L. Sun et al. / Food Science and Human Wellness 13 (2024) 633-648 633

Food Science and Human Wellness

journal homepage: https://www.sciopen.com/journal/2097-0765

Food Sclence

Contents lists available at SciOpen and Fuman Vieliness

Sugarcane leaves-derived polyphenols alleviate metabolic syndrome and
modulate gut microbiota of ob/ob mice

Check for
updates

. b1 b,1 b . b . N . ab
Li Sun®”’, Tao Wang"”', Baosong Chen®’, Cui Guo™’, Shanshan Qiao™’, Jinghan Lin"",

. b . .ab . . oy
Huan Liao™’, Huangin Dai*", Bin Wang®, Jingzu Sun®*, Hongwei Liu

ab,k

* State Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China
® Savaid Medicine School, University of Chinese Academy of Sciences, Beijing 100101, China

© Guangxi Academy of Sciences, Nanning 530007, China

ARTICLE INFO

ABSTRACT

Article history:

Received 5 July 2022

Received in revised form 22 August 2022
Accepted 21 September 2022

Available Online 25 September 2023

Keywords:

Sugarcane leaves-derived polyphenols
Metabolic syndrome

Bacteroides acidifaciens
Akkermansia muciniphila

Secondary bile acids metabolism

Sugarcane leaves-derived polyphenols (SLP) have been demonstrated to have diverse health-promoting
benefits, but the mechanism of action has not been fully elucidated. This study aimed to investigate the
anti-metabolic disease effects of SLP and the underlying mechanisms in mice. In the current study, we prepared
the SLP mainly consisting of three flavonoid glycosides, three phenol derivatives, and two lignans including
one new compound, and further demonstrated that SLP reduced body weight gain and fat accumulation,
improved glucose and lipid metabolism disorders, ameliorated hepatic steatosis, and regulated short-chain
fatty acids (SCFAs) production and secondary bile acids metabolism in ob/ob mice. Notably, SLP largely
altered the gut microbiota composition, especially enriching the commensal bacteria Akkermansia muciniphila
and Bacteroides acidifaciens. Oral gavage with the above two strains ameliorated metabolic syndrome
(MetS), regulated secondary bile acid metabolism, and increased the production of SCFAs in high-fat diet
(HFD)-induced obese mice. These results demonstrated that SLP could be used as a prebiotic to attenuate
MetS via regulating gut microbiota composition and further activating the secondary bile acids-mediated
gut-adipose axis.
© 2024 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

stress, dyslipidemia, endothelial dysfunction, hypertension, insulin
resistance, and visceral obesity”™™. The present treatments for MetS

Metabolism syndrome (MetS) consists of a group of metabolic
risk factors including abdominal obesity, hyperlipidemia, insulin
resistance, hypertension, and hepatic steatosis. Epidemiological
studies indicated that at least 25 percent of the world’s adults suffered
from MetS, which has become a major health-threatening' . The
mechanisms that trigger MetS are complex and have been proven
to be associated with chronic low-grade inflammation, chronic
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including drugs (berberine, metformin, orlistat, etc.) and bariatric
surgery are limited due to their poor efficacy and some undesirable
side effects. Therefore, exploring and developing new, safe drugs or
therapeutic strategies to combat MetS is robustly needed.

Growing evidences have shown that gut microbiota plays a
crucial role in the development and progression of MetS. The
intestinal microbiota consists of trillions of microbes that profoundly
influence nutrient acquisition and energy metabolism. Compared to
non-obese individuals, the obese subjects have an increased
Firmicutes to Bacteroidetes ratio (F/B ratio)™. Another study reported
that gut microbiota dysbiosis impaired intestinal barrier, which led to
the release of lipopolysaccharide (LPS) into the circulation system,
resulting in systemic inflammation and insulin resistance'. Many
gut microbiota-derived metabolites, especially short-chain fatty
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acids (SCFAs), bile acids, and branched-chain amino acids (BCAAs)
have been implicated in the development of metabolic disorders.
SCFA-producing bacteria, such as Akkermansia muciniphila and
Faecalibacterium prausnitzii, and Faeciroseburia intestinalis
were confirmed to reduce MetS by increasing energy expenditure,
improving glucose tolerance, and maintaining host homeostasis"™.
The gut commensal Parabacteroides distasonis was reported to
reduce obesity, hyperglycemia, and nonalcoholic fatty liver disease via
the production of succinate acid and secondary bile acids"”. On the
other hand, Prevotella copri was found to increase circulating levels
of BCAAs, leading to insulin resistance and glucose intolerance!".
Thus, regulating the gut microbiota or the gut microbiota-derived
metabolites is proposed as a novel therapy to prevent or treat MetS.

Dietary intervention has been an effective strategy to control
metabolic syndrome by regulating the composition of gut
microbes. Epidemiological investigations have presented a negative
correlation between dietary polyphenols with low bioavailability
and the development of MetS"?. For instance, supplementation of
theabrownin could attenuate hypercholesterolemia by inhibiting the
farnesoid X receptor (FXR)-fibroblast growth factor 15 (FGF15)
signaling pathway and modulating gut microbiota associated with
bile-salt hydrolase (BSH) activity'"”. Resveratrol can prevent obesity
in HFD-fed mice by regulating the composition of gut bacterial
community and redox status of the intestinal environment!?,
Clinical trials have also shown that dietary polyphenols can help
control hyperglycemia and dyslipidemia in type 2 diabetes'”.

Sugarcane leaves are an undervalued by-product in the sugar
industry and generally used as animal feeds"®. In this study,
we attempted to study the effects of sugarcane leaves-derived
polyphenols (SLP) on MetS in ob/ob mice. We also aimed to
understand the relationship between the gut microbiota and
the salutary effects of SLP. SLP was prepared and chemically
characterized by three flavonoid glycosides, three phenol derivatives,
and two lignans including one new compound. Our results showed
that SLP significantly decreased body weight, fat accumulation,
and hyperlipidemia, ameliorated hyperglycemia and metabolic
endotoxemia, and maintained intestinal barrier integrity. We
further found that the anti-MetS effects of SLP were relevant
to the adjustment of gut microbiota and secondary bile acids
metabolism. Gavage with the strains of Bacteroides acidifaciens and
A. muciniphila enriched by SLP treatment effectively alleviated MetS.
These results confirmed the therapeutic efficacy of SLP in MetS
and revealed an important relationship between polyphenols, gut
microbiota, and MetS.

2. Materials and methods
2.1 Materials and instruments

The sugarcane leaves samples were collected in the Guangxi
Zhuang Autonomous Region of China. Samples were transported
under refrigeration, and dried by air. Tea polyphenols were purchased
from Solarbio (Beijing, China). The 1D and 2D NMR spectras were
recorded on a Bruker Avance-500 spectrometer. HRESIMS data were
measured by using an Agilent Accurate-Mass-Q-TOF LC/MS 6520
instrument. CD spectra were acquired using an Applied Photophysics
Chirascan spectropolarimeter. PCR amplification was performed

in a Bio-Rad/My cycler thermal cycler. D-101 macroporous
adsorption resins (Tianjin Bohong Resin Technology CO., Ltd.),
polyamide (Polyram), octadecylsilyl (ODS, 50 um, YMC CO., LTD),
and Sephadex LH-20 (Amersham Biosciences) used for column
chromatography were purchased commercially.

