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Goji Berry Modulates Gut Microbiota and Alleviates Colitis

in IL-10-Deficient Mice

Yifei Kang, Guan Yang, Shuming Zhang, Carolyn F. Ross, and Mei-Jun Zhu*

Scope: This study examines the beneficial effects of Goji berry against
spontaneous colitis and its prebiotic role in IL-10-deficient mice.

Methods: IL-10-deficient mice are assigned to a standard rodent diet (control)
or a control diet supplemented with Goji (1% of dry feed weight) for 10 weeks,
at which point colonic tissues and fecal contents are collected.

Results: Goji supplementation decreases colonic pathobiological scores and
mRNA expression of I117a and Tgfb1, while it enhances Muc1 expression and
fecal IgA content. lllumina MiSeq sequencing reveals that Goji
supplementation increases Actinobacteria phylum, resulting in a bloom of
Bifidobacteria in gut microbiota. Additionally, dietary Goji promotes
butyrate-producing bacteria including Lachnospiraceae-Ruminococcaceae
family and Roseburia spp. under Clostridium cluster X1Va. Furthermore,
butyrate-producers Clostridium leptum and its dominant constituent
Fecalibacterium prazusnitzii are markedly increased in the Goji group.
Moreover, the gene-encoding butyryl-coenzyme A CoA transferase, a key
enzyme responsible for butyrate synthesis in butyrate-producing bacteria, is
increased sixfold in the fecal samples of Goji group associated with increased
fecal butyrate content.

Conclusion: Data collectively show that dietary Goji results in the blooming of
Bifidobacteria and butyrate-producing bacteria. These bacteria may cross-feed

population of normal indigenous in-
testinal bacteria, including Bacteroides,
Eubacterium, and Lactobacillus, was
found to be reduced in IBD patients."!
Butyrate-producing bacteria, such as
Roseburia  spp.,V¥  Clostridium  leptum
group,l® and its prominent component
Faecailbacterium  prausnitzii®?  were
also reduced in gut microbiota of IBD
patients. Recurrently, low abundance
of Bifidobacteria in gut microbiota was
linked to IBD in children," while
increased sulfite-reducing bacterium
Bilophila wadsworthia, due to high milk
fat intake, was associated with the de-
velopment of colitis in IL-10-deficient
mice.!!  Conversely, Bifidobacterium
longum 536 supplementation, in addition
to standard treatment, reduced disease
activity index scores in patients with
mild to moderately active UC.['

Goji (Lycium barbarum) berry has long
been consumed as a tonic food or
a traditional nutraceutical supplement,

each other, conferring preventative effects against colitis in I1L-10-deficient

mice.

1. Introduction

Inflammatory bowel diseases (IBD), which are rapidly growing
epidemics, are distinguished as Crohn’s disease (CD) and ul-
cerative colitis (UC) depending on the location and severity of
the disease. IBD leads to increased incidence of colorectal can-
cer and is associated with increased morbidity and mortality
rates.' IBD has a complex and obscure etiology driven by genetic
predisposition,”? dysregulated immune response, and environ-
mental factors.’l Despite the complexity of etiology, a wealth of
evidence implicates gut microbiota as a pivotal factor in the IBD
pathogenesis.#

IBD patients are associated with intestinal dysbiosis and re-
duced diversity of mucosal-associated/fecal microbiota.>®l The
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and is known for its health-promoting
effects including improvement of im-
mune responses,!¥l reduction in circu-
latory lipid content, prevention of ox-
idative stress,!” and protection of central
nervous system.'®l Goji is also beneficial for intestinal health. Ly-
cium barbarum polysaccharides (LBP) protects the small intesti-
nal structure and contributes barrier function in the intestinal
damage induced by ischemia reperfusion.l'”? A milk-based Goji
preparation exerted protective roles in 2,4,6-trinitrobenzene sul-
fonic acid (TNBS)-induced colitis.™® Dietary Goji ameliorated
IBD symptoms in dextran sulfate sodium (DSS)-induced coli-
tis mice accompanied with decreased neutrophil infiltration and
suppressed inflammatory responses.['’!

