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Anthocyanin-containing purple potatoes ameliorate DSS-induced colitis in mice
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Abstract

Ulcerative colitis (UC), a major form of inflammatory bowel disease (IBD), is on the rise worldwide. Approximately three million people suffer from
IBD in the United States alone, but the current therapeutic options (e.g., corticosteroids) come with adverse side effects including reduced ability to fight
infections. Thus, there is a critical need for developing effective, safe and evidence-based food products with anti-inflammatory activity. This study evaluated
the antiinflammatory potential of purple-fleshed potato using a dextran sodium sulfate (DSS) murine model of colitis. Mice were randomly assigned to
control (AIN-93G diet), P15 (15% purple-fleshed potato diet) and P25 (25% purple-fleshed potato diet) groups. Colitis was induced by 2% DSS administration
in drinking water for six days. The results indicated that purple-fleshed potato supplementation suppressed the DSS-induced reduction in body weight and
colon length as well as the increase in spleen and liver weights. P15 and P25 diets suppressed the elevation in the intestinal permeability, colonic MPO
activity, mRNA expression and protein levels of pro-inflammatory interleukins IL-6 and IL-17, the relative abundance of specific pathogenic bacteria such as
Enterobacteriaceae, Escherichia coli (E. coli) and pks* E. coli, and the increased flagellin levels induced by DSS treatment. P25 alone suppressed the elevated
systemic MPO levels in DSS-exposed mice, and elevated the relative abundance of Akkermansia muciniphila (A. muciniphila) as well as attenuated colonic
mRNA expression level of IL-17 and the protein levels of IL-6 and IL-1p. Therefore, the purple-fleshed potato has the potential to aid in the amelioration of
UC symptoms.
© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD) represent the
two major forms of inflammatory bowel disease (IBD) [1], which
are on the rise worldwide [2]. Currently, in the United States
alone there are three million IBD sufferers per year [3], but the
current therapeutic options (e.g., steroids, immunosuppressants
and/or surgery) come with serious negative side effects [4]. Thus,
there is an urgent need for developing effective and evidence-
based food products with anti-inflammatory activity.

Sufficient research evidence indicated that plant-based diets
rich in flavonoids have numerous health benefits including anti-
inflammatory, anti-oxidant, anti-obesity, anti-cancer, anti-diabetes,

anti-microbial, and immunomodulation properties [5]. Antho-
cyanins, a sub-class of the flavonoid family, are widely present
in fruits, vegetables and grains [6]. Anthocyanin-containing natu-
ral foods have been shown to suppress intestinal inflammation and
improve intestinal epithelial barrier function [7]. However, most of
the previous studies on anti-colitic activity were focused on una-
cylated anthocyanin-containing berries but not on staple crops like
the potato that mainly contain acylated anthocyanins that are re-
sistant to heat-induced degradation [8].

The cultivated potato (Solanum tuberosum L.) has been con-
sumed as a food for over 10,000 years [9] and is currently
the fourth most common food crop after rice, maize and wheat
[10]. The annual per capita consumption of potato (predominantly
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Table 1

Compositions of experimental diets (g/kg).

Ingredient AIN-93G P25 P15
Potato 0 250 150
Corn starch 427.5 208.5 296.0
Casein 200 175.3 185.2
Maltodextrin 132 132 132
Sucrose 100 100 100
Soybean oil 40 40 40
Cellulose 50 437 46.2
Mineral MixP 35 35 35
Vitamin Mix¢ 10 10 10
Choline Bitartrate 2.5 2.5 2.5
L-cysteine 3 3 3
TBHQ 0.008 0.008 0.008

dpotato diets were prepared by supplementing corn starch in AIN-
93G diet.

b AIN-93G-MX.

¢ AIN-93-VX.

white-fleshed varieties) is over 110 Ibs. in the United States [11].
Though the macronutrient composition is similar across many
potato cultivars, the phytonutrient content and composition vary
significantly depending on the genotype [12]. Studies have shown
that purple potatoes have higher anthocyanin concentrations and
greater biological activity than less pigmented cultivars [13-16].
Consumption of purple potatoes (eight weeks) can ameliorate
high-fat diet-induced obesity in Zucker rats [16]. Besides, the
purple-fleshed potato diet suppressed colon tumorigenesis via the
elimination of colon cancer stem cells [17]. Purple potato extract
(10 ug/mL) significantly strengthened gut barrier function in vitro
[18]. Emerging evidence suggested that purple-fleshed potatoes can
ameliorate colonic inflammation induced by the high-fat diet [19].
However, the role of potato anthocyanins in a whole food matrix
against gut barrier function in vivo still needs further investigation.

The DSS-induced colitis is a widely used model for transla-
tion between mice data and human disease and has been vali-
dated using different therapeutic agents for human IBD [20,21].
DSS-induced colitis is an inflammatory disease characterized by
weight loss and rectal bleeding [22], higher intestinal permeabil-
ity [23], shortened colon length, elevated activities of myeloper-
oxidase (MPO; a pro-oxidant and pro-inflammatory enzyme) [20],
and increased expression levels of inflammatory markers [24-26].
We hypothesized that anthocyanin-containing purple-fleshed pota-
toes will exert anti-colitic activity by suppressing intestinal in-
flammation, oxidative stress as well as gut permeability in a well-
established acute murine colitis model.