2.2 Preparation of the SLP from sugarcane leaves

The dried sugarcane leaves were cut into small pieces and 4.4 kg
pieces of dried sugarcane leaves were soaked and extracted three
times at 100 °C with 50 L of water for 3 h. The combined solvents
were condensed to about 2 L under vacuum and subjected to a D-101
macroporous adsorption resin column (50 mm x 500 mm) using gradient
elution with 0, 30%, 50%, and 70% ethanol in distilled water (each 10 L).
Each eluent was combined to obtain four fractions (Fr. 1 to Fr. 4).
By thin layer chromatography (TLC) and high-performance liquid
chromatography (HPLC) analysis, SLP was found in the Fr. 3. Then,
Fr. 3 (16.5 g) were separated by ODS column chromatography (CC)
eluted with MeOH in water (from 10% to 50%, V/V). The collected
elution was combined by TLC and HPLC analysis into 4 fractions
(Fr. 3-1 to Fr. 3-4). SLP was found to be rich in Fr. 3-1 according to
color reaction with FeCl; on TLC and ultraviolet spectrum recorded
by HPLC analysis. 0.5 g of SLP was used to further chemical
investigation. 6.1 g of SLP was used for animal experiments.

The chromatographic separation of SLP was injected at 10 uL on
Waters Alliance €2695 separation module equipped with Kromasil
100-5-C4 (250 mm x 4.6 mm, 5 pm). The mobile phase consisted
methanol (phase A) and water with 1% trifluoroacetic (phase B);
linear gradient: 0—12 min, 15%-20% A in B; 12-90 min, 20%-35% A
in B; 90-95 min, 100% A. The flow rate was 1 mL/min with column
temperature at 35 °C.

2.3 Separation and identification of polyphenols in SLP

Fr. 3-1 (0.5 g) was eluted with MeOH in water (from 60% to
100%, VIV) on Sephadex LH-20 to give 20 fractions (Fr. 3-1-1—
Fr. 3-1-20). Compound 2 (24.9 mg) was directly obtained from Fr. 3-1-15
eluted with 90% MeOH in water. Used a polyamide column eluted
with MeOH in water (from 0 to 100%, V/V) to purify Fr. 3-1-5
(188.4 mg, 70% MeOH elution) in 6 subfractions (Fr. 3-1-5-1—
Fr. 3-1-5-6). Compounds 5 (1.7 mg, #, = 58.8 min) and 6 (2.4 mg, t, =
63.1 min) were further purified by RP-HPLC (Cy, 5 pm, 4.6 mm x 250 mm,
Agilent) using 35% MeOH in water from Fr. 3-1-5-2 (16.7 mg, 20%
MeOH elution). Compounds 7 (2.9 mg, #; = 77.4 min) and 8 (1.9 mg,
tr = 86.6 min) were obtained by RP-HPLC (C,g, 5 um, 4.6 mm x 250 mm,
Agilent) using 42% MeOH in water from Fr. 3-1-5-5 (19.1 mg,
80% MeOH elution). Fr. 3-1-10 (16.0 mg, 80% MeOH elution) was
separated by RP-HPLC (C,4, 5 um, 4.6 mm x 250 mm, Agilent) using
32% methanol in water to give compound 1 (2.2 mg, £, = 20.2 min).
Fr. 3-1-13 (79.2 mg, 90% MeOH elution) was further separated by
preparative TLC with chloroform/methanol (10: 1, V/V) to give 5
subfractions (Fr. 3-1-13-1-Fr. 3-1-13-5). Fr. 3-1-13-1 (17.6 mg) and
Fr. 3-1-13-4 (12.1 mg) were purified by RP-HPLC (C,5, 5 pm, 4.6 mm X
250 mm, Agilent) using 40% methanol in water to give compounds 3
(3.2 mg, ty = 21.6 min) and 4 (1.7 mg, t, = 24.3 min), respectively.
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4-Hydroxybenzaldehyde (1), C,H,0,, yellow solid. 'H NMR
(500 MHz, DMSO-d,): § 10.60 (1H, s), 9.79 (1H, s), 7.75 (2H, d,
J = 8.5 Hz), 6.92 (2H, d, J = 8.0 Hz). Positive HRESIMS
milz 123.045 8 [M + H]  (calcd for C,H,0,, 123.044 6). Compound 1
was identified as 4-hydroxybenzaldehyde by comparing NMR data
with the literature"”.

p-Coumaric acid (2), C,HgOs, white amorphous powder. 'H NMR
(500 MHz, CD,0OD): ¢ 7.60 (1H, d, J = 16.0 Hz), 7.44 (2H, d,
J=18.0Hz), 6.80 2H, d, /= 8.0 Hz), 6.27 (1H, d, J = 16.0 Hz). "C NMR
(125 MHz, CD,0D): § 170.7, 160.8, 146.3, 130.7, 130.7, 126.9,
116.5, 116.5, 115.2. Positive HRESIMS m/z 165.0553 [M + H]" (calcd
for C4H,y0;5, 165.055 2). Compound 2 was identified by comparing
NMR data with literature™*"”.

(E)-3-(4-Hydroxy-3-methoxyphenyl) acrylic acid (3), C,,H,,O,,
white amorphous powder. 'H NMR (500 MHz, DMSO-d,):
0 12.11 (1H, s), 9.53 (1H, s), 7.47 (1H, d, J = 15.9 Hz), 7.27 (1H, d,
J=2.0 Hz), 7.07 (1H, dd, J = 8.1, 2.0 Hz), 6.78 (1H, d,
J=28.1 Hz), 6.35 (1H, d, J = 15.9 Hz), 3.81 (3H, s); °C NMR
(125 MHz, DMSO-d,): 6 167.9, 148.9, 147.7, 144.3, 125.6, 122.7,
115.6, 115.3, 111.0, 55.5. Positive HRESIMS m/z 195.065 9
[M + H]" (caled for C,,H;,0,, 195.065 7). Compound 3 was identified
by comparing NMR data with the literature™”.

Sugarcanoic acid (4), CyH,,0,, yellow amorphous powder. 'H NMR
(500 MHz, DMSO-d¢): ¢ 9.35 (1H, s, 6-OH), 8.70 (1H, s,
4'-OH), 7.46 (1H, s, H-1), 7.03 (1H, s, H-8), 6.61 (1H, d, J = 2.0 Hz,
H-2"), 6.60 (1H, s, H-5), 6.54 (1H, d, J = 8.0 Hz, H-5"), 6.17 (1H, dd,
J=2.0, 8.0 Hz, H-6"), 4.22 (1H, s, H-4), 3.78 (3H, s, H-3'-OCH,),
3.66 (3H, s, H-7-OCH,), 3.42 (1H, dd, J = 4.0, 10.3 Hz, H-10),
2.97 (1H, dd, J = 4.0, 10.3 Hz, H-3), 2.89 (1H, t, J = 10.3 Hz,
H-10); C NMR (125 MHz, DMSO-d6): d 167.1 (C-9), 148.9 (C-6),
147.7 (C-3"), 146.9 (C-7), 145.2 (C-4"), 137.1 (C-1), 136.6 (C-1"),
131.3 (C-4a), 125.5 (C-2), 123.5 (C-8a), 119.9 (C-6"), 117.7 (C-5),
115.6 (C-5"), 113.2 (C-8), 112.1 (C-2"), 61.3 (C-10), 56.2 (C-3'-OCH,),
56.1 (C-7-OCHS,), 45.0 (C-3), 42.5 (C-4). Positive HRESIMS m/z
373.128 5 [M + H]'" (caled for C,H,,0,, 373.128 7).