Goji contains a range of phytochemicals, of which LBP is the
most well-recognized and important functional constituent. LBP
typically accounts for 5-8% of dried fruits,?” which varies by
the sources of Goji berry and extraction methods. It is predicted
that a maximal yield of 23.3% of LBP can be achieved using op-
timized extraction technology.?!! Thus, Goji is expected to have
prebiotic effects, which has not yet been assessed, nor the link of
its prebiotic effects to its beneficial effects. Using IL-10-deficient
mice, the most common used animal model for studying gut
inflammation and etiology of IBD,?? this study aimed to exam-
ine the preventative effects of Goji against gut inflammation and
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colitis, and further explore its prebiotic/gut microbiota modula-
tion effects.

2. Experimental Section

2.1. Animal Care and Experimental Design

Six-week-old male IL-10-deficient mice were randomized into
two groups (n = 7 per group) assigned to a standard rodent diet
(Con) or the same diet supplemented with 1% Goji for 10 weeks
when mice were sacrificed for tissue collection. Table S1, Sup-
porting Information shows the same composition for both diets.
Detailed information about diets, animal experimental design,
tissue, and fecal samples collection information is listed in the
Supporting Information.

2.2. Histological and Immunohistochemical Examination

Paraffin-embedded colonic tissues were sectioned, subjected to
haemotoxylin and eosin (H&E) staining, and imaging. Pathobio-
logical examination was then conducted and scored in a blinded
manner as previously described?®) with slight modifications. The
macrophage immunohistochemical (IHC) staining with F4/80
primary antibody (Bio-Rad, Kidlington, OR) was carried out as
described previously.”? Details were described in Supporting In-
formation.

2.3. Quantitative RT-PCR

Total RNA was extracted from colonic tissues using Trizol
(Sigma) and purified with RNeasy Mini kit (Qiagen). cDNA syn-
thesized with the iScript™ cDNA kit (Bio-Rad) was used for
quantitative RT-PCR reaction with primers listed in Table S2,
Supporting Information.

2.4. Fecal Sample IgA ELISA Analysis

Mouse fecal IgA was measured using a mouse IgA ELISA kit
(eBioscience) per the manufacturer’s instruction as described in
Supporting Information.

2.5. lllumina 16S rRNA V4 Region Multiplex Amplicon
Preparation, Sequencing, and Analysis

Colonic contents (fecal samples) were collected at necropsy,
frozen in liquid nitrogen, and stored at —80 °C until analyzed.
Fecal samples were powdered in liquid nitrogen and homoge-
nized in lysis buffer (Qiagen, Valencia, CA) using a Polytron ho-
mogenizer (PT1200E Kinematic Inc., Bohemia, NY). Bacterial ge-
nomic DNA was extracted from fecal samples using a QIAamp
DNA stool mini kit (Qiagen) according to the manufacturer’s in-
structions.

Microbial sequencing was performed at Initiative for Bioinfor-
matics and Evolutionary Studies (IBEST) Genomics Resources
Core at the University of Idaho using Illumina MiSeq dual-
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barcoded two-step PCR amplicon sequencing. The details about
fecal bacterial genomic DNA extraction, 16S rRNA V4 region
multiplex amplicon preparation, sequencing, and analysis are de-
scribed in Supporting Information.

2.6. qPCR of 16S rRNA for Specific Species or Genus

The abundance of specific bacterial groups was measured by
quantitative PCR using fecal bacterial DNA and the primers
listed in Table S3, Supporting Information.

2.7. SCFA Analysis

Fecal samples were prepared as previously described with
modifications.?" The SCFAs in feces were analyzed by a Hewlett
Packard HP 6980 Series GC System equipped with a flame ion-
ization detector and a fused-silica capillary ZB-WAXplus column
(30 m x 0.25 mm id, 0.25 pum film thickness; Phenomenex
Inc, USA). The external standard method was used to quantify
their amounts. A temperature program with splitless injection
was applied to separate SCFAs: The initial oven temperature
was 80 °C, held for 5 min, increased to 140 °C by the rate of
15 °C min!, raised to 180 °C by 10 °C min™ and held for 2
min, and then increased to 240 °C by 30 °C min™' and held at
240 °C for 5 min. The data were expressed as the mean and
SEM. An unpaired Student’s t-test was carried out to analyze the
significance of differences between Con and Goji groups.