2. Materials and methods
2.1. Preparation of purple-fleshed potato powder, diets and experimental design

Purple-fleshed potatoes (Solanum tuberosum L. var. Purple Majesty) were grown
in San Luis Valley Experiment Station (Center, Colorado, USA). After harvesting
and curing, potatoes were washed and baked at 180°C for 55 min, then cooled
down and freeze-dried with the VirTis Ultra 35L Pilot Lyophilizer (Warminster, PA,
USA). Diets for experimental groups were supplemented with 15% or 25% baked
and freeze-dried purple potato powder replacing primarily corn starch according to
proximate analysis (Table 1). A control diet (AIN-93G) was purchased from Envigo
(Madison, WI, USA).

2.1.1. Identification and quantitation of polyphenols

Samples (100 mg) were extracted with 1 mL 50% methanol containing 0.1%
formic acid (v/v). Then, vortexed for 5 min before placing on ice for 30 min. A total
of 10 min vortex was followed by centrifugation (11,100 g for 10 min). T The su-
pernatant was collected before adding another 1 mL extraction solvent for second

time extraction. Finally combined the two supernatants and the total monomeric
anthocyanin content was quantified with the pH-differential method [27].

Identification and quantification of anthocyanins and phenolic acids were
achieved with an Agilent 6460 QQQ coupled to an Agilent 1200 Rapid Res LC sys-
tem. About 30-50 mg purple potato samples were added to 300 pL methanol with
0.1% formic acid and 240 uL H,0, sonicated 1 sec for 3-5 times. Then added 300
uL of each of the following solvents: CHCl; H,O with 0.1% formic acid, CHCls, vor-
texed thoroughly after each addition. The aqueous phase of the sample mixture was
collected after centrifugation at 2800 g for 30 min for metabolomics analysis. The
whole extraction procedure was operated on ice. A Waters XBridge BEH C18 (3.5
pm, 2.1 mm x 100 mm) column was used for the LC separation. The solvent sys-
tem was composed of (A) acetonitrile:water:formic acid (5:95:0.2, v/v/v) and (B)
acetonitrile:formic acid (100:0.2, v/v). The linear gradient was as follows: 0-7 min
100% A, 0% B; 7-10 min, 5% A, 95% B; 10-14 min, 100% A, 0% B. The injection volume
was 5 pL and the flow rate was 0.35 mL/min. The autosampler was set to 4°C and
in total darkness during the instrument acquisition. Multiple reaction monitoring
(MRM) was used for data acquisition. The major MS parameters were: gas tem-
perature, 325°C; gas flow rate, 8 L/min; nebulizer, 45 psi; sheath gas temperature,
250°C; sheath gas flow, 7 L/min; capillary, 3800 V. Data analysis was performed by
Agilent Masshunter Quantitative (v6.0).

2.1.2. Experimental design and sample collection

Age (four weeks old mice) and gender (male) matched C57BL/6 mice (n=40)
were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were ran-
domly assigned to the following groups (n=8 per group): control group (AIN-93G
diet), DSS group, DSS+P15 (15% purple potato in standard diet) group and DSS+P25
(25% purple potato in standard diet) so that the average weight of animals in each
treatment group will be similar (Fig. 1). Mice were maintained in the dedicated
pathogen-free animal care facility at Millennium Science Complex, Penn State Uni-
versity (University Park, PA, USA). All animal experimental procedures are approved
by the Institutional Animal Care and Use Committee in the American Association
for Accreditation of Laboratory Animal Care accredited program. After eight weeks
mice were placed on DSS (molecular weight; MW 40 kDa: MP Biomedicals, Soho,
OH, USA) at a final concentration of 2% w/v in drinking water for six days [28]. Mice
were monitored daily for clinical symptoms of colonic inflammation, including daily
activity, bloody stool, diarrhea, and weight loss [29]. Fecal samples were collected
weekly during the whole experiment period, stored at -80°C until used. After six
days of DSS treatment, mice were euthanized under CO, asphyxiation. Blood sam-
ples were collected by cardiac puncture. Colons, other tissues and organs were har-
vested and weighed, then processed or stored immediately for later use.

2.2. Histopathology and intestinal permeability analyses

All mice were fasted for at least four hours before gavaging with 150 L FITC-
dextran/mouse at the concentration of 100 mg/mL. After three hours, blood was col-
lected into BD Microtainer tubes (BD, Franklin Lakes, NJ) via a submandibular vein.
Serum FITC-dextran levels were quantified with excitation at 490 nm and emission
at 520 nm and the intestinal permeability was calculated with the FITC standard
curve.

Colon tissues were collected and fixed in 10% neutral formalin at room tem-
perature for at least 24 hours. The colon tissues were then embedded in paraffin
wax. After staining with hematoxylin and eosin (H&E), sections were observed mi-
croscopically.

