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Abstract

Dietary polyphenols including anthocyanins possess strong antioxidant and anti-inflammatory properties, and
are known to help reduce risks of oxidative stress-induced chronic diseases. However, their effects on various
aspects of the gut microenvironment towards preventing the unhealthy diet-induced metabolic disorders are still
not well understood. The present study aims to verify the in vitro antioxidant and anti-inflammatory effects of the
anthocyanin-rich extracts of purple potato (PPE), using a lipopolysaccharide (LPS) and high-fat diet (HFD)-induced
obesity C57/BL6J mouse model, and to examine the effects of PPE on LPS+HFD-impaired metabolic homeostasis
and the underlying mechanisms. We found that PPE, especially at higher dose significantly improved the glucose
and lipid metabolism, and reduced inflammation in the plasma and various tissues. It significantly improved in-
testinal barrier integrity, altered fecal metabolite profile and gut microbiota composition. Our findings provide
new insights into the roles of highly-pigmented vegetable-derived anthocyanins in maintaining gut health and
ameliorating metabolic syndrome.

Keywords: Anthocyanin; Purple potato; High-fat diet; Low-grade inflammation; Metabolism; Intestinal barrier integrity; Gut microbiota;
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1. Introduction

Diet is a key epigenetic factor that affects overall human health.
Diet high in fat is typically unhealthy and can negatively impact
on gut microbiota diversity and intestinal integrity (Alcock et al.,
2014; Tang et al., 2019). Shifts in gut microbiota composition trig-
gered by high fat diet (HFD) and direct actions from the colonic
metabolites such as the short chain fatty acids (SCFA) on intesti-
nal cells are the first step towards the development and mediation
of chronic systemic inflammation (Duan et al., 2018). Alterations
in gut microbiota populations can also activate Toll-like receptor
(TLR) signaling pathways, leading to increased intestinal perme-
ability to bacterial components such as lipopolysaccharides (LPS).

LPS can enter into the submucosal layer of the human digestive
tract to induce mucosal inflammation, which causes the gut to lose
mucosal immune homeostasis, leading to macrophage polarization
into the activated macrophage M1. These activated M1 can trigger
innate immune responses by elevating pro-inflammatory media-
tors, promoting the translocation of LPS into circulation (Duan et
al., 2018). Endotoxins in the circulation system results in metabol-
ic endotoxemia, eliciting a chronic low-grade pro-inflammatory
and pro-oxidative stress status that increases the risk of developing
metabolic syndrome and chronic diseases such as type II diabetes,
cardiovascular diseases, non-alcoholic fatty liver diseases and oth-
ers (Moreira et al., 2012). A growing body of evidence supports a
role for diet in overall health and points to the fact that the loss of
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mucosal barrier integrity may initiate the progress of developing
chronic inflammatory tone in the entire body (Castillo-Armengol
etal., 2019; Pendyala et al., 2012; Tang et al., 2019). This systemic
low-grade chronic inflammation has a profound negative impact
on the control of immune and metabolic homeostasis, leading to
dysregulation and disease susceptibility (Kotas and Medzhitov,
2015). Therefore, changes to nutritional or dietary components can
induce epigenetic modifications associated with the metabolic and
immune balance.

The gut barrier is a primary line of defense in protecting the
complex internal body system from direct exposure to harmful
stimulus (e.g. pathogens, toxins and viruses), symbiotic microbi-
ome, microbial metabolites and other exogenous substances from
the diet (Halfvarson et al., 2017). The human intestinal membrane
represents a complex system consisting of the epithelial layer, lym-
phatic tissues and blood vessel for the absorption and delivery of
nutrients. More importantly, the intestinal lumen also provides a
niche to harbor symbiotic microbiota that are involved in shap-
ing mucosal immune responses (Garrett et al., 2010). Hence, an
intact intestinal lumen plays a key role in maintaining the balance
between commensal bacteria and immune tolerance. However, the
loss of gut barrier integrity impairs the homeostasis in the gut mi-
croenvironment by which commensal bacteria can induce a per-
sistent innate immune response. Chronic exposure to LPS elicits
gut inflammation by activating TLR-4 of the intestinal epithelial
cells, leading to dysbiosis of gut microbiota, permanent damage
of intestinal tissues and dysfunction of the gut (Heyman-Linden et
al., 2016; Zeng et al., 2019). The leaky gut in turn results in the in-
flux of luminal virulent substances, including pathobiont and LPS,
into the circulatory system that provokes metabolic endotoxemia,
which leads to insulin resistance and increased susceptibility to
diabetes mellitus (Gomes et al., 2017).

Anthocyanins are natural purple pigments that exist widely
in fruits and vegetables (Joseph et al., 2014). Many studies have
shown solid evidence of the health benefits of anthocyanin-rich
foods. Anthocyanins are involved in the regulation of signal trans-
duction pathways to inhibit inflammatory responses at a cellular
level, thereby lowering the risk of developing inflammatory dis-
eases (Nunez and Magnuson, 2013; Tsuda, 2012; Vendrame and
Klimis-Zacas, 2015). The majority of studies focus on the anti-
inflammatory properties of fruit-derived anthocyanins rather than
that of vegetables. However, the phenotypic and functional prop-
erties of anthocyanins derived from different plant resources can
directly affect the efficacy of their health promoting properties.
Highly pigmented root vegetables such as purple coloured pota-
toes and carrots are important dietary sources of anthocyanins and
fibers, and may be more advantageous than small berry fruits as
a diet source when it comes to cost and shelf-life. Previously, we
reported that anthocyanin-rich extracts derived from these highly
pigmented root vegetables significantly suppressed LPS-induced
inflammatory signal transduction in submucosal macrophages af-
ter being absorbed in a co-culture cell model (Hua Zhang et al.,
2017). The study also showed that purple potato extract (PPE) rich
in petunidin glycoside had a higher bioavailability compared with
that of purple carrots rich in cyanidin glycoside. The preferred bio-
availability of petunidin glycoside was partially due to its affinity
for the glucose transporter and increased stability under neutral
pH by the methoxyl group (Fossen et al., 1998; Khoo et al., 2017,
Wahlstrom et al., 2016; Hua Zhang et al., 2017). However, it is
not known if the purple potato derived anthocyanins exert similar
anti-inflammatory effects in vivo and have a preventative effect on
metabolic dysfunctions through the core of gut.

The regulatory attributes of dietary substances, particularly food-
derived bioactives such as anthocyanins, may counter the negative

impact of unhealthy constituents in the gut, where there exists an
intimate relationship between the immune system and colonic me-
tabolism. Food bioactives may also be involved in modulating epi-
genetic markers throughout the whole body (Alcock et al., 2014;
Tang et al., 2019). How dietary polyphenols including anthocyanins
modulate the various aspects of the gut microenvironment towards
preventing the unhealthy diet-induced metabolic disorders is still not
well understood. The present study therefore aims to determine the
effects of purple potato extract on endotoxemia-impaired metabolic
homeostasis and to investigate the underlying mechanisms using an
LPS- and HFD-induced obesity mouse model. Findings of the pre-
sent study will provide new insights into the contextual dependency
of the effects of highly-pigmented root vegetable-derived anthocya-
nins on gut health and disease susceptibility.