2.8. Statistical Analysis

Data were analyzed as a complete randomized design using Gen-
eral Linear Model of Statistical Analysis System (2000). Data were
expressed as mean + SE. A significant difference was considered
as p-value < 0.05.

3. Results

3.1. Dietary Goji Reduces Colonic Inflammation and
Pathobiological Scores in IL-10-Deficient Mice

Goji supplementation had no effect on body weight gain and
feed intake in IL-10-deficient mice (Figure 1A,B). Histologically,
Goji supplementation improved the colonic integrity of epithelial
structure with reduced inflammation and restored overall crypt
structure (Figure 1C), as shown by reduced pathological scores
in both the proximal and distal colon (Figure 1C).

The IHC staining of F4/80, one of the best macrophage
markers, indicated that the macrophage infiltration was de-
creased in the colon tissues of the Goji-supplemented mice
(Figure 2A). Furthermore, the mRNA expression of Mucl in
colonic tissues (Figure 2B) and the fecal IgA content (Figure
2C) were enhanced, while mRNA expression of inflammatory
cytokine IL-17A and TGF-B (Figure 2D,E) was suppressed due
to Goji supplementation.
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Figure 1. Histopathologic scores of proximal and distal colon in IL-10-deficient mice fed with Con ((J) or Goji (M) supplemented diets. A) Feed intake;
B) weekly body weight; C) histopathologic scores of proximal and distal colon. Representative images of hematoxylin and eosin stained colonic tissue
(200x) are shown. Mean £ SEM, n = 7. % p < 0.05.
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Figure 2. Dietary Goji berry reduced inflammation in colonic tissue of IL-10-deficient mice. A) Representative images and quantification score of F4/80
macrophage marker staining, magnification at 200x; B) mRNA expression of MucT; C) fecal IgA content analyzed by ELISA; D) mRNA expression of
il17a; E) mRNA expression of Tgfb1. Mean 4 SEM, n = 7. #p <0.10, *p < 0.05.
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Figure 3. Gut microbiota composition and abundance in fecal samples of IL-10-deficient mice analyzed by Illumina MiSeq sequencing. A) Overall
comparison of gut microbiota at phylum level; B) selected bacterial family; C) overall comparison of gut microbiota at family level between Con and Goji

groups. Mean & SEM, n = 7. %p < 0.05, **p < 0.01.

3.2. Goji Berry Shows Strong Prebiotic Effect in Gut of
IL-10-Deficient Mice

Goji supplementation increased Actinobacateria in gut micro-
biota without changing other phyla (Figure 3A; Figure S1, Sup-
porting Information) and the Firmicutes to Bacteroidetes ratio.
The Bifidobacteriaceae bloomed due to Goji supplementation; its
abundance in the Goji group was ~7 times of that in Con group
(Figure 3B). Dietary Goji also increased Lachnospiraceae and
Ruminococcaceae but decreased Peptostreptococcaceae abundance
(Figure 3B,C). Strikingly, the Lachnospiraceae—Ruminococcaceae
family accounted for 14.5 & 1.7% in gut microbiota of Goji group
compared to 8.8 + 1.3 % in Con mice. At the genus level, the Bifi-
dobacterium population of Goji was ~7 times of that of Con. Goji
supplementation further enhanced Clostridium XIVb, Clostrid-
ium XVIII, Pseudoflavonifractor, Sporobacter, Anaerotruncus, Bu-

Mol. Nutr. Food Res. 2018, 62, 1800535

1800535 (4 of 8)

tyriccicoccus, and Anaerosporobacter (Figure 4A), but had no effect
on Bacteriodes, Akkemansia, Mucispirillum, and Desulfovirio genus
(Figure S2, Supporting Information). Quantitative PCR further
confirmed a drastic increase in the population of Bifidobacterium
in fecal samples of the Goji-supplemented mice (Figure 4B).