2.3. Serum and colonic Myeloperoxidase (MPO) activity assays

A mouse myeloperoxidase kit from R&D Systems (Minneapolis, MN, USA)
was used to quantify the serum MPO levels. For the colonic MPO assay, human
neutrophil MPO (Sigma, St. Louis, MO) was used as a standard. Colon tissues
(50 mg/mL) were homogenized with 0.5% hexadecyltrimethylammonium bromide
(Sigma, St. Louis, MO) on ice for 10 sec. After three cycles of freezing and thaw-
ing, the homogenate was sonicated and centrifuged. The colon tissue homogeniza-
tion and MPO detection procedure followed the protocol attached to the kit. Dian-
isidine dihydrochloride (1 mg/mL) and 5 x 10~*% H,0, were added into sample
supernatant, then MPO activity was measured at 450 nm on a kinetics program of
2 min with 10 points reading per sample. One unit of MPO activity was defined as
the amount that degraded 1.0 umol of peroxide/min at room temperature [30]. The
total protein content of colon tissue was quantified using a Pierce BCA protein assay
kit (Fisher Scientific, Ha Nover Park, IL).

2.4. Cecal flagellin analysis

Human embryonic kidney (HEK)-Blue-mTLR5 cells (San Diego, CA, USA) were
used to quantify flagellin in cecal digesta samples. Cecal digesta was diluted with
PBS to the final concentration of 100 mg/mL and homogenized for 10 sec using
a bullet blender, then centrifuged at 8000 g for 2 min. The collected supernatant
was serially diluted to the concentration at 2.5 pg/mL. Purified E. coli flagellin stan-
dard (Enzo Life Sciences, Farmingdale, NY) and the diluted sample supernatant were



S. Li, T. Wang, B. Wu et al./Journal of Nutritional Biochemistry 93 (2021) 108616 3

Table 2

Real-time PCR primers of colonic inflammatory cytokines.

Gene Primers

IL-18 Forward: 5-GCCCATCCTCTGTGACTCAT-3’
Reverse: 5'-AGGCCACAGGTATTTTGTCG-3/

IL-6 Forward: 5-AGTTGCCTTCTTGGGACTGA-3’
Reverse: 5'-CAGAATTGCCATTGCACAAC-3/

IL-17 Forward: 5-TCAGACTACCTCAACCGTTCC-3/

Reverse: 5-ATGTGGTGGTCCAGCTTTCC-3’
Forward: 5’-AGCCATGTACGTAGCCATCC-3’
Reverse: 5-CTCTCAGCTGTGGTGGTGAA-3’

B-Actin

Genomic DNA of cecal digesta was extracted with the QJAamp DNA
Stool Mini Kit (Germantown, MD, USA) according to the handbook.
The RT-PCR was performed with the initial denaturation step at
95°C for 10 min, followed by 55 cycles of 95°C for 10 sec anneal-
ing temperature with extension step for 60 sec at 55°C. The ex-
pression level of the 16S rRNA gene was measured as a reference
to normalize the relative abundance. The primers used to quantify
the relative microbiota level in the cecum are shown in Table 3.
The relative quantitation of gene expression was determined using
the A ACt method.

Table 3
Primers of target bacteria.

Bacteria Primers

Enterobacteriaceae Forward: 5’- GTGCCAGCMGCCGCGGTAA-3’
Reverse: 5'- GCCTCAAGGGCACAACCTCCAAG-3’
Forward: 5’- CAGCACGTGAAGGTGGGGAC-3’

Akkermansia
muciniphila
Reverse: 5- CCTTGCGGTTGGCTTCAGAT-3’
Forward: 5'- TACAGGTGACTGCGGGCTTATC-3’
Reverse: 5'- CTTACCGGGCAATACACTCACTA-3/
Forward: 5'- GCAACATACTCGCCCAGCT-3/

Escherichia coli

pks* Escherichia
coli

Reverse: 5'- TCTCAAGGCGTTGTTGTTTG-3’

16s rRNA/Universal Forward: 5'-GTGSTGCAYGGYTGTCGTCA-3’

Reverse: 5’-ACGTCRTCCMCACCTTCCTC-3’

loaded into a 96 well plate, respectively. HEK-Blue detection cell suspension (180
uL) prepared according to the handling instructions was added to each well. Af-
ter overnight incubation at 37°C, the alkaline phosphatase activity was measured at
635 nm to quantify the flagellin levels.

2.5. Colonic inflammatory cytokines mRNA expression and gut bacteria analyses

Total RNA from frozen colon tissues was isolated with PureLink Mini Kit (In-
vitrogen, Carlsbad, CA, USA). RNA sample quantification was performed with the
BioTek Cytation3 Cell Imaging Reader (Thermo Fisher Scientific Inc., Winooski,
VT, USA). RNA Reverse-transcription was achieved with the qScriptcDNA SuperMix
(Quantabio, Beverly, MA) synthesis kit according to the manufacturer’s instructions.
The Real-time PCR amplification and detection were performed on the Roche Light-
Cycler 96 instrument with PerfeCT®SybrGreen FastMix (Quantabio, Beverly, MA).
The reaction with an initial denaturation step at 95°C for 10 min, followed by 45
cycles of 95°C for 10 sec annealing temperature with an extension step for 60 sec at
55°C. The mRNA expression was normalized using S-actin. RT-PCR was performed
by using respective primers that are indicated in Table 2.