Isoviolanthin (5), C,,H,,0,,, yellow amorphous powder. 'H NMR
(500 MHz, DMSO-d): 6 8.00 (2H, d, /= 8.8 Hz), 6.89 (2H, d, /= 8.8 Hz),
6.81 (1H, s), 5.28 (1H, s), 4.85 (1H, d, J=9.8 Hz), 1.17 (3H, d, J =
6.3 Hz), 3.00-4.00 (10 H, m, sugar protons); "C NMR (125 MHz,
DMSOJ-dy): 0 182.8, 164.6, 161.7, 161.4, 158.0, 155.5, 129.5, 129.5,
122.0, 116.3, 116.3, 108.8, 105.6, 104.2, 103.1, 82.3, 79.4, 76.5, 75.1,
74.5,73.7, 71.6, 71.3, 71.0, 69.9, 61.7, 17.5. Positive HRESIMS
mlz 579.170 6 [M + H]" (caled for C,,H;,0,,, 579.171 4). Compound 7
was identified by comparing NMR and MS data with the literature™",

(+)-Syringaresinol-O-p-glucopyranoside (6), C,sH;,0,5, white
amorphous powder. 'H NMR (500 MHzi, C;D;N): § 7.00 (2H, s),
6.97 (2H, s), 5.83 (1H, dd, J = 7.0, 4.0 Hz), 5.00 (2H, t, J = 5.0 Hz),
4.31-4.43 (7H, m), 4.08 (2H, m), 3.96 (1H, m), 3.85 (6H, s), 3.82
(6H, s), 3.20-3.30 (2H, m); "C NMR (125 MHz, C;D,N): § 154.1,
154.1, 149.4, 149.4, 138.5, 137.4, 132.2, 132.2, 105.2, 105.0, 104.9,
104.9, 104.9, 86.7, 86.4, 78.8, 78.5, 76.2, 72.3, 72.2, 71.7, 62.7, 56.8,
56.8, 56.6, 56.6, 55.1, 55.0. Positive HRESIMS m/z 603.200 1 [M + Na]
(caled for C,3H4O5Na, 603.205 4). Compound 6 was identified by
comparing NMR and MS data with the literature™.

Tricin-7-0-f-D-glucopyranoside (7), C,;H,,0,,, yellow
amorphous powder. "H NMR (500 MHz, DMSO-d,): § 12.95 (1H, s),
9.40 (1H, s), 7.36 (2H, s), 7.08 (1H, s), 6.93 (1H, d), 6.46 (1H,

d, J=2.1 Hz), 5.05 (1H, d, J = 7.4 Hz), 3.88 (6H, s); °C NMR
(125 MHz, DMSO-d,): 6182.1, 164.1, 163.2, 161.1, 156.9, 148.2,
148.2, 140.1, 120.2, 105.3, 104.5, 104.5, 103.8, 100.2, 99.4, 95.3,
77.4, 76.5, 73.2, 69.6, 60.7, 56.4, 56.4. Positive HRESIMS m/z
493.136 5 [M + H]' (caled for C,;H,50,,, 493.134 6). Compound 7
was identified by comparing NMR data with the literature™.

Tricin-7-O-neohesperidoside (8), C,,H;,0,4, yellow amorphous
powder. '"H NMR (500 MHz, DMSO-d,): 612.90 (1H, s),
9.40 (1H, s), 7.33 (2H, s), 7.01 (1H, s), 6.89 (1H, d, J = 2.2 Hz), 6.38
(1H,d,J=22Hz),5.21 (1H,d,J= 7.4 Hz), 5.11 (1H, s), 3.88 (6H, s),
1.18 (3H, d, J =6.2 Hz); “C NMR (125 MHz, DMSO-d,): J 182.1,
164.1, 162.7, 161.1, 157.0, 148.2, 148.2, 140.1, 120.2, 105.5, 104.5,
104.5, 104.0, 100.5, 99.5, 98.2,94.9, 77.3, 77.2, 76.4, 71.9, 70.5, 70.4,
69.8, 68.4, 60.5, 56.4, 56.4, 18.0. Positive HRESIMS m/z 639.191 4
[M + H]" (calcd for C,0H350,4, 639.192 5). Compound 8 was identified
by comparing NMR and MS data with the literature"".

2.4 Animal experiments and bacteria strains

Six-week-old male C57BL/6] mice and ob/ob (leptin deficiency)
mice were purchased from the Experimental Animal Center, Chinese
Academy of Medical Sciences. Mice were fed with a chow diet
(NCD, 13.5% calories from fat) or a high-fat diet (HFD, 60 kcal%
fat as indicated, Catalog D12492, Research Diet, New Brunswick,
NJ, USA). All the animal studies were approbated by the Institute
of Microbiology, Chinese Academy of Sciences (IMCAS). All mice
were housed in a pathogen-free facility with a 12 h light/dark cycle.

For the efficacy assay of SLP treatment on ob/ob mice, 8-week-
old males were sorted into 5 groups (n = 10 each) after 2 weeks
of acclimatization: the group of C57BL/6J mice was treated with
distilled water (Lean), the group of 0b/ob mice was treated with
distilled water (MOD), the group of ob/ob mice was treated with
50 mg/kg-day SLP (SLPL), the group of ob/ob mice was treated
with 100 mg/kg-day SLP (SLPH) and the group of ob/ob mice was
treated with 50 mg/kg-day tea polyphenols (TP). Treatments lasted
for 6 weeks.

For evaluation of B. acidifaciens and A. muciniphila on high-
fat diet-induced obese (DIO) mice, the experiment started after
feeding with a high-fat diet for 10 weeks. 4. muciniphila (provided
by Dr. Biao Ren from West China Stomatological Hospital) and
B. acidifaciens (JCM 10556, Japan Collection of Microorganisms)
were propagated overnight at 37 °C in anaerobic brain-heart
infusion (BHI) broth and modified GAM broth, respectively. The
A. muciniphila and B. acidifaciens were diluted in oxygen-free PBS
with a final concentration of 1 x 10° CFU/mL. Briefly, 5 experimental
groups were set: 10 C57BL/6J mice treated with PBS (CON), each 10
DIO mice were treated with PBS, B. acidifaciens and A. muciniphila,
and a combination of A. muciniphila and B. acidifaciens, respectively.
Each mouse was orally given 200 pL of the prepared bacterial
solution. Treatments lasted for 7 weeks.

Animals in each group were subjected to the oral glucose
tolerance test (OGTT) and an insulin tolerance test (ITT) test before
cervical dislocation sacrificed. At the end of the experiments, mice
were sacrificed for cervical dislocation. Blood and tissue samples
were collected, weighed, and frozen immediately in liquid nitrogen
and then stored at —80 °C for subsequent analysis. For fecal sample
collection, the mice were placed into an empty cage with no bedding



636 L. Sun et al. / Food Science and Human Wellness 13 (2024) 633-648

for 4 h. The fresh fecal samples were put into test tubes, then stored at
-80 °C for analysis.

2.5 Histological analysis

After euthanasia and bleeding of mice, liver, subcutanecous
adipose tissues, and small intestine tissues were dissected, and
then put into 2 mL 4% paraformaldehyde solution for 48 h.
Paraffin-embedded tissues were frozen and sliced into 5-7 um
sections. Oil red staining and hematoxylin-eosin staining were
respectively conducted on frozen sections to assess hepatic and
subcutaneous white adipose tissues (WAT). Alcian blue periodic
acid Schiff (AB-PAS) was used to stain the small intestine tissues

following the procedure described previously™.

