini-
phila, and the quantitative PCR (qPCR) results of A. muciniphila in the cecal content
of mice and different treatments further verified these results (Fig. 6M). Addition-
ally, a series of obvious bands belonging to different bacterial taxa (see Table S1 in
the supplemental material) in the DGGE profiles were also influenced by the PEAC
treatments (Fig. 6C and F).

PEAC-induced changes in the specific mouse gut bacteria and correlation with
host parameters. Based on the analysis results of DGGE profiles, we investigated the
effects of PEAC on a series of specific mouse gut bacteria. The significant changes in
Firmicutes and Firmicutes/Bacteroidetes further confirmed that PE, TP, OTP, and CAF
administration caused a drastic shift in the HFD-fed mouse gut microbial community
structure (Fig. 6H and J).

Compared to the HFD group, the PE and TP treatments increased the abundance of
the Eubacterium rectale/Clostridium coccoides group, F. prausnitzii, A. muciniphila, Bifi-
dobacterium spp., Lactobacillus spp., and Roseburia spp. (Fig. 6K to P). CAF increased the
abundance of F. prausnitzii, A. muciniphila, and Lactobacillus spp. (Fig. 6L, M, and O).
Additionally, PE and OTP significantly reduced the abundance of Sutterella spp., Desul-
fovibrio spp., Bilophia wadsworthia, segmented filamentous bacteria (SFB), and Entero-
coccus spp. (Fig. 6Q; Fig. S3D, E, G, and H). TP, CAF, GA, and TPS reduced the abundance
of Desulfovibrio spp., B. wadsworthia, SFB, and Enterococcus spp. to different extents
(Fig. 3D, E, G, and H).
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FIG 7 Biplot analysis and heat map correlation showing the associations among the bacterial taxa and host parameters. Heat maps were generated to exhibit
the Pearson correlations among all selected bacterial taxa in the qPCR analysis and all significantly affected host parameters by PEAC in the animal test. (A)
Associations among bacterial taxa and host parameters, including body composition, metabolic endotoxemia, systemic and hepatic inflammation, and glucose
metabolism; WG, body weight gain; IF, weight of inguinal fat; PF, weight of perinephric fat; EF, weight of epididymal fat; MF, weight of mesenteric fat; CW, cecum
weight; LW, liver weight. L-TNF-« indicates TNF-« expressed in the liver; sLPS indicates LPS expressed in the serum and other indexes. (B) associations among
bacterial taxa and intestinal homeostasis-related parameters; cTNF-« indicates TNF-« expressed in the colon; iZO1 indicates ZO-1 expressed in the ileum and
other indexes. (C) associations among bacterial taxa and all lipid metabolism-related parameters and inflammatory factors in adipose tissue. P values were
adjusted for multiple testing according to the Bonferroni and Hocheberg procedures. The color at each intersection indicates the value of the r coefficient;
asterisks indicate a significant correlation between these two parameters (*, P < 0.05; **, P < 0.01; ***, P < 0.001). sH/L indicates the HDL-C/LDL-C value in the
serum; sTG indicates the TG content in the serum; L-TG indicates the TG content in the liver; eTNFa indicates TNF-a expressed in the epididymal fat pad; iUcp1
indicates Ucp1 expressed in the inguinal fat pad and other indexes. (D) Biplot analysis using the representative bacterial taxa and host parameters. FIR,
Firmicutes; BAC, Bacteroidetes; F/B, Firmicutes/Bacteroidetes; AKK, Akkermansia muciniphila; EREC, Eubacterium rectale/Clostridium coccoides group; FPR, Faeca-
libacterium prausnitzii; ROS, Roseburia spp.; BIF, Bifidobacterium spp.; LAC, Lactobacillus spp.; SU, Sutterella spp.

The hierarchical clustering analysis showed that the impacts of PE, TP, and CAF on
the specific gut bacteria in the HFD-fed mice were significant and homogeneous (see
Fig. S4A in the supplemental material); comparatively, the impacts of OTP were
heterogeneous and less significant (Fig. S4D). The PLS-DA results confirmed that
Firmicutes, Eubacterium rectale/Clostridium coccoides, and A. muciniphila were important
factors for the discrimination of the NCD, NCD-PE, HFD, and HFD-PE groups (Fig. S4B
and C), while A. muciniphila, Lactobacillus spp., and Bifidobacterium spp. were important
factors for the discrimination of the HFD, HFD-TP, HFD-OTP, and HFD-CAF groups (Fig.
S4E and F).