2.6. Colonic inflammatory cytokines analysis

A custom mouse cytokine multiplex ELISA array (RayBiotech, Norcross, GA) was
used to determine the protein content of inflammatory cytokines. Colon tissues
were lysed in the RayBiotech lysis buffer (RayBiotech, Norcross, GA) with Halt pro-
tease and phosphatase inhibitor cocktail (Thermo Scientific, Rockford, IL) using a
bullet blender for 10 min. Centrifuged the lysate at 10000 g for 5 min and collected
the supernatant for the following assay. After completely air-drying the slide, slide
blocking was performed by adding 100 pL sample diluent to each well and incu-
bate at room temperature for 30 min and decanted buffer from each well. Added
100 pL standards or samples in the well and incubated at room temperature for

2 hours. After washing, the detection antibody cocktail (80 pL) and Cy3 equiva-
lent dye-conjugated streptavidin (80 uL) were applied and incubated for 2 hours,
respectively. The slide was completely washed and dried. Slide scanning and data
collection were performed by the RayBiotech service group. Data were analyzed us-
ing the CUSTOM Q-Analyzer (RayBiotech, Norcross, GA).

2.7. Statistical analysis

The data values were presented as mean+SEM. Statistical analysis was per-
formed using SPSS 26.0 software and Graphpad 8, utilizing One-way ANOVA,
Tukey's and Fisher's LSD multiple comparison tests and considered significant if
P<0.05.

3. Results
3.1. Polyphenol composition of purple-fleshed potato

The quantification of phenolic acids and anthocyanins of freeze-
dried potato powder that might contribute to the anti-colitic ef-
fect of potato supplementation was done using LC-QQQ (Table 4).
Five phenolic acid standards chlorogenic acid, caffeic acid, trans-
ferulic acid, p-coumaric acid and protocatechuic acid were used to
quantify different hydroxybenzoic acids in purple potato. Acylated
anthocyanins were quantified using respective anthocyanidin stan-
dards. The limit of detection (LOD) values were about 1 pg/mL.
Chlorogenic acid was the major phenolic acid and accounted for
92.68% of total phenolic acids. Petunidin (75.57%) and malvidin
(21.05%) were the predominant anthocyanidins that existed in gly-
cosylated form acylated with either caffeic or p-coumaric or fer-
ulic acids. Petunidin 3-caffeoyl rutinoside 5-glucoside was predom-
inant with 1180.80 ng/g dry weight (DW) followed by Malvidin 3-
p-coumaric-5-glucoside with 323.25 ug/g DW.

The total anthocyanin content (Fig. 2) of the control diet
(AIN-93G), P15 and P25 were measured using the pH differential
method [27]. Anthocyanins were not detected in the control diet.
Each gram of P15 diet contained 150 mg of purple potato powder.
The anthocyanin content of P15 and P25 diets were 0.23+0.003
and 0.3840.004 mg cyanidin-3-glucoside equivalents/g DW of diet,
respectively.

3.2. Purple-fleshed potato supplementation ameliorates DSS-induced
colitis symptoms

Food intake and body weight during the eight week dietary
treatment period before colitis induction did not differ between di-
etary groups (Table 5), which indicated that the mice could tolerate
25% inclusion of freeze-dried purple potato into the diet.

Mice exposed to 2% DSS in drinking water for six days showed
a significant reduction in body weight and colon length, a promi-
nent increase in liver hypertrophy (performed as an increase in
liver weight) and spleen weight (splenomegaly), typical symp-
toms of colitis (Fig. 3). Along with the severe colonic epithelial
damage (Fig. 3E), intestinal permeability, measured by serum lev-
els of FITC-dextran, was elevated in C57BL/6 wild type mice af-
ter DSS exposure. Only P25 supplementation maintained the body
weight when challenged by DSS (Fig. 3A). Mice consuming both
purple-fleshed potato diets ameliorated the DSS-induced reduc-
tion in colon length. With eight-week potato diets consumption,
the average colon length of mice in P15 (6.95+0.15 cm) and P25
(7.2340.12 cm) groups were significantly longer compared with the
colon length of mice in the DSS group (5.734+0.17 cm), but shorter
than the control group (8.05+0.15 cm). The above results indicate
that purple-fleshed potato consumption can suppress the colon
length reduction which is induced by DSS administration (Fig. 3B).
Furthermore, P25 supplementation significantly reduced the liver
hypertrophy (Fig. 3C) and splenomegaly (Fig. 3D); P15 did not
protect the spleen and liver from the DSS-induced splenomegaly
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LC-MS/MS data of major anthocyanins and phenolic acids identified in purple-fleshed potato powder.