3.3. Goji Berry Enhances Butyrate-Producing Bacteria in Fecal
Samples of IL-10-Deficient Mice

Aforementioned Lachnospiraceae and Ruminococcaceae families
were classified in the Clostridium cluster XIVa group,?’ a ma-
jor butyrate-producing group, which were drastically enriched in
Goji group (Figure 3B). In addition, the abundance of Clostridium
Cluster XIVa and Roseburia spp. within this group was increased
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Figure 4. Selected bacterial group in fecal samples of IL-10-deficient mice fed with Con or Goji supplemented diets. A) Selected bacterial genus analyzed
by Illumina MiSeq sequencing; B) quantification of Bifidobacterium spp., Roseburia spp., and Clostridium XIVa by quantitative PCR; C) the population
of Clostridium leptum and Faecailbacterium prausnitzii measured by quantitative PCR; D) the abundance of butyryl-CoA CoA transferase (BCoATscr) in
fecal of IL-10-deficient mice analyzed by quantitative PCR; E) quantification of short-chain fatty acids (SCFA) in fecal samples of IL-10-deficient mice by
GC-FID. Mean & SEM, n = 7. #p < 0.10, *p < 0.05, **p < 0.01.
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(Figure 4B). Furthermore, the butyrate-producing Clostridium lep-
tum group and its dominant constituent F. prazusnitzii were also
markedly increased in fecal samples of Goji group (Figure 4C).
Most butyrate-producing bacteria carry the gene encoding
butyryl-Coenzyme A CoA transferase (BCoATscr), a key enzyme
in butyrate formation.?®! Consistently, BCoATscr was increased
more than sixfold in Goji group compared to Con (Figure 4D). In
agreement, the butyrate and isovalerate content in feces of Goji
group were higher than those in Con group (Figure 4E).

4, Disscussion

4.1. Goji Berry Has Strong Prebiotic Effects

Goji berry contains abundant LBP that is known for its health-
beneficial effects.’**!] LBP water-soluble extract consists of
a complex mixture of extensively branched glycoconjugates
with molecular weights between 10-2300 kD.?”) The water-
soluble LBP is mainly pectic polysaccharides, but also con-
tains glucan, xylan, arabinan, and arabionogalactan-protein, and
the water-insoluble fraction contains pectin and hemicellulosic
polysaccharides.?® Thus, polysaccharides associated with Goji
intake provide excellent prebiotics for promoting health benefi-
cial microorganisms in gut microbiota.

Bifidobacteria is one of the best-known health beneficial mi-
croorganisms with protective effects against IBD.!?l The Bifi-
dobacteria genome contains a large number of genes (>8% of
the genome) associated with oligosaccharide catabolism, includ-
ing more than 40 glycosyl hydrolases,””) making it well adapted
to utilize prebiotic polysaccharides. Accordingly, dietary Goji
bloomed Bifidobacteria in fecal samples of IL-10-deficient mice,
which were associated with the improved IBD colonic patho-
biological scores. In agreement, oral administration of fructo-
oligosaccharides enriched fecal Bifidobacteria, which was low in
IBD patients,' and reduced disease activity in patients with
CD.B% Furthermore, the Muc1 expression was enhanced in Goji
group, in alignment with the role of probiotics as strong potentia-
tors of mucin expression and secretion.’!l Goji supplementation
also enriched the Lachnospiraceae—Ruminococcaceae family, which
is reduced under chronic intestinal disorders, such as IBD.3?
Taken together, these data suggest strong prebiotic effects of Goji,
which is plausibly responsible for improved epithelial structure
in IL-10-deficient mice.

4.2. Goji Berry Promotes Butyrate-Producing Bacteria in Fecal
Samples of IL-10-Deficient Mice

Butyrate, as a main energy source for colonic epithelial cells,
plays an important role in intestinal homeostasis via multiple
mechanisms.*** The abundance of butyrate-producing bacte-
ria is inversely correlated with IBD symptoms.*] The majority
of butyrate-producing strains belong to clusters XIVa and IV of
Clostridia.l”>*! Consistent with improved IBD indices, the pop-
ulation of Lachnospiraceae—Ruminococcaceae and Roseburia spp.
under Clostridia cluster XIVa were increased in IL-10-deficient
mice supplemented with Goji. Similarly, fecal F. prausnitzii, the
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most prominent butyrate-producer, which is decreased in IBD
patients,®? was increased in Goji group. These results correlated
with the suppressed IL-17A production, and alleviated inflamma-
tion and colitis symptoms. In alignment with above changes, oral
administration of the culture supernatant of F. prausnitziil®® or
butyrate”] suppressed IL-17 production and ameliorated TNBS-
induced-colitic-lesion in rats.