The bivariate correlations among representative bacterial taxa and host parameters
are shown in Fig. 7A to C. We found that the representative bacterial taxa were
clustered into two contrasting subgroups. One subgroup comprised Sutterella spp.,
Lactobacillus spp., and Bacteroidetes, and the other comprised Bifidobacterium spp.,
Roseburia spp., A. muciniphila, F. prausnitzii, Firmicutes/Bacteroidetes, Eubacterium rec-
tale/Clostridium coccoides, and Firmicutes. The biplot analysis further confirmed the
similar associations among representative bacterial taxa and host parameters (Fig. 7D).
The complete associations among all the determined bacterial taxa and host parame-
ters are shown in Fig. S5 in the supplemental material.

Based on the biplot analysis of the fecal microbial community structural changes
during the PEAC treatment (Fig. 6C and F) and the biplot analysis using the represen-
tative bacterial taxa and host parameters (Fig. 7D), we speculated that A. muciniphila
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and F. prausnitzii were the main gut bacterial links between the PEAC treatment and the
HFD-induced MS at the genus and species level. Notably, Firmicutes/Bacteroidetes,
Eubacterium rectale/Clostridium coccoides, and other specific bacterial taxa might also
be involved in the process of host metabolic adaption to the PEAC administration, but
their role is secondary.

A. muciniphila administration altered the body composition and energy effi-
ciency in mice. A. muciniphila administration in the HFD-fed animals (HA group)
prevented WG (see Fig. S6A and B in the supplemental material) and significantly
reduced the energy efficiency (Fig. S6D). The reduced relative weight of the adipose
tissues reflected the direct body weight control effect of A. muciniphila (Fig. S6G to J).
Additionally, compared to the control treatment groups (NR or HR group), F. prausnitzii
(i.e, NF or HF group) did not affect body WG (Fig. S6K) or energy efficiency (Fig. S6L)
in the mice.

A. muciniphila administration promoted the browning of WAT and improved
lipid and glucose metabolism disorder. Compared to the HFD control group, A.
muciniphila administration in the HFD-fed animals significantly reduced total choles-
terol (TCHO), HDL-C, and LDL-C in serum (Fig. 8A) and increased the ratio of HDL-C to
LDL-C (Fig. 8B). Interestingly, A. muciniphila reduced the mRNA expression of the
adipose tissue macrophage infiltration marker CD77c in the epididymal fat pads of
the HFD-fed mice (Fig. 8C). The average adipose cell size was also reduced to nearly the
level of that in the NCD-fed group (Fig. 8L and M). The mRNA expressions of the
markers of lipogenesis (Fig. 8D) and lipid oxidation (Fig. 8E to G) in the epididymal fat
pad and the markers of browning (Fig. 8H to K) in the inguinal fat pad were all
enhanced by the A. muciniphila administration to various extents. Meanwhile, A.
muciniphila upregulated the protein expression of Ucp1 in the inguinal fat pad signif-
icantly (Fig. 8N and O).

The A. muciniphila administration in this study did not improve the oral glucose
intolerance (Fig. 8P and Q), but it significantly reduced the blood glucose level at 120
min in the OGTT (Fig. 8R) and enhanced the mRNA expression of G6pc (Fig. 8S) and
Glut4 (Fig. 8T) in the inguinal fat pads of the HFD-fed mice.

F. prausnitzii administration reduced the mRNA expression of inflammation
markers. Compared to what was observed in the HFD control group (HF), F. prausnitzii
administration significantly reduced the mRNA expression of TNF-« in the liver (see
Fig. S7A in the supplemental material). F. prausnitzii treatment significantly reduced
the HFD-induced intestinal inflammatory responses, including the infiltration of
inflammatory cells (Fig. S7B) and the mRNA expression of inflammation factors (Fig.
S7C to F).