2. Materials and methods
2.1. Chemicals and reagents

Low-grade chronic inflammation was induced by LPS isolated
from Escherichia coli (E. coli) 0111: B4 (Sigma, Oakville, On-
tario, Canada). D-Mannitol and fluorescein isothiocyanate-dextran
(FD4) (Sigma) were used to detect gut leaking. Plasma D-mannitol
concentration was measured by D-mannitol assay kit (Colorimet-
ric) (Abcam Inc. Toronto, Ontario, Canada). Glucose (Sigma) was
used for glucose tolerance test (GTT). Plasma insulin was meas-
ured by ultra-sensitive mouse insulin ELISA kit (Crystal Chem,
Elk Grove Village, IL, USA). Plasma endotoxin concentration was
measured by Pierce LAL chromogenic endotoxin quantitation kit
(Thermo Scientific, Whitby, Ontario, Canada). Cytokines, TNF-a,
MCP-1, and IL-10 were measured using Ready-SET-Go! ELISA
kits by following each supplier’s instruction (eBioscience, Affy-
metrix, Inc. San Diego, CA, USA). Adiponectin was measured
by mouse adiponectin/Acrp30 Duo-Set ELISA (R&D Systems,
Minneapolis, MN, USA). Plasma total cholesterol, high-density
lipoprotein (HDL), and low-density lipoprotein (LDL) cholesterol
were measured by cholesterol assay kit - HDL and LDL/VLDL
(Abcam Inc.). Plasma LPS binding protein (LBP) was measured
by LBP, mouse, ELISA kit (Hycult Biotech Inc. Wayne, USA). Ra-
dioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific),
protease inhibitor cocktail (Thermo Scientific), and phenylmeth-
anesulfonyl fluoride (PMSF) (Sigma) were used for white adipose
tissues, jejunum, and colon protein extraction. The following an-
tibodies were used for Western blot (WB) of white adipose tissue
homogenate: Peroxisome proliferator-activated receptor gamma
(PPAR-y) antibody (Cell Signaling, Dancers, MA, USA), insulin
receptor substrate 1 (IRS-1) antibody (Cell Signaling), B-actin rab-
bit mAb (HRP conjugate) (Cell Signaling), HRP conjugated anti-
rabbit IgG (Promega, Madison, WI, USA). Amersham ECL prime
western blotting detection reagent (GE Healthcare, Mississauga,
Ontario, Canada) was used for WB detection. F4/80 antibody
(Santa Cruz Biotechnology, Mississauga, Ontario, Canada) was
used for immunohistochemistry of white adipose tissues.

2.2. Experimental design

The animal study was approved by the University of Guelph Ani-
mal Care Committee and followed in accordance with the Cana-
dian Council on Animal Care Guide to the Care and Use of Experi-
mental Animals. The Animal Utilization Protocol (AUP) number
of this animal study is AUP3502. All mice were housed in the Cen-
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Figure 1. Schematic diagram of the animal experiment. C57BL/6J female mice were randomly assigned to the groups. Normal diet was 10% fat (as a per-
centage of total kcal) and high-fat diet was 60% fat (as a percentage of total kcal). PPE was supplemented to mice by oral gavage. NC: negative control group
1, HFD/LPS: positive control group, LPP: low-dose PPE treated group, HPP: high-dose PPE treated group. Each group had 12 mice (n = 12).

tral Animal Facility (CAF) at the University of Guelph (Guelph,
ON) during the animal trial. Sixty female C57BL/6J mice (15-16
weeks, 18-22 g; Charles River Laboratories, Montreal, QC) were
housed at 22-25 °C, 55+15% humidity and 12 h light/dark cycle
with unrestrained access of food and water. The high fat diet (HFD)
(formula TD.06414) and normal diet (formula TD.94045) applied
in this study were prepared by ENVIGO (Madison, WI, USA), and
the composition is listed in Table S1. There are 5 groups in this
study as listed below and each group included 12 mice: control
groups (negative control (NC) group, HFD-treated group (HF),
HFD and LPS-treated group (HF/LPS)) and two purple potato ex-
tracts (PPE) intervention groups (low-dose PPE (LPP) at 10 mg/
kg BW and high-dose PPE (HPP) at 100 mg/kg BW) as shown
in Figure 1. The doses were selected based on existing literature
data on mouse and human trials (Hurst et al., 2020; Nair and Ja-
cob, 2016; Nemes et al., 2019). During the entire 20 week trial,
mice in NC received autoclaved water and 10% fat (percentage
of total kcal) mouse diet. Except for mice of NC, all mice in this
trial were administered a HFD from week 5. In addition, mice of
HF/LPS, LPP and HPP groups were treated with 400 ng/kg BW of
LPS through drinking water from week 5. Both low-dose (10 mg/
kg BW) and high-dose (100 mg/kg BW) PPE were supplemented
with treatment groups 3 times/week by oral gavage throughout the
entire trial. After carrying out a glucose tolerance or a gut perme-
ability test at week 20, the animals were humanely euthanized us-
ing CO, asphyxiation. Blood was then immediately collected by
cardiac puncture in EDTA-coated tubes, and then centrifuged at
2,500 xg, 4 °C for 20 min to collect plasma into 2 mL screwcap
microtubes for ELISA assays. Abdominal white adipose tissues,
jejunum, and colon were also collected, and either stored in 10%
formalin for immunohistochemical analysis or stored at —80 °C for
Western blot and real-time PCR (RT-PCR) analyses.

2.3. Glucose tolerance test

GTT was performed in 6 mice per group at the endpoint. The re-
sults of a GTT were used as an index to determine the onset of
insulin resistance. Mice were fasted precisely 6 hours prior to the
test. A drop of blood was collected from the cutting of the mouse
tail and applied onto a glucose meter (ONETOUCH Ultra, Burn-
aby, British Columbia, Canada). Blood glucose levels determined
at that point were recorded as baseline levels. Each mouse was
then introduced by oral gavage a 150 pL bolus of glucose (2 g/
kg body weight, Sigma) in autoclaved water. Glucose levels were
subsequently measured and recorded at 15, 30, 60, and 120 min
post-glucose administration. Data were calculated as area under
the curve (AUC) within the 120 min.

2.4. Intestinal permeability assessment

Intestinal permeability test was performed by oral gavage of D-
mannitol (Sigma-Aldrich) in 6 mice per group. Mice were fasted
precisely 6 h prior to the test. Each mouse was administered by
oral gavage a bolus of 150 pL D-mannitol (0.6 g/kg body weight,
Sigma) dissolved in autoclaved water. Mice were then refrained
from water and food for 2 h before being euthanized by CO, as-
phyxiation. Blood was collected as in aforementioned procedure
for ELISA assays. The plasma concentrations of D-mannitol were
measured using a colorimetric assay kit and recorded as an intesti-
nal permeability index.

2.5. Enzyme-linked immunosorbent assays

The concentrations of TNF-a, MCP-1 and adiponectin in plasma
were measured using Ready-SET-Go!™ ELISA kits (eBioscienc-
es) according to the manufacturer’s instructions. ELISA plates
(96-well) (Corning, Corning, NY, USA) were coated overnight at
4 °C with 100 pL per well of capture antibody in coating buffer.
Plates then were washed with 0.1 M phosphate-buffered saline
(PBS), pH 7.4, containing 0.05% Tween 20 (PBST) using the Bi-
oTek microplate washer (BioTek, Winooski, VT). Each well was
then blocked with 200 puL 1X ELISA diluent at 37 °C for 1 h on
an orbital shaker. Standards for each respective ELISA assay were
serially diluted according to the manufacturer’s instructions. After
washing with PBST, a volume of 100 puL/well of diluted plasma
(1:2 or 1:4 v/v) or 100 pL of standards was added to the plate and
incubated for 2 h at 37 °C. Following this, 100 pL per well of
avidin horseradish peroxidase (Avidin-HRP) was added and incu-
bated at 37 °C for 30 min with gentle shaking. Detection was car-
ried out using 100 pL per well of avidin-horseradish peroxidase
conjugate and TMB substrate (Sigma-Aldrich). The reaction was
stopped using 50 uL per well of 0.5 N H,SO,, and absorbance was
measured at 450 nm using a microplate reader (iMark model 550,
Bio-Rad). Plasma TNF-0, MCP-1 and adiponectin concentrations
were determined from the standard calibration curves and quanti-
fied as pg/mL in plasma.