2.6  Biochemical analysis

Plasma was obtained by centrifugation of supernatant in a heparin
tube at 3 000 x g for 15 min. For the liver histological analysis, the
liver homogenate was prepared with 10% (m/V) and centrifuged at
3 000 x g for 15 min at 4 °C to obtain the supernatant. Plasma and
hepatic high-density lipoprotein cholesterol (HDL-C), total cholesterol
(TC), triglycerides (TG), and low-density lipoprotein cholesterol
(LDL-C) were determined using commercial kits., Plasma aspartate
aminotransferase (AST), alanine aminotransferase (ALT), tumor
necrosis factor (TNF-a), interleukin 10 (IL-10), LPS, insulin, glycated
hemoglobin, interleukin 6 (IL-6), and interleukin-1f (IL-1p) levels,
as well as hepatic total antioxidant capacity (T-AOC), superoxide
dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA)
were determined as described previously™. The insulin sensitivity
index (ISI) was calculated from the values of fasting blood glucose
(FBG, in mg/dL), and fasting blood insulin (FBI, in mU/L) was used
to calculate the insulin sensitivity index.

1

IS1="1"000 x FBI x FBG

2.7 Real-time gPCR analysis

The qPCR analysis was performed as described previously'”".

Total RNA of the adipose tissues and ileum tissue was extracted using
the TRIzol (Invitrogen, Carlsbad, CA, USA) and cDNA was obtained
using the reverse transcription cDNA synthesis kit (Tiangen, Beijing,
China). All primer sequences were listed in Table S1. Relative
mRNA expression was normalized by glyceraldehyde-3-phosphate
dehydrogenase (Gapdh). The 27 method was used to determine the
relative quantification expression of targeted genes.

2.8 Analysis of gut microbiota by 16S rRNA sequencing

The fecal DNA was extracted using a QIAamp Fast
DNA stool Mini Kit (Qiagen, Cat# 51604). The primer
pairs 341F (CCTAYGGGRBGCASCAG) and 806R
(GGACTACNNGGGTATCTAAT) were used to amplify the
variable region 3-4 (V3-V4) of the 16S rRNA gene. The pair-end
library was set up and sequenced based on the Illumina NovaSeq
sequencing platform” ", Raw 16S rDNA data had been deposited on
gcMeta™ at https:/mmdc.cn/ with project ID NMDC10018134.

2.9 SCFA analysis

Fifty microgram of freeze-drying fecal sample was resuspended
in 1 mL methanol, mixed thoroughly, and centrifuged at 4 000 x g

[10

for 15 min. The supernatant was subjected to GC-MS analysis"” to

measure the levels of SCFAs.

2.10 Fecal bile acid analysis

One hundred microgram of lyophilized feces dissolved in 1 mL
methanol, mixed thoroughly, and centrifuged at 4 000 x g for 15 min. The
supernatants obtained were analyzed on a Waters Alliance 2695
separation module with a 2424 ELSD Detector equipped with a C,g column
(5 um, 4.6 mm x 250 mm, Agilent) according to a previous report™”.

2.11  Statistical analysis

All data are expressed as the mean + SEM. Results were assessed
by two-tailed unpaired Student’s #-test and two-way ANOVA, and the
P values < 0.05 were considered significant. SPSS 22.0 software was
used for Pearson correlation analysis to determine the relationship
between variables. GraphPad Prism version 7.0 (GraphPad Software
Inc., La Jolla, CA) was employed for drawing.

3. Results

3.1 Preparation of SLP and identification of polyphenols
compounds in SLP

In this study, the water crude extract of 4.4 kg dry sugarcane
leaves was chromatographed on a D101-macroporous resin column
and further separated by ODS column chromatography to give
sugarcane leaves-derived polyphenols (SLP, 6.6 g). Then, 0.5 g SLP
was separated by LH-20 and polyamide column chromatography
and further RP-HPLC purification, and 8 polyphenol compounds
were obtained from SLP (Fig. 1A). Compounds 1-3, 5-8 were
established as 4-hydroxybenzaldehyde (1); p-coumaric acid (2); (E)-
3-(4-hydroxy-3-methoxyphenyl) acrylic acid (3); isoviolanthin (5);
(+)-syringaresinol-O-p-glucopyranoside (6); tricin-7-O-f-D-
glucopyranoside (7); tricin-7-O-neohesperidoside (8) in comparison
of NMR and MS data with the literature data. The new lignan
compound, sugarcanoic acid (4), was assigned by the analysis of
NMR, MS, specific rotation, and ECD spectrum. Compounds 1-8
which accounted for the largest proportion of SLP were identified
in the HPLC fingerprint chromatogram and accounted for 11.96%,
34.63%, 0.83%, 1.93%, 3.88%, 2.03%, 0.89%, and 3.92% in the total
peak area (Fig. 1B).

The molecular formula of sugarcanoic acid (4) (yellow amorphous
powder) was determined to be C,,H,,0, according to the HRESIMS
data at m/z 373.128 5 [M + H]" (calcd for C,,H,,0,, 373.128 7). The
'"H NMR spectrum (Fig. S1) revealed the presence of six aromatic
or olefinic protons including three singlet signals at ¢ 7.46, 7.03
and 6.60 and one group ABX signals at 0 6.61 (d, J = 2.0 Hz), 6.54
(d, J= 8.0 Hz), and 6.17 (dd, J = 2.0, 8.0 Hz), one singlet proton at
0 4.22, two oxygenated methyls at J 3.66 and 3.78, and 3 mutually
coupled protons at d 2.89 (t, J = 10.3 Hz), 2.97 (dd, J = 4.0, 10.3 Hz)
and 3.42 (dd, J = 4.0, 10.3 Hz). In the "C NMR spectrum (Fig. S2),
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Fig. 1 HPLC chromatogram at 220 nm and the structure of sugarcane leaves-derived polyphenols (SLP). (A) The structure of major polyphenol compounds
obtained in SLP. 4-Hydroxybenzaldehyde (1); p-coumaric acid (2); (£)-3-(4-hydroxy-3-methoxyphenyl) acrylic acid (3); sugarcanoic acid (4); isoviolanthin (5);
(+)-syringaresinol-O-D-glucopyranoside (6); tricin-7-O-f-D-glucopyranoside (7); tricin-7-O-neohesperidoside (8); (B) HPLC fingerprint chromatogram of SLP.