DISCUSSION

In this study, we systematically studied the influence of PEAC on the diet-induced
MS-related parameters and gut microbiota. We found that PE, TP, CAF, and OTP altered
the body composition and energy efficiency of the HFD-fed mice (Fig. 1; Fig. S1) and
attenuated the HFD-induced metabolic endotoxemia and systemic and multiple-tissue
inflammation (Fig. 2). The PE and TP administration improved the HFD-induced glucose
metabolism disorder (Fig. 3). PE, TP, OTP, and CAF improved the diet-induced lipid
metabolism in the blood, liver, and adipose tissue via multiple pathways (Fig. S2; Fig.
4). Notably, PE, TP, OTP, and CAF promoted lipid oxidation and the browning of WAT
in HFD-fed mice to different extents (Fig. 4). Altogether, we conclude that the poly-
phenols and CAF were the key components in PE that improved the MS.

CAF is considered a stimulant of the central nervous system due to its ability to
enhance alertness (23), and CAF improves diet-induced MS (24-28), including central
obesity, dyslipidemia, impaired glucose tolerance and INS sensitivity, cardiovascular
remodeling, and hepatic abnormalities. Notably, our results for CAF are consistent with
previous studies.

Numerous epidemiological, clinical, and animal studies have indicated that dietary
polyphenols can protect against MS. For example, EGCG [(-)-epigallocatechin-3-gallate]
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FIG 8 A. muciniphila administration improved the HFD-induced lipid and glucose metabolism disorder and promoted the browning of WAT. Six-week-old
mice were fed either an NCD or an HFD for 14 weeks. Two groups of NCD-fed and HFD-fed mice were treated daily with oral doses of 300 ul A. muciniphila
culture medium (1 X 10° CFU/ml liquid; NA, HA) or 300 wl F. prausnitzii culture medium (2 X 10° CFU/ml liquid; NF, HF). NCD- and HFD-fed control mice
received a gavage with the corresponding sterile culture medium (for A. muciniphila, NB and HB; for F. prausnitzii, NR and HR). (A) Blood lipid profile,
including TCHO, TG, HDL-C, and LDL-C; (B) ratio of HDL-C to LDL-C; (C) mRNA expression of CD11c in the epididymal fat pad; (D to G) mRNA expression
of the markers of lipogenesis (Accl) (D) and lipid oxidation (Acox1, Pgcla, and Ppara) in the epididymal fat pad (E to G). (H to K) mRNA expression of
the markers of browning, including Ucp1 (H), Pgcla (1), Cidea (J), and Cd137 (K) in the inguinal fat pad. (L) H&E staining of paraffin sections from the
epididymal fat pad. (M) Adipocyte mean area (um?2). (N, O) Western blotting (N) and protein quantifications (Ucp1/total protein) (O) from the inguinal
fat pad. BTub, B-tubulin. (P to R) The mice were fasted overnight (12 h) and an OGTT (P) was performed after a glucose gavage (2 g/kg body weight);
shown also are the AUC for the OGTT (Q) and the blood glucose level at 120 min of the OGTT (R). (S, T) A. muciniphila administration significantly
enhanced the mRNA expression of G6pc (S) and Glut4 (T) in the inguinal fat pads of HFD-fed mice. The data are expressed as the means = SEM; n =
8to 10 (A, B, M, P,Q,R);n=6(CtoK, N,O,S,T). Data with different lowercase letters are significantly different (P < 0.05) according to the post hoc
one-way ANOVA statistical analysis. Asterisks indicate a significant difference between two groups using the unpaired two-tailed Student t test (¥, P <
0.05; **, P < 0.01; ***, P < 0.001).
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suppresses appetite and nutrient absorption in mice (29), inhibits obesity, MS, and fatty
liver disease in HFD-fed mice (30), improves endothelial function and INS sensitivity in
spontaneously hypertensive rats (31), reduces the levels of inflammatory cytokines, and
improves liver abnormalities in mice with high-fat/Western-style diet-induced obesity
and MS (32). However, there are no reports regarding the biological activities of the
high-purity oxidation products of the polyphenols. Recently, our study in rats con-
firmed that OTPs alleviate the accumulation of lipids in the liver and visceral WAT and
promote lipid excretion in rats (19). Altogether, these previous studies support our
findings regarding TP and OTP.

An energy homeostasis imbalance has been considered the main cause of obesity-
related MS. Traditionally, brown adipose tissue (BAT) has been considered an organ
required for energy expenditure. In contrast, WAT accumulates excess energy as TG and
primarily regulates energy storage. However, brown fat cells also emerge in the
subcutaneous WAT in rodents and humans in response to cold or exercise (33-35),
which is a process known as WAT browning.