2.6. Western blot

Approximately 300 mg of white adipose tissues (WAT) was lysed
in 300 pL ice-cold radio-immunoprecipitation assay (RIPA) buff-
er (Thermo Fisher) containing Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher), and then homogenized using
bead mill homogenizer (Fisher Scientific). The supernatant was
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collected after centrifuging at 2,500 xg, 4 °C for 30 min. Protein
concentration was measured using the DC Protein Assay (Bio-
Rad). Western blot analysis was carried out using the follow-
ing procedure as previously described with slight modifications
(Zhang et al., 2015). Total protein samples were resolved by SDS-
PAGE (10%) and transferred onto a nitrocellulose membrane
(Bio-Rad). Membranes were blocked using 25 mL of 5% non-fat
milk powder in Tris-buffered saline (TBS), and incubated with 10
mL primary antibody at a dilution of 1:2,000 (v/v) overnight at 4
°C. Detection was carried out using 10 mL of HRP-conjugated
anti-mouse or anti-rabbit IgG (Promega, Madison, MI, USA)
at the dilution rate of 1:10,000 (v/v) and ECL Western Blotting
Detection Reagent (GE Healthcare, Mississauga, ON, Canada).
Densitometry was performed using Image J software (Image Pro-
cessing and Analysis in Java, National Institutes of Health, http://
rsbweb.nih.gov/ij/).

2.7. Immunohistochemical analysis

The WAT were dissected, fixed and stored in 10% (w/v) buffered
formalin and embedded into paraffin. The embedded sections of
WAT were then performed as previously described (Zhang et al,
2020). Briefly, the de-paraffined samples were immersed into pre-
heated antigen retrieval buffer for 10 min at 95 °C. Samples were
then washed in PBS three times, 5 min per wash. The samples were
blocked with 5% bovine serum albumen (BSA) in PBST for 30 min
at 37 °C, and then incubated with F4/80 antibody (Santa Cruz Bio-
technology) diluted (1:1,000 (v/v)) in 5% BSA in PBST for 1 h at
room temperature. After washing, samples were then incubated with
secondary antibody diluted (1:1,000 (v/v)) in 5% BS) in PBST for 1
h at room temperature, followed by 3x washes in PBS. 3,3’-Diami-
nobenzidine (DAB) was used to stain the samples. Hematoxylin was
used for counterstaining and mounting was performed using nail
polish (Crosby, 2016). The slides were subsequently examined by
light microscopy (Olympus Life Sciences). The total number of adi-
pocytes vs. number of adipocytes with crown-like structure showing
macrophage infiltration were counted. The percentage of adipocytes
with macrophage infiltration was calculated.

2.8. RNA isolation and RT-PCR

Total RNA was extracted from jejunum and colon tissues using the
PerfectPure RNA Cultured Cell Kit (5 Prime, Gaithersburg, MD,
USA) according to the manufacturer’s instructions. One microgram
of total RNA was reverse transcribed into cDNA using a qScript™
c¢DNA Synthesis Kit (Quanta Biosciences, Inc., Gaithersburg, MD).
RT-PCR was carried out using iQ SYBR Green Supermix (Quanta
Biosciences) on Applied Biosystem 7500 Fast and 7500 RT-PCR
system (Thermo Fisher Scientific) using the following conditions:
45 cycles of denaturation at 95 °C for 15 s, annealing and extension
at 60 °C for 1 min using the primers listed in previous publication
(Zhang et al., 2016). Relative gene expression was calculated using
the 2-AACt method using GAPDH as the reference gene (Livak and
Schmittgen, 2001). Results were presented as fold expression change
relative to the negative control representing untreated samples.

2.9. Fecal metabolite profile
2.9.1. Fecal short chain fatty acid (SCFA) profile

Mouse fecal pellets were freshly collected by individually hous-

ing the mice in a container at various time points i.e. pre-treat-
ment, halfway point and at the endpoint of the study, and then
freeze-dried in a bulk tray dryer Freezone 12 (Labconco, Kansas
City, MO, USA). The freeze-dried fecal samples were homog-
enized in 30% (v/w) of ultra-pure water (Thermo Scientific),
and then extracted with 70% (v/w) methanol and vortexed to get
10% (w/v) fecal homogenous solution. An aliquot of the fecal
homogenate was stored at —20 °C overnight, and then centrifuged
for 10 min at 10,000 xg to collect the supernatant for GC (gas
chromatography) analysis of SCFA as previously described by
Power et al. (Power et al., 2016). 2-Ethylbutyric acid (Aldrich,
#109959) as an internal standard was added into the supernatant.
The supernatant was filtered through a 0.2 um PVDF syringe fil-
ter and injected (1 pL) into the GC (Agilent 6890, Canada) which
was equipped with a flame ionisation detector and a Nukol-cap-
illary GC column (60 m x 0.25 mm x 0.25 um, Sigma-24108
SUPELCO). Helium was used as the carrier gas; the initial oven
temperature was 100 °C and was increased to 200 °C at a rate of
10 °C/min; injector and detector temperatures were maintained
at 200 °C and 250 °C, respectively. The total run time was 20
min for each injection. The peaks of SCFAs and BCFAs (acetic,
butyric, formic, isobutyric and isovaleric acids) were identified
by comparing their retention times with volatile acid standard
mix (Sigma, #46975-U).

2.9.2. Characterization of fecal metabolites by LC-MS/MS

Before conducting LC-MS/MS analysis, an aliquot of the mouse
fecal extract was purified by StrataTM-X polymeric solid phase
extraction (SPE) cartridges (200 mg, Phenomenex, Torrance,
CA, USA) according to the manufacturer’s instructions. The fe-
cal metabolite fractions (from 12 replicated mouse samples) iso-
lated by the ion exchange SPE column were subjected to mass
spectrometry analysis. LC-MS/MS analysis was performed on a
Thermo Scientific™ Q-Exactive™ Orbitrap mass spectrometer
coupled to a Vanquish™ Flex Binary UPLC System (Waltham,
MA, USA). Data were acquired using Thermo Scientific™ Xcali-
bur™ 4.2 software and Thermo Scientific™ Standard Integration
Software (SII). The chromatographic separation was performed
on a Kinetex XB-C18 100A HPLC column (100 x 4.6 mm, 2.6
um, Phenomenex Inc., Torrance, CA, USA). The binary mobile
phase consisted of solvent A (99.9% H,0/ 0.1% formic acid) and
solvent B (94.9% MeOH/ 5% ACN/ 0.1% formic acid). The fol-
lowing solvent gradient was used: 0-5 min, 0% to 12% B; 5-15
min, 12% to 23% B; 15-30 min, 23% to 50% B; 30 - 40 min,
50% to 80% B; 40—42 min, 80% to 100% B; 42—45 min, 100%
B; 45-46 min, 100% to 0% B; 46—52 min, 0% B. The column
compartment temperature was held at 40 °C, the flow rate was
set at 0.700 mL/min, and the injection volume was 1 pL. Both
positive and negative ionization modes were used; mass spec-
trometry data was collected using Full-MS/DDMS?2 (TopN = 10)
method, with NCE set at 30. Data was visualized and analysed
using Thermo FreeStyle™ 1.5 software. Automated sample anal-
ysis was performed using Compound Discoverer 3.0 software.
A modified template “Untargeted metabolomics workflow with
statistics” was used to perform sample grouping, peak detection,
identification of unknowns and differential analysis, and then the
network of KEGG pathway was analyzed using MetaboAnalyst,
and visualized using Cytoscape 3.8.0, an open-source software.
Compound identification was based on elemental composition
prediction and subsequent ChemSpider database search (FullMS)
as well as spectral matching of MS/MS data with mzCloud li-
brary (MS?).
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2.10. Cecal microbiota analysis
2.10.1. 16S rRNA gene sequencing