20 carbon signals were observed and attributed to a carboxylic group
(6 167.1), 14 aromatic or olefinic carbons (6 110-150), and five sp’
carbons. In the HMBC spectrum (Fig. S3), the HMBC correlations of
a 7-OCH; proton with C-7, and H-8 and H-5 with C-7, C-6, C-4%, and
C-8a, one 6, 7, 4a, 8a-tetrasubstitution benzene was constructed. The
ABX protons combining the HMBC correlations of H-2" with C-17,
C-6', C-3’, and C-4’, H-6" with C-1’, C-5’, C-4’, and C-2’, H-5" with
C-1’, C-6', C-3’, and C-4', and 3'-OCH, proton with C-3’, revealed
the existence of 17, 3’, 4’-trisubstitution benzene. 'H-'H COSY
(Fig. S4) correlations of H-3 with H-4 and H,-10 and HMBC
correlations of H-4 with C-4a, C-8a, C-1’, C-2, C-3 and C-10, H-1
with C-4a, C-8a, C-8, C-2, C-3, and C-9, and H-3 with C-4a, C-1,
C-2, C-9, C-1", C-4, and C-10, spliced the two benzene moieties with
other carbons. Taking the chemical shift of C-6 (6 148.9) and C-5’
(0 115.6), and the molecular formula into consideration, the planar
structure was confirmed as a ferulate-coniferyl alcohol coupling
compound whose arabinoside has been reported and analyzed by
mass®". The relative configurations at C-4 and C-3 were assigned
based on the coupling constant between H-4 and H-3. The near-to-
zero coupling constant indicated the dihedral angle between H-4 and
H-3 was about 90°. The optical rotation values near zero and the lack
of significant Cotton effects in electronic circular dichroism (ECD)
spectra supported sugarcanoic acid (4) to be racemic.

3.2 SLP reduced body weight gain, hyperlipidemia, and
hepatic lipid accumulation in oblob mice

Early studies have shown that some polyphenol-rich diets could
inhibit body weight gain, alleviate metabolic syndrome, and reduce

the risk of diabetes™ ", To assess whether SLP displays similar

effects on metabolic syndrome, the 0b/ob mice were gavaged with
SLP at a dose of 50 mg/kg or 100 mg/kg. Tea polyphenols (TP,
50 mg/kg) showing biological activities in alleviating diabetes,
obesity, and the obesity-related diseases”™ " were used to positive
control. Both doses of SLP and TP significantly inhibited body
weight gain (P < 0.001) (Figs. 2A, B) and these results were
independent of changes in energy intake (Fig. 2C). Besides, oral
administration of SLP attenuated excessive adipose deposition in
subcutaneous fat, epididymal fat, and mesenteric fat, consistent with
the reduction in body weight (Fig. 2D). The cell diameter of adipocytes
in subcutaneous adipose tissues of SLP-treated mice was significantly
smaller than that of ob/ob mice (Fig. 2G). Moreover, SLP at 100 mg/kg
also ameliorated hyperlipidemia by reducing plasma TC
(P =0.003 91) and LDL-C (P = 0.000 08) (Fig. 2E). However, the
level of TG was not affected by SLP treatment (Fig. 2F).
Nonalcoholic fatty liver disease (NAFLD) was generally regarded
as a risk factor for MetS. We further determined the effect of SLP
on hepatic lipid metabolism and liver injury. The levels of hepatic
TC, TG, and LDL-C were decreased by 7.3% (P = 0.02), 7.9%
(P =0.02), and 17.9% (P = 0.03) in SLP-treated (100 mg/kg) group
compared to those of the vehicle-treated group (Figs. 2H-I). Oil
red O staining also revealed that SLP improved hepatic steatosis
(Fig. 2L). In addition, SLP at 100 mg/kg reduced liver injury, in
consideration of the reduction of 29.7% and 24.8% with ALT
(P=0.0179) and AST (P =0.027 6) (Figs. 2J-K). Meanwhile, SLP at
100 mg/kg supplementation significantly reduced the levels of MDA
(P =0.041 3) and increased the levels of T-AOC (P = 0.021 5), SOD
(P =0.018 3), and GSH (P = 0.003 9) in the liver, indicating that
SLP can improve the redox homeostasis in ob/ob mice (Fig. S5).
As mentioned above, these results indicated that SLP significantly
reduced obesity, hyperlipidemia, and hepatic steatosis in mice.
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Fig.2 SLP reduced body weight and fat accumulation and ameliorated hyperlipidemia and hepatic steatosis in 0b/ob mice. Ob/ob mice were treated with distilled
water, TP (50 mg/kg), or SLP (50 mg/kg or 100 mg/kg) for 6 weeks by daily oral gavage. (A) changes in body weight during 6 weeks; (B) body weight change;
(C) cumulative food intake; (D) fat weight (subcutaneous fat; epididymis fat; mesenteric fat); (E) plasma TC, LDL-C, and HDL-C; (F) plasma TG;

(G) representative H&E staining images of subcutaneous fat (n = 5; scale bars, 100 pm). (H) hepatic TC, LDL-C, and HDL-C; (I) hepatic TG; (J) plasma AST;
(K) plasma ALT; (L) representative oil red O staining images of the liver (n = 5; scale bars, 50 um). Statistical analysis was analyzed using unpaired Student’s #-test
for (C-F) and (H-K), and two-way ANOVA followed by the Bonferroni post hoc test for (A-B), n = 10. *P < 0.05; **P < 0.01; ***P < 0.001.
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3.3 SLP improved hyperglycemia, inflammation, metabolic
endotoxemia and maintained intestinal integrity in oblob mice

Growing evidence has shown that the leptin-deficient (ob/ob)
mice exhibited an impaired glucose metabolism™. In this study, we
found that SLPH supplementation significantly decreased the fasting
diet blood glucose, plasma insulin, and glycosylated hemoglobin
Alc (HbAlc) (P < 0.05) (Figs. 3A-C). Besides, SLP (100 mg/kg)
treatment increased 2.2 times of insulin sensitivity, and improved
glucose intolerance (P = 0.020 0) and insulin resistance (P < 0.001)
(Figs. 3D-H).

Chronic low-grade inflammation is one of the major pathological
factors of MetS. To assess the anti-inflammation effect of SLP, we
measured the concentrations of cytokines including IL-6, IL-1f, IL-10,
and TNF-o. SLP at 100 mg/kg treatment significantly decreased the
levels of pro-inflammation cytokines (IL-6 and TNF-a) (P < 0.05)
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and increased the level of anti-inflammation cytokines (IL-10)
(P =0.0009), but did not change the level of IL-1p (Figs. 3I-L).
Some studies have shown that the endotoxin LPS causes
metabolic inflammation and insulin resistance when entering the
circulation, and induces the occurrence and development of MetS""".
We observed that the plasma LPS level was significantly decreased
by 20.5% upon SLP (100 mg/kg) treatment (P = 0.000 9). Meanwhile,
we also found that SLP at 100 mg/kg significantly up-regulated
the expression of tight junction proteins (ZO-1, ZO-2, and Muc5)
(P < 0.05) (Figs. 3M-N), revealing that SLP greatly enhanced
intestinal barrier integrity. Additionally, Alcian Blue periodic acid
Schiff (AB-PAS) staining confirmed that SLP could reverse the
reduction of goblet cells in ob/ob mice (P < 0.05) as well as TP
(Figs. 30-P). Based on these results, we supposed that the
improvement of gut barrier integrity by SLP contributes to the
reduction of metabolic endotoxemia, thus decreasing hyperglycemia.
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Fig.3 SLP improved glucose metabolism, decreased inflammation, and metabolic endotoxemia in 0b/ob mice. ob/ob mice were treated with distilled water,
TP (50 mg/kg), or SLP (50 mg/kg or 100 mg/kg) for 6 weeks by daily oral gavage. (A) Fasting diet blood glucose; (B) plasma insulin; (C) HbAlc; (D) ISL; (E) OGTT
and (F) its mean area under the curve (AUC); (G) plasma glucose profile and (H) mean AUC measured during an ITT; (I) plasma IL-6; (J) plasma TNF-a;