The BCoATscr gene, representing a major butyrate formation
pathway and existing in butyrate-producing bacteria, is a good in-
dicator of the overall abundance of butyrate-producing bacteria in
gut microbiota.?*3¥ Consistently, dietary Goji resulted in a pro-
found increase of BCoATscr in gut microbiota of IL-10-deficient
mice. In addition, Bifidobacteria and butyrate-producing bacte-
ria could cross-feed each other to form a synergistic relationship
in producing butyrate.’”) In aggregate, the enhanced butyrate-
producing bacteria in addition to Bifidobacteria due to Goji
supplementation likely exert beneficial effects against colitis in
IL-10-deficient mice.

4.3. Dietary Goji Berry Suppresses Inflammation in Intestine of
IL-10-Deficient Mice

Chronic inflammation is indispensable for the etiology of
IBD. Due to the deficiency of an important anti-inflammatory
cytokine, IL-10-deficient mice develop chronic inflammation,
which leads to spontaneous colitis.*?! Intestinal macrophages
play an important role in induction of innate immune re-
sponses and maintenance of intestinal homeostasis.!l 1L-17 is
the signature effector cytokine of Th17 cells and is elevated in
IBD patients.*” Consistently, Goji supplementation decreased
colonic IL-17A expression and macrophage infiltration in IL-10-
deficient mice. Similarly, dietary Goji alleviated disease index ac-
tivity and suppressed neutrophil infiltration and inflammation in
DSS-induced-colitis.!') A milk-based Goji preparation conferred
protective roles in TNBS-induced-colitis mice through its anti-
inflammatory effects.!'®!

The TGF-g signaling has an important role in suppression
of gut inflammation.¥ Acute inflammation induces TGF-8
signaling,** which promotes the switch from Th17 cells to reg-
ulatory T (Treg) cells, transiting from proinflammatory to anti-
inflammatory state during wound healing.*>) However, chronic
inflammation in IBD patients and IL-10-deficient mice renders
the anti-inflammatory transition impossible. In these cases, the
severity of chronic inflammation is correlated with sustained
TGF-B signaling,*’l consistent with elevated TGF-B expression
in inflamed colonic biopsy samples from UC or CD patients.*S!
In agreement, correlated with suppressed inflammation and in-
creased Bifidobacteria, TGF-B expression was decreased in Goji
supplemented IL-10-deficient mice. On the other hand, in acute
colitis induced by chemicals, Bifidobacteria enhanced TGF-8
production,*’] which promotes anti-inflammatory transition and
wound healing in the cecum of HLA-B27 transgenic rats,*¥ and
increases peripheral Treg cells.*)]

IgA is the major immunoglobulin produced in the intestinal
mucosa. Fecal total IgA titer was lower in UC patients than that
in a healthy control.”” Consistently, fecal IgA secretion was en-
hanced in Goji group, further demonstrating the improvement
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of gut mucosal immune response, given that the mucosal de-
fense of healthy gut is primarily through IgA secretion.’!l In
agreement with our results, supplementation of galactooligosac-
charides increases both Bifidobacteria abundance and fecal IgA
level.B2

Though the exact mechanisms leading to the anti-
inflammatory effects of dietary Goji berry remain to be
established, the elevation of butyrate might have an important
role.”® As a major gut microbiota metabolite, butyrate is known
to have strong anti-inflammatory effects.”>~°! Butyrate inhibits
inflammatory signaling in immune cells,”? facilitates epithelial
differentiation, and inhibits proliferation,*®) as well as the
assembly of tight junction complexes to strengthen epithelial
barrier.*® As a result, butyrate reduces bacterial translocation
across gut epitheliumP” and thus suppresses inflammation.

In conclusion, Goji supplementation has strong prebiotic ef-
fects as indicated by the bloom of Bifidobacteria and butyrate-
producing bacteria in IL-10-deficient mice. Associated with its
prebiotic effects, dietary Goji ameliorates colonic inflammation
and pathobiology related to IBD. Data collectively suggest that
dietary Goji improves gut health and provides an alternative ther-
apeutic measure for IBD patients.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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