Mouse cecal contents were collected in 2 mL screwcap microtubes
and stored at—80 °C. Total DN A was extracted from the cecal samples
using the QiaAmp DNA stool mini kit (Qiagen, #51504) according to
the manufacturer’s instructions. Briefly, cecal contents were mixed
with buffer and InhibitEX (inhibitor cocktail) to collect supernatant
after centrifugation at 10 000 xg for 1 min, and then purified on
QIAamp spin columns to remove contaminants. Sequencing libraries
of the 16S rRNA gene were prepared according to the [llumina 16S
Metagenomic Sequencing Library Preparation Guide Rev. B. Brief-
ly, primers Bakt 341F (5-CCTACGGGNGGCWGCAG-3') and
Bakt 805R (5-GACTACHVGGGTATCTAATCC-3’) containing 5’
[llumina overhang adapter sequences (5 TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAG and 5' TCTCGTGGGCTCGGAGA-
TGTGTATAAGAGACAG, respectively) were used to amplify an
~537 bp fragment of the 16S rRNA V3-4 region. Each reaction con-
taining 12.5 ng template DNA, 200 nM each primer and 1x KAPA
HiFi HotStart ReadyMix (VWR, #CA89125-040) in a 25 pL vol-
ume was amplified using the following cycling conditions: 95 °C
for 3 min, 25 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for
30 s, followed by 72 °C for 5 min. PCR products were purified with
Ampure XP beads (Beckman Coulter, #A63881) and sequencing
adapters containing 8-bp indices were added to the 3’ and 5’ ends
by PCR using the Nextera XT Index kit (Illumina, #15055293) in a
50 pL reaction containing 5 pL PCR amplicon, 5 pL each indexing
primer and 25 pL 2x KAPA HiFi HotStart ReadyMix using the fol-
lowing cycling conditions: 95 °C for 3 min, 8 cycles of 95 °C for 30
s, 55 °C for 30 s and 72 °C for 30 s, followed by 72 °C for 5 min.
Following purification with AmpureXP beads, the amplicons were
quantified using the Quant-iT PicoGreen double-stranded DNA as-
say (Invitrogen, #P7589), and pooled at equimolar ratios to a final
concentration of 8 pM, combined with 10% equimolar PhiX DNA
(Illumina, #FC1103001), and sequenced on a MiSeq instrument us-
ing the MiSeq 600-cycle v3 kit (Illumina, MS1023003).

2.10.2. Microbiota diversity analysis

Microbiota diversity analysis was performed with QIIME 2 v.
2019.7.0 (Bolyen et al., 2019). Briefly, 300 bp paired-end reads
were processed with DADA?2 to denoise reads, remove chimeric
sequences and singletons, join paired-ends and dereplicate se-
quences to produce unique amplicon sequence variants (ASVs).
Taxonomic classification of the resulting feature table was per-
formed with Vsearch and the Greengenes 99% OTU sequences as
reference. ASVs were discarded if they had fewer than 10 instances
across all samples, were present in fewer than two samples, or were
not assigned taxonomy at the phylum level. Multiple sequence
alignment of ASV representative sequences was performed with
MAFFT and a rooted phylogenetic tree constructed with FastTree.
Core diversity analysis was performed using a sampling depth of
10,000 sequences to plot taxonomic relative abundances, calculate
alpha-diversity metrics and generate dissimilarity matrices based
on Bray-Curtis, Jaccard, and UniFrac distances, which were used
for principal component (PCoA) analyses. Heatmaps and PCoA
plots were generated with R and PhyloToast, respectively. Differ-
ential abundance testing was performed with ANCOM to identify
taxa with significantly different relative abundances between treat-
ment groups. Songbird was also used to calculate log-fold differ-
entials for each ASV between treatment groups by multinomial

regression,(Morton et al., 2019) and rankings were visualized with
Qurro (Fedarko et al., 2020).

2.11. Statistical Analysis

Results were expressed as mean + standard error of the mean
(SEM) of at least triplicated measurements unless otherwise speci-
fied. Statistical analyses were carried out using GraphPad software
(San Diego, CA, USA). The statistical significance of the data
was determined using two-way or one-way ANOVA followed by
Tukey’s multiple-comparison test with a p < 0.05 taken as value
of significance. One-way ANOVA followed by Tukey’s post hoc
test and data visualization of body weight change data were con-
ducted using “Paired Comparison Plot” app of the OriginPro 2021
(OriginLab Corporation, Northampton, MA, USA).

3. Results and discussion

3.1. Effect of PPE on metabolic homeostasis and risk of devel-
oping metabolic disorders

Impaired balance of the immune-metabolic axis leads to dysregu-
lation of energy storage and insulin sensitivity that further con-
tributes to the pathogenesis of obesity and type 2 diabetes (Ko-
tas and Medzhitov, 2015). The anthocyanin-rich extract used in
the present study was the same as in our previous studies (Hua
Zhang et al., 2016), i.e., it contains 26% total anthocyanins or
54% by chromatographic peaks. In vitro digestion and cell models
showed that the bioaccessibility and bioavailability of anthocya-
nins of purple potato were 71.8% and 37%, respectively, and the
predominant anthocyanin, petunidin-3-O-p-coumaroylrutinoside-
5-O-glucoside was found to be transported in its intrinsic form (H.
Zhang et al., 2017). In the present study, supplementation of both
low- and high-dose PPE exhibited significant inhibition on the
overall body weight gain caused by HFD or HFD+LPS adminis-
tration in mice, especially after week 12. In particular, mice treated
with the high dose PPE showed consistently stronger reduction of
body weight gain than the low-dose treatment albeit the difference
was not statistically significant (Figure 2a). Results from the GTT
(AUC, within 2 h) also showed that both low- and high-dose PPE
treatments significantly down-regulated the blood glucose AUC
elevated by HFD or HFD+LPS (Figure 2b). Plasma insulin level
was significantly elevated in mice of the HF or HF/LPS group as
compared to that in NC. While the difference in plasma insulin
levels of the LPP or HPP in mice was not statistically significant
from that in the HF or HF/LPS group, bother treatment groups, es-
pecially the HF group, showed a moderately decreased level com-
pared to the two control groups (Figure 2c¢). These results clearly
demonstrate that the anthocyanin-rich extract from purple potatoes
acts on glucose metabolism, in the case of obese mice induced by
HFD or HFD/LPS. In addition to glucose metabolism, the effect
of PPE supplementation on lipid metabolism was also assessed. In
general, HDF or HDF+LPS increased the plasma triglyceride, total
cholesterol and LDL concentrations in mice to significantly higher
levels than normal diet. However, the elevated plasma triglyceride
and total cholesterol concentrations were greatly lowered by PPE
at both doses (Figure 2d and e). Mice in the HPP group showed
significant reduction in total cholesterol concentration from those
in the HE/LPS group (Figure 2e). The effect of PPE on LDL was
more significant, especially at higher dose which significantly re-
duced the plasma LDL compared to those in the HF and HF/LPS
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Figure 2. Effects of purple potato extract (PPE) on body weight gain, plasma glucose and insulin levels and lipid profile. a), percent average body weight
gain (n = 12); b), AUC of glucose tolerance test; c), plasma insulin concentration; d), plasma lipid profile, triglyceride; e), cholesterol; f), HDL cholesterol and
g), LDL cholesterol. The negative control (NC) group represents the mice that have a normal diet, while the HF/LPS and HF represent the mice administered
with HFD with or without LPS. The mice pre-treated with PPE at low and high doses are designated LPP and HPP, respectively. Results are represented as
means = SEM, n = 6. Values without a common letter are significantly different at p < 0.05.