Compound? MRM mode RT (min) MS (m/z) MS/MS (m/z) Quantification (pg/g DW)P
Caffeic acid - 5.45 179 135.1, 89 2.61
Chlorogenic acid - 3.31 353.1 191.2, 85.1 36.98
Trans-ferulic acid - 6.07 193 178, 134.1 0.19
p-coumaric acid - 5.90 163.1 119.2, 93.1 0.03
Protocatechuic acid - 2.59 1531 109.2, 53.1 0.09
Cy-glc + 5.30-6.00 595.2 2871 1.25
Delp 3-p-coum-5-glc + 5.60 919.2 465, 303 45.84
Pet 3G-chloride + 5.30 479.1 317, 301.9 10.85
Pet 3-rut + 5.27 625.1 317 15.50
Pet 3-rut-5-glc + 4.82 787.2 4791, 317 141.28
Pet 3-p-coum + 5.86 771.2 4791, 317 69.25
Pet 3-fer-5-glc + 5.74 963.3 4791, 317 30.75
Pet 3-caf-5-glc + 5.68 933.2 317 1180.80
Pet 3-p-coum-5-glc + 5.68 933.2 771.2, 479.1 60.00
Pel 3-glc + 5.00-6.00 741.2 741, 271 0.04
Peo 3-5-glc + 5.00-6.00 917.2 785, 755, 463, 301 20.40
Mal 3-rut + 5.44 639.1 331 2.86
Mal 3-p-coum + 5.94 785.2 331 14.71
Mal 3-rut-5-glc + 5.01 801.2 493, 331 44,83
Mal 3-fer-5-glc + 5.83 977.2 491, 331 33.71
Mal 3-p-coum-5-glc + 5.79 947.2 785.2, 493, 331 323.25

2 Abbreviations used: Pet, petunidin; Pel, pelargonidin; Mal, malvidin; Cy, cyanidin; Peo, peonidin; Delp, delphinidin; rut, rutinoside;
p-coum, (p-coumaroyl)-rutinoside; fer, feruloyl-rutinoside; caf, caffeoyl-rutinoside; glc, glucoside.

b Calculated by each standard (chlorogenic acid, caffeic acid, trans-ferulic acid, p-coumaric acid and protocatechuic acid, petunidin chlo-
ride, pelargonidin chloride, malvidin chloride, cyanidin chloride, peonidin chloride and delphinidin chloride) as equivalence.

Standard Chow Diets

)

Experimental Diets

)

( | \
4weeks old C57BL/6 * *
Mice (n=40) P
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weekl 2 3

5 6 7 8
dayl 2 3 4 5
I I | | |

14 days acclimatization

5 measurement and weeklyg

N

fecal sample collection

I |
11 T T 11
2% DSS in drinking water
for 6 days

Body weight

Tissue and blood sample collection

Fig 1. Experimental design. All the mice were maintained on a standard chow diet for first 14 days of acclimatization, then assigned to control, P15 and P25 groups with
different diets (AIN-93G, P15 and P25), respectively. After eight weeks, mice were given 2% DSS in drinking water for six days. On day six, intestinal permeability was measured

and then all the mice were sacrificed for sample collection.

Table 5
Body weight and weekly intake.

Treatments Body Weight (g) Feed Intake (g/mouse/week)
Control 28.00 + 0.77 2241 + 0.46
P15 28.32 + 1.09 22.84 + 0.86
P25 26.79 + 0.60 22.52 + 0.70

Each value is a mean+SEM; n=8 to 13; P15, 15% purple potato in
the standard diet; P25, 25% purple potato in the standard diet.

or liver hypertrophy, but the downward trend made the liver
weight of animals on 15% purple-fleshed potato diet did not dif-
fer from the control group (Fig. 3C). Moreover, mice supplemented

with purple-fleshed potatoes were protected from colonic epithe-
lial damage (Fig. 3E), mice with P25 diet alone reversed (P<.0001)
the DSS-induced elevated FITC level to the control level. Though
P15 showed a significant reduction in DSS-induced increase in in-
testinal permeability, there was still a notable difference between
P15 and control groups (Fig. 3F).

3.4. Purple-fleshed potato supplementation suppresses DSS-induced
systemic and colonic Myeloperoxidase (MPO) MPO activity

MPO, a well-known pro-oxidative and pro-inflammatory en-
zyme is mainly released by activated neutrophils. DSS-exposure led
to a two-fold elevation in systemic MPO levels (Fig. 4A) and a 2.8-
fold elevation of MPO activity in mice distal colon (Fig. 4B). 25%
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Fig 2. Anthocyanin content in different diets. Different letters on the bars
(mean+SEM) indicate differences between the treatments at P<.05. P15, 15% pur-
ple potato in the diet; P25, 25% purple potato in the diet.

purple-fleshed potato supplementation alone suppressed the eleva-
tion of systemic MPO levels (Fig. 4A). Both potato diets significantly
ameliorated the elevated MPO activity in colon tissue (Fig. 4B), and
this effect did not differ greatly between P15 and P25.

3.5. Purple-fleshed potato supplementation suppresses DSS-induced
colonic inflammation

To determine the effect of purple-fleshed potato diet on inflam-
matory gene expression, qPCR analysis was carried out. In DSS-
induced acute colitis, the mucosal epithelial barrier disruption en-
ables luminal microorganisms to enter into the mucosa, resulting
in an inflammatory response including NF-«B pathway activation
and overexpression of proinflammatory cytokines including IL-6,
IL-8, IL-12, IL-17, and IL-18 [31-33]. The mRNA expression of IL-
6 and IL-17 was increased in DSS-mice (Fig. 5A, B) compared to
the control mice. The DSS-induced increase in IL-6 expression was
effectively suppressed by P15 and P25 consumption, and there was
no significant difference between these two diets. For the colonic
IL-17 expression, a similar restriction was only observed in mice
supplemented with the P25 diet, but not the P15 diet. However,
IL-18 expression levels did not differ between groups. Addition-
ally, the protein content of colonic inflammatory cytokines was
detected with a multiplex ELISA kit. Consistent with the gene ex-
pression results, the protein levels of IL-6, IL-17, and IL-18 were
significantly elevated by DSS treatment. Only P25 supplementa-
tion significantly suppressed the elevated protein level of these cy-
tokines (Fig. 5E, F, G).