Dietary factors that regulate brown and beige adipocyte development and function
have been identified in both BAT and WAT. EGCG administration reduced fatty acid
synthesis, elevated B-oxidation in the liver, increased BAT energy expenditure, and
prevented adipocyte hypertrophy and fat accumulation, which are common in high-fat-
and high-fructose-fed mice (36). A single oral administration of theaflavins also en-
hanced the mRNA levels of Ucp-T and Pgc-Ta in BAT (37). Additionally, the thermogenic
action of CAF is caused by members of the UCP family, including not only BAT but also
WAT and skeletal muscle (38-40). Our study is the first to report the stimulating effect
of PE on WAT browning in HFD-fed mice. We speculated that this effect may be due to
the synergistic interaction between the polyphenols (i.e, TP and OTP) and CAF. The
underlying mechanism warrants further exploration.

The gut microbiota is known to influence whole-body metabolism by affecting the
intestinal homeostasis and energy balance. Although many studies have reported
the effects of caffeinated beverages on the gut microbiota, no studies have focused on
the influence of CAF on the gut microbiota, which may be due to the rapid and
complete absorption and degradation of CAF in the upper gastrointestinal tract. The
influence of the polyphenols on intestinal homeostasis has received significant atten-
tion. This influence may be due to their low absorption rate, as up to 90% of these
compounds remain in the colon (41, 42). Recent studies have demonstrated that the
oral administration of a cranberry extract that is rich in polyphenols or grape polyphe-
nols prevented diet-induced obesity and several detrimental features of MS, and these
effects were associated with a remarkable increase in the abundance of the mucin-
degrading bacterium Akkermansia in the gut microbiota in mice (43, 44). A moderate
intake of red wine polyphenols significantly increased the amounts of fecal Bifidobac-
terium spp., Lactobacillus spp., and butyrate-producing bacteria (e.g., F. prausnitzii and
Roseburia spp.), while LPS producers (e.g., Escherichia coli and Enterobacter cloacae) in
MS patients were decreased (45).

To the best of our knowledge, this report is the first to discuss the influence of PE,
TP, the oxidized product of the polyphenols, and CAF on intestinal homeostasis in mice.
In particular, the PE, TP, OTP, and CAF treatments significantly reduced the HFD-
induced intestinal inflammatory responses; PE, TP, and OTP downregulated the mRNA
expression of Reg3g and Pla2g2 to the levels observed in the NCD group and recovered
the expression levels of Muc2, Occludin, and ZO-1 to various extents. The polyphenols
(i.e., TP and OTP) might play more important roles in the maintenance of the gut barrier
integrity than CAF according to this study. We also observed that PE, TP, OTP, and CAF
drastically altered the gut microbial community structure and specific gut bacteria in
the HFD-fed mice and improved the HFD-induced gut microbiota imbalance. These
insights into the role of the microbiota in metabolic adaptation elicit questions regard-
ing the members of these complex microbial communities that are responsible for
these effects and the involved underlying molecular mechanisms. We speculate that A.
muciniphila and F. prausnitzii are the key gut bacterial links between the PEAC treat-
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ment and the HFD-induced MS at the genus and species levels according to the
multivariate statistical analysis (Fig. 6C and F and 7D) and the Pearson correlation
analysis (Fig. 7A to Q).

A. muciniphila plays a crucial role in the interaction between the gut microbiota and
the host, controlling the gut barrier function and other physiological and homeostatic
functions (46). An increased intestinal abundance of Akkermansia spp. can protect
against obesity-linked MS (47). A. muciniphila is considered a unique example of host
microbial mutualism due to its regulation of energy homeostasis and promotion of a
positive energy balance (48). The correlations between A. muciniphila and all related
host parameters (Fig. 7) in this study are consistent with these previous results. Notably,
of all the identified specific bacteria, only A. muciniphila was negatively correlated with
the serum TG and positively correlated with nearly all determined markers of browning
in the inguinal fat pad (Fig. 7C), further implying the uniqueness of A. muciniphila in the
regulation of energy homeostasis.

F. prausnitzii is a major member of the Firmicutes and Eubacterium rectale/Clostridium
coccoides families and is considered one of the most abundant representatives of
healthy human fecal microbiota. A reduction in F. prausnitzii is associated with a higher
risk of the postoperative recurrence of ileal Crohn’s disease. The administration of F.
prausnitzii strain A2-165 and its culture supernatant has been shown to protect against
2,4,6-trinitrobenzenesulfonic acid-induced colitis in mice (49, 50). The Pearson correla-
tions between F. prausnitzii and the inflammation-related or intestinal homeostasis-
related parameters (Fig. 7) in this study are consistent with previous results. Unlike
other bacterial taxa, F. prausnitzii was correlated with most of these parameters,
suggesting that F. prausnitzii strongly modulates systematic inflammation and intestinal
homeostasis.