24

Journal of Food Bioactives | www.isnff-jfb.com



Zhang et al. Anthocyanins-rich purple potato extract prevents low-grade chronic inflammation-associated metabolic disorders
a 0.8- b  500- A
a
400+ A
|
£
- S 3004
£ o ab ab
T} o 200+
O b
S T
100+
0-
O & 2 R R
DY AR AR S
& 2 )
RS Q Q
A Q\V
> R
C 300~ a d 80-
a
E 200 =)
) E
& 2
3 -
2 100- g
o
04
O NS o R g <] & 2 R R
& Q Q ° & g
<& A\ Vv Vv
& & &

Figure 3. Effects of purple potato extract (PPE) on plasma concentrations of endotoxin and pro-inflammatory cytokines. a), endotoxin; b), MCP-1; c),
TNF-a; d), IL-6. The negative control (NC) group represents the mice that have a normal diet, while the HF/LPS and HF represent the mice administered with
HFD with or without LPS. The mice pre-treated with PPE at low and high doses are designated LPP and HPP, respectively. Results are represented as means
+ SEM, n = 6. Values without a common letter are significantly different at p < 0.05.

controls (Figure 2f). Plasma HDL was increased in all groups of
mice except the NC, but no significant effect was shown by PPE
(Figure 2g). This indicates that PPE supplementation affects the
total plasma cholesterols mainly by lowering LDL (Figure 2d-g).
Collectively, our results indicate that PPE supplementation can im-
prove metabolic profile toward energy homeostasis by lowering
plasma glucose, triglycerides, total cholesterol and LDL concen-
trations. Maintaining metabolic homeostasis can ultimately lead to
reduced risk of developing metabolic disorders.

3.2. Effect of PPE on endotoxemia and its mediated dysfunc-
tions in WAT

3.2.1. Inhibitory effect of PPE on HFD and LPS induced endotox-
emia

The existence of endotoxin such as LPS in the circulation system
elicits chronic systemic inflammation that enhances the distribu-
tion of activated macrophage (M1) into WAT (Cani, 2018). The
inflamed WAT subsequently secretes free fatty acids (FFA) to aug-
ment the local inflammatory responses. In this study, a significant
increase in plasma endotoxin level was observed in the HF mice
compared to the NC mice. The increase of the plasma endotoxin
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in HF+LPS mice was even more significant, higher than in mice
of all groups (Figure 3a). This suggests that administration of LPS
can further elevate the endotoxemia in HFD fed mice. Pre-treat-
ment with both low- and high-dose PPE significantly suppressed
the plasma concentration of endotoxin compared to the HF/LPS
group (Figure 3a). Further study showed that plasma pro-inflam-
matory cytokines, including MCP-1, IL-6 and TNF-a, were all
significantly elevated by HFD and HFD+LPS; however, all pro-
inflammatory markers induced by these unhealthy dietary factors
were effectively alleviated by PPE supplementation at both doses,
and in the case of plasma IL-6 and TNF-a, the effect was statisti-
cally significant compared with those in the HF/LPS group (Figure
3b-d). These results indicate that PPE supplementation can sig-
nificantly inhibit the development of endotoxemia and subsequent
systemic inflammation induced by HFD and LPS.

3.2.2. Effect of PPE on endotoxemia-mediated dysfunctions in
WAT

Increased incidence of endotoxemia in the mice treated with HFD
and LPS strongly supports the findings in previous studies in which
endotoxemia was shown to impair adipose metabolic function
(Mehta et al., 2010). As stated above, intake of HFD or HFD+LPS
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resulted in increased level of endotoxin in the circulation system
that provoked a cytokine storm in significantly augmented secre-
tion of systemic inflammatory responses (Figure 3b-d). Research
have shown that a prolonged intake of HFD promotes adipogenesis
and enlarges the size of subcutaneous abdominal adipocytes, lead-
ing to progressive adipocyte hypertrophy and insulin resistance. In
addition to upregulated inflammatory tone, the progression of adi-
pocyte hypertrophy also increases the release of FFA and TNF-a
in WAT to recruit active M1, leading to the development of on-site
inflammation which in turn impairs metabolic homeostasis in WAT
(Suganami et al., 2005). The subcutaneous abdominal adipocytes
were significantly enlarged and were accompanied by apparent
macrophage infiltration as characterized in crown-like structures
in WAT of mice fed HFD or HFD+LPS compared to those fed
normal diet (Figure 4a). This significant increase of macrophage
infiltration is a clear indication of inflammation in WAT caused
by unhealthy diet. However, PPE supplementation not only sig-
nificantly suppressed the progression of adipocyte hypertrophy in
the subcutaneous WAT (Figure 4a), but both low- and high-dose
PPE supplementation significantly inhibited macrophage infiltra-
tion induced by HFD or HFD+LPS (Figure 4b). The onsite inflam-
matory events in WAT is known to eventually cause metabolic
dysfunctions such as in adipogenesis and insulin sensing. In this
study, HFD or HFD+LPS, particularly the latter caused a signifi-
cant decrease in adipose adiponectin level (Figure 4c). However,
supplementation of PPE at both doses showed a strong ability in
restoring the adiponectin secretion in WAT to the same level as
that in mice fed normal diet (Figure 4c). Adiponectin is a hor-
mone secreted in adipose tissue that modulates glucose regulation.
Meanwhile, expression of PPAR-y, a nuclear receptor protein that
regulates fatty acid storage and glucose metabolism, was found to
be significantly downregulated in mice fed HFD+LPS, but sup-
plementation of PPE at either low- or high- doses effectively and
significantly reversed the level of PPAR-y to the same as in NC
mice (Figure 4d). Similarly, IRS-1 expression in WAT was also
significantly suppressed as a result of HFD or HFD/LPS, and sup-
plementation with PPE at both doses effectively restored the IRS-1
expression, although only that in the WAT of HPP mice was sig-
nificantly higher compared to the HF/LPS mice. The restoration
of IRS-1 expression was also nearly complete compared to that
in the NC mice (Figure 4e). Low IRS-1 expression can lead to
the development of glucose dysregulation and insulin resistance.
Results of the present study showed that PPE supplementation
not only significantly reduced adipocyte hypertrophy and mac-
rophage infiltration induced by HFD and HFD+LPS, but it also
positively modulated the expression of adiponectin, PPAR-y and
IRS-1 proteins. Dietary PPE enriched in anthocyanins is therefore
a potential approach to successful restoration of energy metabolic
homeostasis. PPE can inhibit HFD and LPS-induced inflammatory
responses and related impairment of metabolic dysfunctions in the
adipocytes. Activation of PPAR-y and IRS-1 causes insulin sensi-
tization and enhances glucose metabolism; however, the mecha-
nisms underlying all observed data are still unknown and need to
be further investigated.

3.3. Effect of PPE on gut barrier function

HFD, particularly diet high in saturated fat, and LPS can elicit in-
flammatory responses in the gut epithelium and lead to the altera-
tions of intestinal tight junction (TJ) protein expressions. Diet can
also change composition of gut microbiome and cause epigenomic
modifications at the site of intestinal epithelium, contributing to
a broad range of immune responses and inflammatory diseases