(K) plasma IL-10; (L) plasma IL-1B; (M) plasma LPS; (N) relative mRNA level in the ileum (n = 6); (O) relative densities of goblet cells; (P) representative
AB-PAS staining images in the small intestine. n = 5; scale bars, 200 pm and 100 pum. Statistical analysis was analyzed using unpaired Student’s #-test for
(A-D, F, and H-0O), and two-way ANOVA followed by the Bonferroni post hoc test for (E and G), n = 8-10. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3 (Continued)

3.4 SLP supplementation modulated gut microbiota
composition in oblob mice

It has been reported that supplementation with polyphenol-rich
diets could ameliorate intestinal dysbiosis and thus confer health-
promoting benefits on the host”®. To assess whether the metabolic
protective effects of SLP on ob/ob mice were linked with gut
microbiota, we compared the composition of gut microbiota in ob/ob
mice treated with SLP at 100 mg/kg (SLPH) to that of untreated mice
(MOD) by performing a 16S rDNA gene-based amplicon sequencing
analysis. SLPH and TP supplementation decreased Shannon index and
Chaol index (P < 0.01), as compared with the MOD group, indicating
SLPH decreased a-diversity (Figs. 4A-B), which is consistent with
the report that green tea polyphenol decreased a-diversity™*”. Non-
metric multidimensional scaling (NMDS) analysis revealed the
distinct clustering of gut microbiota composition among the MOD,
SLPH, and TP groups (Fig. 4C).

In comparison with the model group, SLPH treatment robustly
increased the relative abundance of Bacteroidota (P = 0.040 1)
and Verrucomicrobia (P < 0.006 4), while decreased the relative
abundance of Firmicutes (P = 0.003 6), Actinobacteria (P = 0.002 2),
Desulfobacterota (P = 0.015 6) at the phylum levels (Figs. 4D-E).
SLPH also reduced the proportion of F/B ratio (P = 0.014 8) (Fig. 4F).
Next, we further studied the alterations of gut microbiota at the
genus level upon SLP treatment. In particular, SLPH significantly
increased the relative abundances of Akkermansia (P = 0.005 5)
and Bacteroides (P = 0.008 8), while largely decreased the relative
abundances of the Lachnospiraceae_ NK4A136_group (£ = 0.004 9)
and Dubosiella (P = 0.046 9) (Figs. 4G-H). At the species level, we

observed some obvious changes upon SLPH treatment. Treatment
with SLPH greatly enhanced the abundance of 4. muciniphila
(P =0.000 2), B. acidifaciens (P = 0.000 3 ) and Bacteroides caecimuris
(P =0.032 4). TP supplementation significantly increased the abundance
of B. acidifaciens (P = 0.041 7), A. muciniphila (P = 0.007 6),
Bacteroides vulgatus (P = 0.000 5), and Bacteroides sarorii
(P =0.029 5) (Figs. 41-J). The above findings demonstrated that
SLP could regulate the composition of the gut bacterial community
in ob/ob mice. Linear discriminant analysis (LDA) effect size
(LefSe) analysis was conducted to identify specific gut microbes
that accounted for the most remarkable difference under different
interventions (Fig. 4K). The results demonstrated that B. acidifaciens,
A. muciniphila, and B. caecimuris were enriched in the SLPH-
treated group. Similarity percentage procedure (SIMPER) analysis
revealed that B. acidifaciens (contributors 28.1%) and A. muciniphila
(contributors 22.8%) were the two largest contributors to the induced
alterations by SLPH (Figs. 4L-M). Further, to identify specific
gut bacteria that potentially contributed to the anti-MetS efficacy
of SLPH, the correlation between the abundance of significantly
changed gut bacteria and the key MetS parameters was analyzed by
Person’s correlation analysis. The commensal bacteria B. acidifaciens,
A. muciniphila, and B. caecimuris showed a negative correlation
with most MetS phenotypes including plasmatic TG, plasmatic LDL,
OGTT, but presented a positive correlation with hepatic T-AOC,
SOD, insulin sensitivity index, and plasmatic IL-10 (P < 0.05)
(Fig. 4N). In conclusion, we speculated that B. acidifaciens and
A. muciniphila were potentially key gut bacteria mediating the
beneficial effects of SLP.
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Fig. 4 SLP altered the composition of gut microbiota. ob/ob mice were treated with distilled water, TP (50 mg/kg), or SLP (100 mg/kg) for 6 weeks by daily oral
gavage. (A) Shannon indexes; (B) Chaol indexes; (C) NMDS; (D-E) the microbial community composition and the relative abundance of major bacteria at phylum
level; (F) F/B ratio; (G-H) the microbial community composition and the relative abundance of major bacteria at genus level; (I-J) the microbial community
composition and the relative abundance of major bacteria at species level; (K) LefSe analysis. (L, M) the results of SIMPER analysis quantified the contributions
of the top 10 different species between the two groups (L, MOD/SLPH; M, MOD/TP), as well as the abundances (percent reads) of these species; (N) Person’s
correlation analysis between the relative abundance of gut microbiota of the top 10 species and MetS related indices. (E, J and I) were analyzed using one-way
ANOVA followed by the Tukey post hoc test, n = 8. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4 (Continued)

3.5 SLP administration increased the production of gut SCFAs
and secondary bile acids, activated brown adipose tissues
thermogenesis, and promoted white adipose tissues browning

Polyphenols have been demonstrated to regulate the composition
of gut microbiota and reduce metabolic disorders by regulating the
microbial-derived metabolites including the production of SCFAs
and bile acids”. SCFAs was demonstrated to play a vital role in
maintaining gut barrier function™", thus decreasing the level of
low-grade inflammation. Compared to the model group (MOD),
SCFAs (especially butyrate, propionate, and isopentanoic acid) were
increased by oral administration of SLP (Fig. SA, P < 0.01). Among
the bile acids, the secondary bile acids, especially f-muricholic
acid (f-MCA) (P = 0.012 6), glycoursodeoxycholic acid (GUDCA)
(P =0.001 4), 7-ketolithocholic acid (7-keto-LCA) (P = 0.004 5), 7-oxo-
deoxycholic acid (7-keto-DCA) (P = 0.000 5), and deoxycholic acid
(DCA) (P =0.003 1) were significantly increased in the feces of SLPH-
treated mice in contrast to those of the untreated mice (Fig. 5B).

To understand the mechanisms of SLP on lipid metabolism,
we monitored the relative expression of target genes associated
with lipogenesis in subcutaneous white adipose tissues (WAT).
The expression of acetyl CoA carboxylase-1 (Acc-1), fatty acid
synthase (Fas), and sterol regulatory element-binding protein-1c
(Srebp-1c) were relatively lower by 13.4%, 16.1%, and 28.5% in the
SLPH-treated group (Fig. 5C). We then measured the mRNA
expression of thermogenesis-associated genes in WAT and brown
adipose tissues (BAT). The results revealed that SLPH administration
up-regulated the expression of G protein-coupled receptor 5 (7gr5)

(P =0.007 3), uncoupling protein 1 (Ucp!) (P = 0.002 2), peroxisome
proliferator-activated receptor coactivator-1a (Pgc-I1a) (P = 0.001 1),
and elongation of very-long-chain fatty acids protein 3 (ElovI-3)
(P =0.009 5) in WAT (Fig. 5D). In addition, SLPH markedly
increased the expression of 7gr5 (P = 0.017 6), Ucpl (P = 0.009 5),
Pgc-1a (P = 0.040 9), and the transcription factor PR domain
containing 16 (Prdm16) (P = 0.018 6), but did not change the mRNA
expression of cell death-inducing DFFA-like effector A (Cidea),
iodothyronine deiodinase 2 (Dio2), and tumor necrosis factor receptor
superfamily member 9 (Cd/37) in BAT (Fig. SE). It has been addressed
that bile acids, like lithocholic acid (LCA), DCA, and chenodeoxycholic
acid (CDCA) can improve the activity of BAT and promote the
browning of WAT by activating the TGR5 pathway in adipose!*™*".
The above results indicated that the effects of SLP in reducing obesity
and hyperlipidemia are mechanisms related to the secondary bile
acids-regulated BAT thermogenesis and WAT browning.