In addition, the presence of F. prausnitzii has been linked to a reduction in
low-grade inflammation in obesity and diabetes regardless of the caloric intake (51,
52). The gut microbiota in obese, type 2 diabetic individuals is enriched in F.
prausnitzii, A. muciniphila, and Peptostreptococcus anaerobius after weight loss (53).
F. prausnitzii treatment improves hepatic health and reduces adipose tissue inflam-
mation in HFD-fed mice (54). The Pearson correlations between F. prausnitzii and
all lipid metabolism-related parameters and adipose tissue inflammatory factors
(Fig. 7) are consistent with previous results, implying that F. prausnitzii has a
potential effect on lipid metabolism.

The A. muciniphila and F. prausnitzii administration experiments further confirmed
our hypotheses and correlations. A. muciniphila and F. prausnitzii administration directly
improved the diet-induced MS in the same environment in which the PEAC animal tests
were performed. Specifically, A. muciniphila administration altered the body composi-
tion and energy efficiency in the HFD-fed mice (Fig. S6), promoted the browning of
WAT, and improved lipid metabolic disorders (see Fig. S8 in the supplemental material),
while the F. prausnitzii treatment reduced the HFD-induced liver and intestinal inflam-
matory responses (Fig. S7). Indeed, the biological effects of A. muciniphila and F.
prausnitzii may be linked to their interactions with other bacteria. We observed that A.
muciniphila and F. prausnitzii administration altered the gut microbial community
structure and specific gut bacteria (Fig. S8 and S9).

In summary, PE improves diet-induced MS, and this effect was associated with a
remodeling of intestinal homeostasis. Many metabolic changes in mice are significantly
correlated with altered gut bacteria. A. muciniphila and F. prausnitzii were the key gut
bacteria linking the PEAC treatment and the high-fat-induced MS at the genus and
species levels, prompting the proposal that PE prevents obesity and MS via prebiotic
effects on the microbiota.

MATERIALS AND METHODS

Preparation of PEAC. PE was obtained from Tasly Holding Group (Yunnan, China). The main
components in PE are shown in Tables S2 and S3 in the supplemental material. TP (=98%; see Table S3)
were obtained from Wuxi Century Bioengineering Co., Ltd. (Jiangsu, China). The OTP preparation process
was performed as previously described (16). TPS (>98.5%; Shanghai Luan bio-technology Co., LTD.,
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China), CAF (>99.8%; Aladdin, Shanghai, China), and GA (>98.5%; Shanghai Yuanye Bio-technology Co.,
Ltd., China) were purchased from the market.

Design of animal experiments. The experimental protocols were approved by the Jilin University
Animal Ethics Committee and followed state laws.

(i) Experiment 1: PEAC treatment. Six-week-old C57BL/6J male mice (n = 90, 16 to 20 g; Beijing
Vital River Laboratory Animal Technology Co., Ltd., China) were bred, and three or four animals were
housed per cage in the animal facility of the Life Science College, Jilin University. The animals were
housed in a controlled environment (24 = 1°C, 12-h daylight cycle, lights off at 18:00) with ad libitum
access to food and water.

After 1 week of acclimation, the mice were fasted overnight (12 h) for the determination of the
fasting blood glucose. Subsequently, the mice were divided into nine groups of 10 mice each according
to their body weights and fasting glucose levels. This assignment method was used to normalize the
body weight and fasting glucose levels at baseline and keep the mice in their original cages because
switching the animals’ housing can occasionally lead to aggressive behavior. The mice were fed an NCD
(10.8% kilocalories from fat, 68.7% kilocalories from carbohydrates, and 20.5% kilocalories from protein)
or an HFD (45.0% kilocalories from fat, 34.5% kilocalories from carbohydrates, and 20.5% kilocalories from
protein).