(Peterson and Artis, 2014). For this reason, we examined the im-
munoregulatory properties of PPE and the effects on the gut bar-
rier to better understand the preventive mechanisms of these food
bioactives in alleviating multiple inflammatory and metabolic dis-
eases. The existence of D-mannitol in the blood is an indication
of a leaky gut, thus in this study, we measured blood D-mannitol
concentration to assess the intestinal permeability of the gut epi-
thelium. Compared to the NC mice, those in the HF+LPS group
had significantly higher concentration of D-mannitol, suggesting
unhealthy diet can indeed cause damage to the gut epithelium (Fig-
ure 5a). PPE supplementation effectively lessened the permeation
of D-mannitol into the blood in HFD/LPS-induced mice, and the
effect was most significant in HPP mice. The result that high-dose
PPE can effectively restore the HFD/LPS-induced D-mannitol to
the same level as that in NC mice suggests a strong protective abil-
ity by PPE against leaky gut (Figure 5a). The TJ protein expres-
sions in the jejunum and colon were also evaluated to determine
the effect of PPE supplementation on gut barrier integrity. In the
jejunum, while the expressions of TJ proteins, zonula occluden
(ZO)-1, junctional adhesion molecule (JAM)-A and claudin3
(Cld3) were drastically lowered in HFD or HFD+LPS mice, those
in mice pre-treated with PPE showed significant improvement,
particularly at the high-dose which completely restored the ZO-1
and JAMA expressions to the levels in mice fed normal diet. In
terms of Cld3, although no statistically significance was found,
PPE supplementation at both doses restored partially the HFD- or
HFD/LPS-induced decrease of this protein (Figure 5b). The ex-
pressions of a series of more TJ proteins of the colon were also
examined, and were found to be mostly suppressed by HFD or
HFD+LPS, but in general, the lowered expressions were signifi-
cantly upregulated by PPE supplementation, especially at the high-
dose (Figure 5c¢). Deficiency of TJ proteins increases para-cellular
gap and permeability, allowing luminal stimuli such as antigens,
commensal microbiome and toxins to enter into the intestinal sub-
mucosal layer to stimulate the innate immune response, leading
to ultimate development of gut inflammation. Our results on the
effects of PPE on major pro-inflammatory cytokines i.e. MCP-1,
TNF-0, IL-6, IL-1B, IL-17A and the anti-inflammatory cytokine
IL-10 corroborated the above conclusion (Figure 5c). The high
pro-inflammatory cytokines (i.e. IL-6, IL-1p, IL-17A) induced by
HFD/LPS were significantly downregulated, and IL-10 upregu-
lated by PPE at high dose. Our results indicate that along with
the protective effect on the gut barrier integrity, high dose PPE
supplementation can significantly attenuate the colonic inflamma-
tion by reducing pro-inflammatory cytokine expression and restor-
ing anti-inflammatory cytokine IL-10 expression (Figure 5c). This
also implies that dietary PPE can potentially protect the intestinal
epithelium and improve gut barrier functions against inflammatory
stimuli.

3.4. Mechanism of the protective effect of PPE on gut barrier
function

3.4.1. The modulatory effect of PPE on gut sensing activity

The primary defensive line of the human gut consists of the intes-
tinal epithelial cells (IEC)-derived mucins, anti-microbial proteins
and receptors. The receptors distributed along the IECs contribute
to recognition of luminal symbiotic microbiota to regulate the mu-
cosal immune responses thereby promoting IEC health and func-
tion (Peterson and Artis, 2014). The various pattern recognition re-
ceptors (PRRs), such as the toll-like receptor (TLR) and nucleotide
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Figure 4. Effects of purple potato extract (PPE) on macrophage infiltration, adiponectin and protein expression in white adipose tissues (WAT). a),
immuno-histochemical images of WAT. Scale bar represents 20 um; b), percentage of adipocytes with macrophage infiltration (crown-like structure) in WAT;
c), adiponectin in WAT; d), PPAR-y and E) IRS-1 protein expression in WAT. B-actin was used as reference protein. The negative control (NC) group represents
the mice that have a normal diet, while the HF/LPS and HF represent the mice administered with HFD with or without LPS. The mice pre-treated with PPE at
low and high doses are designated LPP and HPP, respectively. Results are represented as mean + SEM, n = 12 for panels A-C; n = 6 for panels D and E. Values
without a common letter are significantly different at p < 0.05.
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Figure 5. Modulatory effect of purple potato extract (PPE) on intestinal integrity related markers. a), on plasma D-mannitol level; b), on tight junction pro-
teins in tissues of jejunum; c), on tight junction proteins and pro- and anti-inflammatory cytokines and in tissues of colon. The negative control (NC) group
represents the mice that have a normal diet, while the HF/LPS and HF represent the mice administered with HFD with or without LPS. The mice pre-treated
with PPE at low and high doses are designated LPP and HPP, respectively. Results are represented as mean = SEM, n = 6. Values without a common letter
are significantly different at p < 0.05.

oligomerization domain (NOD)-like receptor (NLR), play a key
role in sensing pathogens or alteration of symbiotic microbiota,
and in initiating the innate responses (Chu and Mazmanian, 2013).
The anti-microbial antibody IgA and pathogen recognition recep-
tors TLR4, NOD2, Reg3f and Reg3y in the colon tissues of mice
fed HFD were significantly suppressed compared to those in mice

28

fed normal diet. This suggests that HDF is implicated in the de-
ficiency of gut mucosal immunity possibly by weakening the gut
sensing activity. Other receptors were less sensitive to HFD (Fig-
ure S1). Our results also showed that due to its specific ability in
recognizing LPS, TLR4 expression was significantly upregulated
by the addition of LPS to HFD (Figure S1). The upregulated TLR4
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Figure 6. Supplementation of purple potato extract (PPE) regulates intestinal metabolism. a), on fecal microbial-derived SCFAs and BCFAs; b), a heat-map
of fecal metabolites; and c), metabolic pathway networks regulated by HPP treatment. Fresh fecal samples were collected from mice in the following treat-
ment groups. The negative control (NC) group represents the mice that have a normal diet, while the HF/LPS and HF represent the mice administered with
HFD with or without LPS. The mice pre-treated with PPE at low and high doses are designated LPP and HPP, respectively. Results are represented as mean +
SEM, n = 6. Values without a common letter are significantly different at p < 0.05.

expression can lead to enhanced activation of the pro-inflamma-
tory NF-kB pathway and apoptosis in the IECs (Villena and Ki-
tazawa, 2014). However, our results showed that the upregulated
expression of TLR4 was significantly reduced by both low- and
high-dose of PPE, indicating an anti-inflammatory action of PPE.
In addition, PPE supplementation was also shown to attenuate the
upregulated expression of PRRs (i.e. TLR4, NOD2, Reg3f} and
Reg3y) and IgA induced by LPS+HFD, and the attenuation was
significant at high dose (Figure S1). Collectively, our study sug-
gests that intake of PPE can potentially improve intestinal defence
against stimuli and restore gut immune homeostasis.

3.4.2. Effect of PPE on microbial-derived metabolite profile in
feces

Fecal samples were collected at the beginning (0 day), before HFD

and LPS stimulation, middle point and endpoint of the trial, and
the microbiota associated SCFAs (i.e. acetic, propionic, and bu-
tyric acids) and branched chain fatty acids (BCFAs) (i.e. isobutyric
and isovaleric acids) were analyzed by GC. Our results showed
that although individual SCFAs appeared to be similar among mice
of different experimental groups, there were gradual changes in
SCFC and BCFA profiles (Figure 6a). Distributions of SCFAs or
BCFAs were modified by HFD or HFD+LPS and by PPE supple-
mentation. Conspicuous reduction of SCFAs and increase of BC-
FAs were found in fecal samples of mice fed HFD or HFD+LPS.
However, in mice fed PPE, especially in those fed a high dose and
collected at the endpoint, reduction in SCFAs was reverted to even
higher concentrations than that in feces of mice before introducing
to HFD or HFD+LPS. The opposite was true for the BCFAs, i.e.
PPE treatment at high dose greatly reduced the BCFAs at the end-
point compared to those at the beginning of the experiment (Figure
6a). There were some unexplainable variations such as the acetic
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acid concentration in feces of NC mice; however, the general trend
of our data showed that PPE supplementation indeed favored the
production of SCFAs, especially butyric acid. Increased SCFAs
production contributes to regulation of gut-associated lymphocyte
sensing activity by binding with metabolite-sensing G protein-
coupled receptors GPR41 and GPR43, which result in an intesti-
nal immune homeostasis (Gibson et al., 2004). SCFAs, especially
butyric acid is known to inhibit NF-kB-induced pro-inflammatory
mediators e.g. TNF-o and IL-6 expression and increases anti-in-
flammatory mediators (e.g., IL-10). Butyric acid is also the main
source of energy for colonocytes (Parada Venegas et al., 2019). On
the other hand, BCFAs such as the isobutyric and isovaleric acids
found in fecal samples of the present study reflect proteolytic me-
tabolism, and are generally considered to impact negatively on gut
health although the exact role of BCFAs are not clear (Millet et al.,
2010; Rios-Covian et al., 2020). Our data also suggests that antho-
cyanins/polyphenols may have altered the microbiota composition
in favour of SCFA-producing bacteria. Polyphenols and their me-
tabolites are known to contribute to the maintenance of gut health
by exerting prebiotic-like effects (Cardona et al., 2013). Dietary
anthocyanin-rich polyphenols have also been shown to alter the
gut microbiota composition by phenolic metabolites (Mosele et al.,
2015). The increase in fecal SCFAs and decrease in fecal BCFAs
in PPE fed mice are therefore a strong indication that anthocyanin-
rich polyphenols of purple potato may modulate gut microbiota
and consequently the profile of microbial fermentation products in
favour of enhanced immune response and gut health.