3.6 B. acidifaciens and A. muciniphila ameliorated metabolic
syndrome in DIO mice

Based on the results of LefSe and SIMPER analysis,
B. acidifaciens and A. muciniphila were chosen for further
investigation of the causal relationship between the modulation of
gut microbiota and the anti-MetS effects of SLP. To evaluate the
efficacy difference between B. acidifaciens and A. muciniphila
and validate the anti-MetS effects of the combination of these two
microbes, HFD-induced obese mice were treated with B. acidifaciens,
A. muciniphila, or the combination of the two strains for seven weeks.
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Fig.5 SLP treatment regulated SCFAs, secondary bile acids metabolism and activated brown adipose tissue thermogenesis, and promoted the browning of white

adipose tissues. 0b/ob mice were treated with distilled water or SLP at 100 mg/kg for 6 weeks by daily oral gavage. (A) fecal SCFAs; (B) fecal bile acids (fold of
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fatty acid metabolism (7 = 6); (D) relative mRNA level in WAT (n = 6); (E) relative mRNA level in BAT (n = 6). Statistical analysis was analyzed using unpaired
Student’s #-test for (A-E), n = 8. *P < 0.05; **P < 0.01; ***P < 0.001.

In comparison with the HFD-fed mice, the body weight and fat
accumulation were greatly decreased in all treated groups (P < 0.05),
as accompanied by little influence on the food intake (Figs. 6A-D, K).
All treatments significantly reduced the concentration of TC and
LDL-C in both plasma and liver (? < 0.05), while there were little
impacts on the levels of plasma and hepatic HDL-C (Figs. 6F-G).
Supplementation with B. acidifaciens or A. muciniphila alone also
significantly decreased the levels of TG in the liver and plasma
(P < 0.05) (Figs. 6E, H). Improvements in liver damages were
achieved by all treatments, as indicated by the decreased plasma AST
and ALT (P < 0.05) as well as oil red O staining of liver sections
(Figs. 61-K). B. acidifaciens decreased hepatic LDL-C, hepatic
TG, and AST to a greater extent than the other two treatments. In
addition, treatment with all the strains largely decreased the levels of
free diet blood glucose (B. acidifaciens, P = 0.012 0; A. muciniphila,
P =0.027 6), plasma insulin, HbAlc, inflammatory factors IL-6,
TNF-a, and LPS, and intestinal permeability, increased the level
of IL-10, ameliorated glucose tolerance and insulin resistance,
and enhanced hepatic anti-oxidation (P < 0.05) (Figs. 6L-V, X,
and S6). The level of IL-1P was less changed in all treated groups
(Fig. 6W). Mice treated with A. muciniphila or the combination of
B. acidifaciens and A. muciniphila showed more improvement
in the gut barrier as well as alleviation of inflammation than the
B. acidifaciens-treated mice (P < 0.05) (Figs. 6Y-AA). In short, we
concluded that the colonization with B. acidifaciens and A. muciniphila
effectively ameliorated MetS in DIO mice.

To directly assess the effects of SLP on B. acidifaciens and
A. muciniphila, the growth curves of B. acidifaciens and

A. muciniphila were measured after the addition of SLP in the medium
under anaerobic conditions. As a result, the growth of B. acidifaciens
and 4. muciniphila was not influenced. Since SLP supplementation
greatly elevated the levels of SCFAs and secondary bile acids in
the gut of mice, we next detected the SCFAs and secondary bile
acids production by B. acidifaciens or A. muciniphila in vitro. As
a result, the concentrations of SCFAs (acetic acid, propionate,
butyrate, pentanoic acid, isopentanoic acid, and isobutyrate) were
enhanced in the media of B. acidifaciens or A. muciniphila after 24 h
fermentation (Fig. S7), and secondary bile acids including CA,
CDCA, 7-keto DCA, and 7-keto LCA were detected in the culture
of B. acidifaciens with the addition of taurocholic acid (TCA) or
taurochenodeoxycholic acid (TCDCA) (Fig. S8). In vivo assays
indicated that treatment with A. muciniphila, B. acidifaciens, or the
combination of B. acidifaciens and A. muciniphila increased the levels
of propionate, isobutyrate, butyric acid, isopentanoic acid, and
pentanoic acid (P < 0.05) (Fig. 7A), and supplementation of B.
acidifaciens or the combination of B. acidifaciens and A. muciniphila
increased the levels of DCA and LCA (P < 0.05) (Fig. 7B). Notably,
we detected a higher abundance of the fecal GUDA (P < 0.01) and
7-keto-DCA (P < 0.05) in mice treated with B. acidifaciens, A. muciniphila,
or the combination of two strains. Furthermore, the relative expression
of Ucpl and Pgc-1a were found to be up-regulated (P < 0.05) in
all bacterial treatments (Fig. 7C). Briefly, we confirm a causal
relationship between the gut microbiota modulation and the anti-MetS
efficacy of SLP, which is especially correlated with the enrichment of
B. acidifaciens and A. muciniphila as well as their ability in regulating
SCFAs and secondary bile acids production in the gut.
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Fig. 6 Administration with B. acidifaciens, A. muciniphila, or the combination of B. acidifaciens and A. muciniphila ameliorated metabolic disorders in DIO

mice. DIO mice were treated with B. acidifaciens, A. muciniphila, or a mixture of two bacteria (1 x 10° CFU/mL) for 7 weeks by daily oral gavage. (A) Body
weight change during 7 weeks; (B) body weight change; (C) cumulative food intake; (D) fat weight; (E) plasma TG; (F) plasma TC, LDL-C, and HDL-C;

(G) hepatic TC, LDL-C, and HDL-C; (H) hepatic TG; (I) plasma AST; (J) plasma ALT; (K) images of H&E staining and oil red O staining in subcutaneous fat and
liver, respectively (5 mice per group; scale bars, 50 pm). (L) free diet blood glucose; (M) plasma insulin; (N) ISI; (O) HbAlc; (P) plasma glucose profile and
(Q) mean AUC measured during an OGTT; (R) plasma glucose profile and (S) mean AUC measured during an ITT; (T) plasma IL-6; (U) plasma TNF-a.;

(V) plasma IL-10; (W) plasma IL-1B; (X) plasma LPS; (Y) relative mRNA level in the ileum (n = 6); (Z) relative densities of goblet cells (n = 5); (AA) images of
representative AB-PAS staining in the small intestine. (n = 5; scale bars, 200 um and 100 um). Statistical analysis was analyzed using unpaired Student’s #-test for
(C-1, L-0, Q, and S-Z), and (A-B, P and R) were using two-way ANOVA followed by the Bonferroni post hoc test, n = 8-9. *P < 0.05; **P < 0.01; ***P <0.001.
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Fig. 7 Administration with B. acidifaciens, A. muciniphila, or the
combination of B. acidifaciens and A. muciniphila regulated SCFAs and
secondary bile acids metabolism in DIO mice. DIO mice were treated with
B. acidifaciens, A. muciniphila, or a mixture of two bacteria (1 x 10° CFU/mL)
for 7 weeks by daily oral gavage. (A) fecal SCFAs; (B) fecal bile acids (fold of
DIO); GCA, glycocholic acid; GCDCA, glycochenodeoxycholic acid;

(C) relative mRNA level in BAT (1 = 6). (A)-(C) were analyzed using unpaired
Student’s -test, n = 9. *P < 0.05; **P < 0.01; ***P < 0.001.