Flagellin, a compositional protein of flagellar filament in nearly
all flagellated bacteria, can be recognized and ligated with Toll-
like receptor 5 (TLR5) which in turn activate the NF-«B inflamma-
tory pathway [34,35]. Human embryonic kidney (HEK)-blue-mTLR5
cells were used to quantify the flagellin levels of cecal digesta [36].
Consistent with the elevated mRNA expression of inflammatory cy-
tokines, DSS-treated mice showed high flagellin levels in cecal di-
gesta, which was significantly reduced by P15 and P25 consump-
tion (Fig. 5D). This result was consistent with the suppressed rela-
tive abundance of pathogenic bacteria (Fig. 6 A, B, C).

3.6. Purple-fleshed potato supplementation attenuates DSS-induced
disruption of gut microbiota

Gut microbiota plays an essential role in maintaining the home-
ostasis of the host [37]. As reported, dysbiosis of the gut micro-
biome plays a crucial role in the pathogenesis of IBD. Increased
abundance of pathogenic bacteria and reduced beneficial bacteria

Table 6
Correlations of IL-6, IL-17, IL-18 gene expression and protein ex-
pression with other inflammatory markers.

Inflammatory Gene expression Protein expression
markers

IL-6 IL-17 IL-18 IL-6 IL-17 IL-18
Colonic MPO 0.565* 0.458 0.058 0.277 0.685** 0.434
Systemic MPO 0.604* 0.631** 0.333 0.321 0.543* 0.445
Flagellin 0.255 0143 -0.171 0.332 0.703** 0.581*
E. coli 0.453 0447 0.001 028 0.778* 0.286
pks™ E. coli 0473 0457 0.03 0.295 0.810* 0.317

Enterobacteriaceae 0.546* 0.417 0.098 0.238 0.745** 0.369

Correlations are reported as Pearson correlation coefficient.
* Represents correlation P<.05.
** Represents correlation P<.01.

relative abundance were found in DSS-induced colitis mice [38] as
well as colitis patients [39]. Diet can directly modulate the compo-
sition of gut microbiota. In this study, the relative abundance of gut
bacteria was measured using qPCR. The relative abundance of A.
muciniphila was elevated four-fold by 25% purple potato diet con-
sumption (Fig. 6 D) compared with control animals treated with
DSS, given that decreased A. muciniphila levels have been found
in colitis mouse models [40] as well as UC patients [41]. Our ob-
servation that staple crops like potatoes can elevate beneficial gut
bacteria is significant. Additionally, DSS administration significantly
elevated the relative abundance of pathogenic gut bacteria includ-
ing Enterobacteriaceae (37.0-fold increase), the general Escherichia
coli (E. coli, 2.1-fold increase) and pks* E. coli (36.4-fold increase)
in the mice cecal digesta. This increase was reversed (P<0.05) by
both 15% and 25% purple-fleshed potato supplementation (Fig. 6 A,
B, C).

Pearson correlations were performed to investigate the poten-
tial relationship between colonic inflammation, MPO and gut bac-
teria changes (Table 6). The gene expression levels of IL-6 signif-
icantly correlated with the colonic and systemic MPO levels and
the relative abundance of Enterobacteriaceae. IL-17 protein levels
significantly correlated with other inflammatory markers and MPO,
flagellin and three pathogens. These findings indicate that IL-17 is
an important marker involved in colonic inflammation and closely
links to the modulation of MPO levels and pathogenic bacteria in
the gut.

4. Discussion

Purple-fleshed potato is a rich source of health-benefiting an-
thocyanins with predominant anthocyanin and phenolic acid in
Purple Majesty variety were petunidin and chlorogenic acid, re-
spectively. Dietary chlorogenic acid has been demonstrated to pos-
sess anti-inflammatory property by suppressing the activation of
three inflammatory signaling pathways including AP-1, NF-kB and
MAPK [42]. In addition, potato anthocyanins protect colonic bar-
rier function and suppress colon tumorigenesis [17,18]. As a whole
food, purple potato has been shown to have a protective effect
against DSS-induced colitis during the disease active stage and re-
covery period [43]. However, the mechanism of the anti-colitic po-
tential of purple-fleshed potato has not been fully elucidated. The
present study assessed the extent to which purple potatoes ame-
liorate DSS-induced colitis via modulation of gut barrier function,
intestinal oxidative stress, inflammation as well as gut microbiota
composition.

The DSS-induced colitis mouse model is a classic rodent
model for UC research, which presents distinct symptoms of body
weight loss, colon shortening, crypt distortion, epithelial injury,
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inflammatory cell infiltration, mucosal ulceration, diarrhea and
bloody feces [20,44]. The results of the present study demonstrate
that many of these symptoms were effectively alleviated by the
aisupplementation of purple-fleshed potatoes in a dose-dependent
manner. The higher dose (25%) of the purple potato diet reversed
(P<0.05) the DSS-induced body weight loss, colon length reduc-
tion and protected the intestinal mucosal structure. In addition,
enlargement of the spleen and liver also characterizes a systemic
inflammatory reaction as it occurs in acute DSS-colitis, which
has been correlated with disease severity [45-47]. Purple-fleshed
potato supplementation (25%) attenuated splenomegaly and liver
hypertrophy significantly.