The mice in the two control groups received vehicle (water) and were assigned to either the NCD or
HFD condition, and the mice in the other seven groups received daily doses of 750 mg/kg of body weight
PE (NCD-PE and HFD-PE groups); 250 mg/kg TP (HFD-TP group), OTP (HFD-OTP group), or TPS (HFD-TPS
group); or 50 mg/kg CAF (HFD-CAF group) or GA (HFD-GA group). The treatment continued for 12 weeks.
The body weight gain (WG) and food intake were assessed weekly.

(ii) Experiment 2: A. muciniphila and F. prausnitzii treatments. Six-week-old C57BL/6J male mice
were bred, and three or four animals were housed per cage with free access to food and water. Two
groups of the NCD-fed and HFD-fed mice were treated with daily oral doses of 300 ul A. muciniphila
culture medium (1 X 10° CFU/ml liquid) or 300 wl F. prausnitzii culture medium (2 X 10° CFU/ml liquid)
for 14 weeks. The NCD and HFD control groups were treated with an equivalent volume of the
corresponding sterile culture medium via oral gavage daily.

A. muciniphila (ATCC BAA-835) and F. prausnitzii (ATCC 27768) were grown anaerobically in a brain
heart infusion broth medium (BD 23750) and a modified reinforced clostridial broth medium (prer-
educed, BD 218081), respectively, at 37°C. The purity and CFU/milliliter were assessed by the plate
counting method.

Oral glucose tolerance test. The mice were fasted overnight for 12 h. OGTTs were performed after
a glucose gavage. Blood was collected before (0 min) and after (15, 30, 60, 90, and 120 min) the glucose
challenge for the glucose determination.

Serum biochemical analysis. The serum total cholesterol (TCHO), TG, HDL-C, LDL-C, and liver TG
were measured using kits obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
The serum LPS and INS levels were quantified using the Cusabio enzyme-linked immunosorbent assay
(ELISA) kit (Wuhan, China). The sSLOX-1 level was determined using the Mouse LOX-1/OLR1 PicoKine ELISA
kit (Boster, Wuhan, China). The serum TNF-¢, IL-1B3, and IL-6 levels were quantified using Quantikine
ELISA kits (R&D Systems, USA).

Tissue collection and histological analysis. The methodology used to perform the tissue collection
and histological analysis has been previously described (55).

DNA extraction, PCR-DGGE, and quantitative PCR analysis. The methodology used to perform the
metagenomic DNA extraction, the nested PCR-DGGE, and the gPCR analyses of the microbial DNA has
been previously described (55).

RNA preparation and quantitative PCR analysis of gene expression. The total RNA extraction and
the reverse transcription (RT)-qPCR analysis of the gene expression were performed using a previously
described method (55). The primer sequences are presented in Table S4 in the supplemental material.

Western blot analysis. Fifty milligrams of inguinal adipose tissue was lysed in 500 ul radioimmu-
noprecipitation assay (RIPA) buffer (Strong, E121-01; Genstar, China) containing phenylmethylsulfonyl
fluoride (PMSF; 1 mM) and then homogenized. The lysates were separated by 10% SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF) membranes (0.22 um; Millipore). The membranes were
blocked in 5% bovine serum albumin (BSA), incubated with the primary antibodies overnight at 4°C, and
then incubated with the IRDye 800CW secondary antibody (1:15,000; LI-COR, USA) for 30 min at 37°C. The
anti-uncoupling protein-1 (Ucp1) and anti-B-tubulin antibodies were purchased from Abcam (1:1,000;
ab10983) and Cell Signaling Technology (1:500; catalog number 15115), respectively. The signal was
detected using Odyssey Imaging Systems (LI-COR).

Statistical analysis. The data are expressed as the means =+ standard errors of the means (SEM). A
one-way analysis of variance (ANOVA) was performed to identify significant differences among three or
more groups, followed by the indicated post hoc test (Student-Newman-Keuls comparison test). The
unpaired two-tailed Student’s t test was performed to analyze two independent groups. Bivariate
correlations were calculated using Pearson’s r coefficients. Multivariate analyses, i.e., principal component
analysis (PCA) and partial least squares-discriminant analysis (PLS-DA), and hierarchical clustering were
performed using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/). Heat maps were constructed using
Heml 1.0 software (http://hemi.biocuckoo.org/down.php.). Unless otherwise specified in the figure
legends, the results were considered statistically significant at P values of <0.05.

Availability of data. The sequences reported in this study were deposited in GenBank. The
sequences obtained from the DGGE are under accession numbers MF477907 to MF477930.
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