In addition to the SCFAs, metabolomics studies were also car-
ried out for pooled fecal samples using LC-MS/MS, to obtain
metabolomic profile linked to the colonic microenvironment. The
colonic metabolites are crucial attributes of intestinal homeostasis
that enables the establishment of a stable environment permissive
to colonization by commensal bacteria, leading to an integrated
regulation of immune-metabolic axis. The metabolomics study
was only performed in selected PPE supplemented as well as HFD/
LPS fed mice and the results are shown in Figure 6b and ¢ and
Figure S2. The LC-MS/MS metabolomic heat map illustrates dis-
tribution of metabolites of fecal samples of mice in these experi-
mental groups (Figure 6b). A close analysis of the metabolomic
profiles ascertained that intake of PPE was involved in regulating
the intestinal bile acid metabolic pathway; colored bile acid me-
tabolites identified in Figure S2 are the ones involved in the regu-
latory functions of bile secretion. Enteric dysfunction is strongly
associated with altered bile acid metabolism. Compared with the
HFD/LPS group, mice fed high dose PPE upregulated the secre-
tion of bile acid in the form of glycine conjugate or glycocholic
acid (GCA) and a secondary bile acid 1-B-hydroxycholic acidor
ursodeoxycholic acid (UDCA), while downregulated cholestenoic
acid 3f,7a-dihydroxy-5-cholestenoate (Figure S2). The increased
secretion of 3f,7a-dihydroxy-5-cholestenoate is associated with
hepatic bile acid synthesis (Honda et al., 2004). It is likely that
the inhibition of fecal cholestenoic acid by the anthocyanin-rich
extract of purple potato may result in better control of hepatic fat
metabolism, thus can lower the risk of developing fatty liver dis-
ease. Furthermore, UDCA is a metabolic byproduct of gut micro-
biome and has been shown to have anti-inflammatory effect on
IECs (Ward et al., 2017). There is a strong correlation identified
between UDCA and the bacterial genus Holdemanella and Veil-
lonella (Martin et al., 2018). In terms of the low dose PPE treat-
ment, despite the higher variation it was also shown to regulate
the bile acid synthesis by upregulating taurochocholic acid (TCA)
and taurochenodeoxycholic acid (TCDCA) while downregulat-
ing deoxycholic acid (Figure S2). Subsequently, MetaboAnalyst
was applied to perform a comprehensive analysis of metabolic

networks (Figure 6¢). Results indicated that metabolic pathways
of the bile acid biosynthesis, tyrosine metabolism, tryptophan me-
tabolism, and purine metabolism were regulated by PPE against
low-grade inflammation associated with obesity (Figure 6¢). It has
been found that TCA abundance is positively correlated with the
bacterial genus Akkermansia and Parasutterella, and TCDCA is
positively correlated with that of the genus Eubacterium (Martin
et al., 2018). The excess fecal bile acids produced by Clostridia
bacteria is considered to play a role in developing irritable bowel
syndrome (IBS) (Zhao et al., 2019). However, linkage between
the microbial metabolites and gut microbiota under a particular
disease condition such as that induced by HFD/LPS in the pre-
sent study is far more complex than conventional beliefs (Liu et
al., 2019). The fecal bile acids are the intestinal nuclear farnesoid
X receptor (FXR) and G protein-coupled membrane receptor 5
(TGR)-5 antagonists. By interacting with FXR, colonic bile acids
can trigger the signaling transductions in IECs that are involved in
regulating numerous metabolic pathways of energy expenditure,
fat metabolism and glycemic control of the host. The colonic bile
acids are also directly or indirectly implicated in modulation of
gut microbial composition through activation of innate immune
responses (Wahlstrom et al., 2016). Nevertheless, our findings that
alterations in fecal bile acid profile caused by PPE can be consid-
ered beneficial outcomes in that they contribute to an enhanced
intestinal metabolic and immune function.

3.5. Effect of PPE on colonic microbial community structure

To assess the impact of PPE at either low or high dose on domi-
nant gut bacterial communities, 16S rRNA gene libraries were
prepared from the total cecal DNA and the diversity of the enteric
microbiota were subsequently analyzed. Following denoising,
chimera removal, quality filtering, and assembly of paired-ends,
the resulting ASVs were assigned taxonomy and used to assess
the microbial community structure. At the family level, the cecal
microbiota of all treatment groups was dominated by four phyla
consisting of approximately ten family members, including Bac-
teroidetes (S24-7, Bacteriodaceae, Rikenellaceae, Odoribacte-
raceae, Porphyromonadaceae), Firmicutes (Ruminococcaceae
and Lachnospiraceae), Proteobacteria (Desulfovibrionaceae) and
Verrucomicrobia (Verrucomicrobiaceae) (Figure 7a). The alpha-
diversity of the HPP-fed group was significantly higher (corrected
p-value < 0.05, Kruskal Wallis) than other groups, except for the
HF/LPS group, in measures of both species richness (Chaol) and
richness/evenness (Shannon) (Figure 7b). Similarly, beta-diversity
also differed significantly between all groups (corrected p-value
< 0.05; permanova) using both qualitative (Jaccard) and quantita-
tive (Bray-Curtis) metrics, and weak clustering of groups could
be observed in principal coordinate analysis (PCoA) plots of the
respective distance matrices (Figure 7c and d). Differential abun-
dance testing was performed with both ANCOM and Songbird to
identify specific taxa that contribute to these group differences.
ANCOM analysis identified Ruminococcus gnavus, and three
unknown species of the genera Prevotella, Bilophila and Bacte-
roides as having significantly different relative abundances among
the five treatment groups, in which differences were principally
observed between groups receiving a HF diet compared with the
NC group (Figure 7¢). Songbird was used to calculate log-ratios
differentials between treatment groups compared to the HF/LPS
group using a multinomial regression model. Ranking of ASV dif-
ferentials calculated from the HPP identified taxa positively and
negatively associated with mice fed a high-dose of PPE (Figure
7f). The ASVs positively associated with the HPP group (Table S2)

30 Journal of Food Bioactives | www.isnff-jfb.com



Zhang et al.