Intestinal permeability is a hallmark of intestinal barrier func-
tion [48]. Altered intestinal permeability can lead to gut homeosta-
sis disorder, a failure of the mucosal barrier to regulate the selec-
tive passage of intestinal luminal contents [49]. Alteration of gut
permeability has been linked to IBD [50]. As reported, mice admin-
istered DSS via drinking water for a week showed mucosal dam-
age and increased intestinal permeability [51,52]. Combined with
the histological and morphological analysis results, this study in-
dicated that the purple-fleshed potato diet exhibits a protective
effect to the intestinal mucosa and remarkably ameliorates eleva-
tion in gut permeability. Especially in the higher dose (25%) group,
the FITC concentration of serum was the closest to the control
group. Furthermore, previous research has shown that deregulat-
ing the pro-inflammatory cytokines IL-6 and TNF-« by using their
specific monoclonal antibody can attenuate the intestinal perme-
ability in DSS-induced colitis [51]. In our study, the mRNA expres-
sion level of IL-6 was decreased by P15 and P25 diets administra-
tion, which can further contribute to the reversal of DSS-induced
intestinal permeability.

NF-«B signaling pathway has been considered as a prototypical
inflammation pathway. Inhibiting the pro-inflammatory cytokine
expression is one effective way to block the activation of the NF-
kB signaling pathway, which may explain the anti-inflammatory
mechanism by the natural bioactive compounds to alleviate col-
itis [53-55]. A large number of pro-inflammatory cytokines and
chemokines are essential mediators involved in intestinal inflam-
mation, mucosal immunity and barrier function [1,56]. Increased
expression levels of serum and colonic pro-inflammatory mark-
ers such as IL-6, IL-18, IL-17 and TNF-« are treated as signature
features of colitis [57]. Anthocyanin-rich foods such as black rice,
purple carrots, grapes, etc. efficiently suppressed the secretion of

IL-6, IL-17, and IL-18 which were highly elevated by DSS treat-
ment [26,58-60]. These results are in line with our study, where
we found 25% purple potato diet significantly decreased the mRNA
expression levels of IL-6 and IL-17 in colon tissue, and remarkably
suppressed the protein level of IL-6, IL-17, and IL-18. This effect
was found to be dose-dependent.

MPO is an acceptable marker to evaluate the inflammation in
the colonic mucosa since the MPO activity is linearly correlated
to neutrophils infiltration [59,61]. Previous studies showed that
MPO level was elevated by DSS treatment [62,63]. In this study,
both purple potato diets effectively suppressed the MPO activity in
colon tissue, indicating 15% purple potato supplementation is suf-
ficient to suppress the excessive infiltration of neutrophils into the
intestine. However, only 25% purple potato diet significantly de-
creased the serum MPO level but not 15% purple potato diet in-
dicating that the systemic effect of purple potato diets was dose-
dependent, and the bioavailability of anti-inflammatory compo-
nents in purple potato such as anthocyanins may play a role in the
anti-colitic activity. As potato anthocyanins are poorly bioavailable,
their concentration is higher in the colon compared to the serum.
This may explain the differential effect of purple potato diets on
colon vs. serum MPO levels. Another study also reported that daily
supplementation of black rice anthocyanin-containing extract (100
mg/kg of diet) suppressed the colonic MPO activity induced by DSS
in mice [64].

Flagellin, a globular protein, is the major composition of flag-
ellar filament [65,66]. Flagella are essential portions of flagellated
bacteria, which provide the motility, virulence and adhesive ability
to pathogenic bacteria [67]. In recent years, several studies demon-
strated that flagellin is an important pro-inflammatory factor and
highly involved in the UC-associated inflammatory process [68,69].
Upregulated flagellin level has been applied as a typical detec-
tive index for DSS-induced colitis [70]. This study revealed that
purple potato administration can effectively reduce the pathogenic
bacteria which was elevated by DSS. These results were further
confirmed by gut microbiota analysis (Fig. 6). Thus, anthocyanin-
containing purple-fleshed potatoes can help suppress pathogenic
gut bacteria and maintain healthy intestinal bacteria [71,72].