4. Discussion

Sugarcane leaves have attracted widespread attention due to their
health-promoting benefits. Sugarcane leaves are rich in bioactive
substances such as polyphenols, polysaccharides, organic acids,
lignans, and terpenoids™*” and are used to prepare drinking relieving
fever for human beings in some regions of Guangxi Province
of China™*". The sugarcane leaves water extracts have been
reported to have anti-mutation effect, inhibitory activity on nitric
oxide generation, apoptosis-inducing activity on HepG2 cells™*",
as well as hypoglycemic effect on diabetic mice induced by
epinephrine, alloxan, and streptomycin™’. In this work, we
prepared a polyphenol extract from sugarcane leave of Guangxi,
China, which was confirmed to contain 4-hydroxybenzaldehyde,
p-coumaric acid, (E£)-3-(4-hydroxy-3-methoxyphenyl) acrylic acid,
isoviolanthin, (+)-syringaresinol-O-D-glucopyranoside, tricin-7-O-f-
D-glucopyranoside, and tricin-7-O-neohesperidoside. Plant-derived
phenolic compounds have been widely confirmed as biologically
active substances beneficial to body health. Regarding to sugarcane

leaves-derived polyphenols, 4-hydroxybenzaldehyde was reported to
have anti-inflammatory and anti-platelet aggregation activities”™">",
and p-coumaric acid has been shown antioxidant, anti-inflammatory,
neuroprotection, and antidiabetic activities”” ", A recent study
also showed that sugarcane polyphenols and fiber can regulate the
composition of gut microbiota and promote the production of SCFAs
in vitro digestion”, thus conferring beneficial effects on human
health. Herein, we demonstrated that sugarcane leaves-derived
polyphenols (SLP) supplementation reduced body weight gain and
fat accumulation, ameliorated glucose and lipid metabolisms, and
alleviated hepatic steatosis in ob/ob mice, indicating SLP as good
health-promoting substance. This is the first report of the anti-MetS
effect for the polyphenol extract of sugarcane leaves. The anti-MetS
benefits of SLP was largely correlated with the diverse bioactivities
and prebiotic nature of polyphenols.

Chronic low-grade inflammation has been considered as an
important pathogenic factor involved in the development of obesity
and obesity-associated glucose and lipid metabolism disorders,
causing damages to different organs and tissues, such as hepatocyte
degeneration, increased fat vacuoles, as well as infiltration in the
liver, subcutaneous fat and visceral adipose tissue” ™. Our results
revealed that SLP treatment significantly decreased the levels of
pro-inflammation cytokines (IL-6 and TNF-a) and increased the
anti-inflammation cytokines (IL-10), which mechamismly correlated to
the reduction of damages in the subcutaneous adipose tissues and liver.

Plant-derived polyphenols, such as tea polyphenols and olive
leaf polyphenols, have been demonstrated to reduce MetS by altering

[39,60]

the composition of gut microbiota . Sugarcane polyphenols

were also found to increase SCFA-producing bacteria during in
vitro digestion and pig fecal fermentation”®. In this study, we
first demonstrated that SLP enriched the commensal bacteria
B. acidifaciens and A. muciniphila in vivo. However, incubation with
the addition of SLP did not promote the growth of B. acidifaciens
and A. muciniphila in vitro. Therefore, SLP may stimulate the
growth of B. acidifaciens and A. muciniphila indirectly way. B.
acidifaciens and A. muciniphila shared the same cecum niche
because of their similar foraging patterns®*. In early studies,
B. acidifaciens was demonstrated to enhance insulin sensitivity and
improve TGRS5/fibroblast growth factor 21 (FGF21)-mediated lipid
metabolism'™*"; 4. muciniphila was reported to play vital roles
in maintaining immune homeostasis and deemed as a promising
therapeutic probiotic”®".

The gut metabolites were also significantly modulated by SLP
in ob/ob mice. SCFAs, are important metabolites and had recently
been confirmed to have therapeutic effects against various metabolic
diseases by promoting colonic mucosal health, reducing inflammation,
and maintaining glucose homeostasis™*"**!. We validated that
B. acidifaciens and A. muciniphila produce SCFAs in vitro and
improve intestinal barrier function in vivo, thus contributing to the
beneficial effects of SLP in intestinal homeostasis. In addition, SLP
increased the secondary bile acids, especially f-MCA, GUDCA,
7-keto-LCA, 7-keto-DCA, and DCA. Besides, B. acidifaciens was
demonstrated to convert primary bile acids (TCA or TCDCA)
into 7-keto-DCA, and 7-keto LCA, respectively. The BSH and
7o-hydroxysteroid dehydrogenases (7a-HSDH) activities of
B. acidifaciens facilitate the biosynthesis of secondary bile acids in
the gut of mice. Although unable to transform primary bile acids into
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secondary bile acids, 4. muciniphila can modulate the composition
of the gut bacterial community to change the bile acids profile in
the gut, which deserves further investigation. Secondary bile acids
regulated glucose and lipid metabolism, and energy homeostasis
through activating bile acids-specific receptors'®”. LCA and DCA
were identified as potent agonists of TGRS5. Early studies have
demonstrated that the activation of secondary bile acids-TGRS in
BAT was associated with the improvement of MetS'Y. In our study,
we observed that SLP administration increased the secondary bile
acids levels and activated TGRS in BAT. The exact mechanisms for
the anti-MetS effect of SLP deserve further investigation.

In our experiment, we illustrated that SLP attenuates MetS via
regulating the composition of gut microbiota and further increasing
the level of SCFAs in the gut, and activating the secondary bile acids-
mediated gut-adipose axis. To make full use of sugarcane leaves
polyphenols, further studies on humans are demanded.

5. Conclusion

Briefly, the present study showed that polyphenols prepared
from sugarcane leaves are rich in flavonoids, phenolic acids, and
lignans. Six weeks of SLP supplementation reduced body weight gain
and fat accumulation, ameliorated hyperglycemia, hyperlipidemia,
and hepatic steatosis, improved gut barrier integrity, and regulated
secondary bile acids-mediated BAT thermogenesis and WAT
browning in ob/ob mice. SLP markedly altered the gut microbiota of
oblob mice and enriched the gut commensal bacteria B. acidifaciens
and A. muciniphila. Gavage with the above two strains ameliorated
MetS in HFD-induced obese mice, confirming the modulation of the
gut microbiota as one of the underlying mechanisms for the efficacy
of polyphenols from sugarcane leaves. The generation of SCFAs
by B. acidifaciens and A. muciniphila as well as the production of
secondary bile acids by B. acidifaciens contribute to their metabolic
benefits. These results demonstrated that SLP could be a promising
functional ingredient to attenuate MetS via regulating gut microbiota.
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