Anthocyanins-rich purple potato extract prevents low-grade chronic inflammation-associated metabolic disorders

Relative Frequency

sieyo poumdia voneen 13- €4

k_Bacteris:p_Bacteroidetes;o_Bacteroidis;o_Bacteroidslesif_S24-7
k_Bacteris:p_Firmicutes:c_ Clostridia:o_ Clostridisles_Ruminococcacese
[0 _sacterinp_t . Bacterciiaio_E idales_

[ «_Bacteriap_s >_Bacteroidisio_§ S
[l «_Bscterierp_Fimicutes:o_Clostridis:o_Clostridiskes:t_

B «_sscteriap_ iorobis:c_\ ) icrobislesif_\

Shannon

B «_Becterisp_s i isio_

B «_Bscteriap_c ._Bactercidiaio_¢

k_Bacteris:p_Firmicutes;c__Clostridis:o_Clostridisles:{_Lachnospiracese
k_Bacteris:p_Bacteroidetes;c_Bacteroidia;o_Bacteridsles{_

[ «_Becteria, :_Bacteroidisio
[ «_Bacteriap_t i

. k__Bacterie:p__Firmicutes;c__Bacillio__Lactobacillales:f__Lactobacillacese
[ «_Bscteriap_Protecbacteris:c_Alphsproteobacteris:o_RF321_

[ «_sscterian_M7c_TM7-30_cWos01_F1e

B < _seceron, .

Chao1

k_Bacteria:p_Firmicutes:o_ Clostridia:o_Clostridiales:_
k_Bacteria:p_| :_Bacteroidiaio_E s

[ %_Bacteria:p_Firmicutes;c_Bacilizo_Laciobacilisles:{_Streptococcacese
. k__Bacteria:p__Firmicutes;c__ Clostridia;o__Clostridisles {__Dehalobacteriscese

LP
ILPS/LP
ILPS/HP

mmm
-

-

© o4

Faith PD
&
|

LP
F/ILPS/LP
FILPS/HP

N
H
HF/
H
H

60 pomdi voneuen 1R - €4

2.0
1.5
1.0
0.5
o.0—
-0.5 —
-1.0
1.5 =3

-=.0

Natural log-ratio (HPP vs HF/LPS)

-=.5

Specie

Figure 7. The impact of purple potato extract (PPE) on beta-diversity and community structure of fecal microbiota. a), relative abundances of microbial
taxonomic groups at the family level; b) alpha-diversity of microbial communities from each treatment group based on Shannon, Chaol and Faith Phyloge-
netic Diversity metrics. Statistically significant differences between groups (Kruskal-Wallis, p < 0.05) are indicated by different letters; c) and d), samples were
clustered by principal coordinate analysis (PCoA) of Jaccard (c) or Unweighted UniFrac (d) distance matrices. The first three principal coordinates (PC1, PC2,
PC3) are plotted for each mouse; e), absolute abundances of bacterial species identified as differentially abundant between treatment groups by ANCOM
analysis; f), Differential abundance results of ASVs associated with the HPP group, using the HF/LPS group as reference, identified by Songbird analysis and
visualized with Qurro. The top 10% of positively- and negatively-associated ASVs were used as numerator and denominator, respectively, for plotting natural
log ratios. The associated ASV are given in Table S2.
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included several species of the genera Oscillospira and Parabac-
teroides, as well as Bacteroides acidifaciens and Akkermansia mu-
ciniphila, while the negatively-associated ASVs were dominated
by members of the Rikenellaceae family. Results from the metabo-
lomics profiling (Figure 6) and gut microbiome analysis (Figure 7)
collectively suggest a clear relationship between the features of the
gut microbiota and fecal metabolites, pointing to a new direction
for future studies to better understand the impact of PPE or its ma-
jor component (anthocyanins) on the host-gut microbiota interplay
and its role in the prevention of developing metabolic disorders.
In summary, our results showed that early introduction and
sustained supplementation with PPE, especially at high dose (100
mg/kg BW), 3 times a week by oral gavage contributed to the
maintenance of systemic metabolic homeostasis by significantly
reducing the body weight gains and lowering blood glucose level,
and to some degree plasma insulin concentration induced by HFD
and/or HFD/LPS (Figure 2a-c). PPE also significantly improved
the plasma lipid profiles by significantly lowering the plasma
triglyserides and total cholesterols. The latter effect was mainly
from the significant reduction in LDL (Figure 2d-g). Further stud-
ies showed that the anthocyanin-rich PPE prevented HFD and/or
HFD/LPS-induced endotoxemia as shown in significantly reduced
plasma endotoxin concentrations and associated pro-inflammatory
cytokines MCP-1, IL-6 and TNF-a, suggesting a strong inhibitory
effect on systemic inflammation (Figure 3). The significant anti-
inflammatory effect of PPE was also evident in alleviating adipo-
cyte hypertrophy and macrophage infiltration, and in complete res-
toration of adiponectin in the WAT, and nuclear receptor proteins
PPAR-y and IRS-1 that regulate fatty acid storage and glucose me-
tabolism (Figure 4). These findings clearly demonstrated the role
of dietary anthocyanin-rich PPE in modulating energy storage and
metabolism and systemic inflammatory status, and the potential in
preventing unhealthy diet e.g. HFD/LPS-induced metabolic syn-
dromes and diseases such as obesity and type 2 diabetes. PPE sup-
plementation significantly improved gut barrier function by pre-
venting gut leaking as shown in significantly inhibited D-mannitol
concentration in the blood (Figure 5a), and by attenuating damage
caused by HFD/LPS in intestinal tight junction as seen in restored
TJ proteins ZO-1 and JAM-A in the jejunum and additional pro-
teins and pro-inflammatory cytokines in colon tissues (Figure 5b).
PPE supplementation especially at high dose significantly upregu-
lated the expression of TJ proteins ZO-1, JAM-A, Cld3, claudin
and muc2, downregulated the pro-inflammatory cytokines MCP-1,
TNF-a, IL-6, IL-1pB, IL-17A and upregulated the anti-inflammato-
ry cytokine IL-10 induced by HFD/LPS in the colon (Figure 5b).
Meanwhile, at the intestinal epithelial layer, PPE supplementation
apparently also showed anti-inflammatory effect by significantly
suppressing the expression of HFD/LPS-induced upregulation of
IgA and several PRRs including TLR4, NOD2, Reg3f and Reg3y
in the colon tissues. Downregulation of receptors such as TLR4 is
known to inhibit activation of the NF-xB pathway and apoptosis
in the IECs (Figure S1). These data corroborated with other results
of the present study and collectively they indicate that PPE sup-
plementation can potentially improve intestinal defence against
stimuli and restore gut immune homeostasis. Increased SCFAs
and reduced BCFAs detected in the fecal samples of mice fed PPE
further suggest that anthocyanins/polyphenols or their metabolites
may have altered the microbiota composition in favour of SCFA-
producing bacteria, thus having prebiotic-like effects (Figure 6a).
Metabolomics profiling indicates that the intake of PPE was in-
volved in regulating the intestinal bile acid metabolic pathway, an
indication of altered bile acid metabolism that may potentially lead
to enhanced intestinal metabolic and immune functions (Figure
6¢). 16S rRNA analysis of the total fecal DNA showed that high

dose PPE increased Firmicutes population compared to the HFD/
LPS control, and promoted the growth of P. distasonis, a novel
probiotic that regulates metabolic bile acids to alleviate metabolic
dysfunctions in the gut (Figure 7). All these results suggest that
pretreatment of PPE can reduce the colonic pro-inflammatory cy-
tokine production, maintain TJ (e.g. ZO-1, JAMA, Cld1, CId3 and
Ocl) and MUC2 expression, the latter is known to contribute to en-
hanced colonic mucosa structure. The improved gut barrier func-
tion in turn promotes a balanced luminal environment by which the
colonic microbial community structure and activity are sustained.
Collectively, findings of this study elucidated that PPE supplemen-
tation was a promising dietary approach against unhealthy dietary
factors to lower the risk of inflammatory syndrome and associated
obesity through interplaying with the gut and symbiotic microbio-
ta. The low and high doses of the present study are equivalent to a
daily intake of 75 g and 750 g fresh purple potato. Further research
will focus on the molecular mechanisms of the observed activi-
ties, and interactions between polyphenols/anthocyanins or their
metabolites and the microbiota.
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