Gut microbiota plays an essential role in the health of the
gastrointestinal tract [73]. Thousands of species of bacteria act
as a “metabolizing organ” and are heavily involved in the host’s
metabolism [74,75]. The presence of gut bacteria is essential to
humans and animals due to its direct impact on the absorption



8 S. Li, T. Wang, B. Wu et al./Journal of Nutritional Biochemistry 93 (2021) 108616

A B
c 0.6 b c 1.0
(=]
2 2 b
@ 8,08
8¢ g5
:
S El 0.4 a 3 = 06
<5 <%
E 0 a Ez 04 ab
E2 o2 Eg a
o2 o9
2 2 02
8 3 k
K a < a
X 00 € o0 Y
\go 09‘9 '\" ’\f’ é“o oo_,@ K '\b K 'l?"
o ) 22 0 & 2
¢ & & Q Q
c D
c 020 0.020
o
73 m
7] a @ b
£= 015 a g 0.015
X L @
Q= =
o
£ o010 £ 0.010
ro a -
EQ £
22 05 § 0.005| a a
K o
[
©  0.00 0.000
& & o > & & o o
o(‘ < X x S < x' x
< & & ® & &
Q Q Q Q
E F
£ 300 S 100
& b o b
o [=2]
E b E 8
2 200 E
: a £ 60 c
e 2
S 2 S 40 -
a 100 a -
@ S 2
= =
L )
g > ) & o § ° > o o
=] O N ° Q 2 N
o & & o %xq' 8 & & R ‘]m
(¢ S & (@ & S
Q Q Q Q
G
-
2
o
2 100 b b
(=2}
E 80
=)
&
- 60
5
e 4
Q.
g a
- a
=,' 20
L
5§ o0
° 4"\ &P N AP
o & < o o
(¢ & &
Q Q

Fig 5. Purple-fleshed potato supplementation suppresses DSS-induced colonic inflammation. (A & B & C) Relative mRNA expression levels of IL-6, IL-17, and IL-18; (D) Cecal
flagellin level; (E & F & G) Protein content of colonic inflammatory cytokines. Different letters on the bars (mean+SEM; n=6 to 8) indicate significant differences between the
treatments at P<0.05. P15, 15% purple potato in the diet; P25, 25% purple potato in the diet.



S. Li, T. Wang, B. Wu et al./Journal of Nutritional Biochemistry 93 (2021) 108616 9

Enterobacteriaceae

(9]

e & o e
© © ©o =
& o © o

pks* Escherichia coli
e
o
N

e
1=}
=}

09% 3'\" p P
& &
Q Q

B
0.020
b
S 0.015
o
8
S 0010 2
j™
Q
o
@ 0.005]
w v a
a
0.000
> % o o
& & < <
00 9% 5_)6
Q 9
D
© 25 ac
|
2 20
8
£ 15
8
7] a
2 19
£ b 2
e 5
-
4
< 9
R A
o ] ]
¢ & &
9 9

Fig 6. Purple-fleshed potato supplementation attenuates DSS-induced disruption of gut microbiota. (A & B & C & D) Relative mRNA expression levels of Enterobacteriaceae,
Escherichia coli, pks* Escherichia coli and Akkermansia muciniphila. Different letters on the bars (mean+SEM; n=6 to 8) indicate significant differences between the treatments

at P<0.05. P15 and P25, 15% and 25% purple potato in the diet, respectively.

of nutrients and bioactive compounds such as anthocyanins. Over
100 trillion microbes have been detected in the human gut, in-
cluding both beneficial bacteria and pathogens [76]. Probiotics are
beneficial to human health, whereas elevation of pathogenic bac-
teria is a risk factor in the onset of many chronic inflammation-
driven diseases, such as colitis and Crohn’s disease [76]. Increased
pathogenic and decreased beneficial bacteria relative abundance
were observed in UC patients [77-79]. In this study, DSS admin-
istration led to the dysbiosis of the gut microbiome, representing
the dramatic increase in the abundance of pathogenic bacteria in-
cluding Enterobacteriaceae, E. coli as well as pks™ E. coli, which are
known to produce enterotoxins. Pathogenic bacteria produced en-
terotoxins are known to elevate intestinal permeability. Both 15%
and 25% purple potato diets consumption significantly reversed the
dysbiosis, and this result was also further confirmed by the dereg-
ulated flagellin level in both purple potato groups. P25 also el-
evated the relative abundance of A. muciniphila which is benefi-
cial for gut health. Supporting our findings, malvidin-3-glucoside,
a predominant anthocyanin in the human diet, has been demon-
strated to elevate the abundance of Bifidobacterium spp. and Lacto-
bacillus spp. which can improve gut health [71]. Additionally, gal-
lic acid, one of the anthocyanin metabolites, exerted antimicro-
bial properties against pathogenic bacteria such as E. coli, Clostrid-
ium and Staphylococcus aureus without influencing the growth of
beneficial bacteria [80]. Collectively, anthocyanin-containing purple

potatoes have the potential to suppress the bacterial dysbiosis in-
duced by DSS treatment and maintain gut health.

Purple-fleshed potatoes as whole food contain anthocyanins, re-
sistant and nonresistant starches, proteins, vitamins, and dietary
fibers [81]. The health beneficial properties of purple potatoes are
possibly due to the synergistic action of the whole matrix. Antho-
cyanins, one of the major anti-inflammatory compounds in purple
potato, were highlighted in the present study. However, in order
to dissect the contribution source, other bioactive components of
purple potato also need further investigation along with their syn-
ergistic effects. This information will aid in the identification of
potato cultivars with greater anti-colitic activity.

In summary, the findings in this study demonstrated that
purple-fleshed potato exerts anti-colitic activity via modulation of
the gut microbiome as well as oxidative stress and inflammatory
markers in a well-established acute murine colitis model. Most
of these beneficial effects are dose-dependent. Therefore, purple-
fleshed potatoes and other anthocyanin-containing staple crops can
be potentially used to counter the UC globally.
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