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Polygonum tinctorium leaf extract ameliorates high-fat
diet-induced intestinal epithelial damage in mice
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Abstract. Dietary fat strongly influences the intestinal
mucosal barrier, which protects against invading pathogenic
bacteria. A high-fat diet (HFD) compromises the integrity
of epithelial tight junctions (TJs) and reduces mucin produc-
tion, leading to intestinal barrier disruption and metabolic
endotoxemia. It has been shown that the active constituents
of indigo plants can protect against intestinal inflammation;
however, their protective role in HFD-induced intestinal
epithelial damage remains unknown. The present study
aimed to investigate the effects of Polygonum tinctorium
leaf extract (indigo Ex) on HFD-induced intestinal damage
in mice. Male C57BL6/J mice were fed a HFD and injected
intraperitoneally with either indigo Ex or phosphate-buffered
saline (PBS) for 4 weeks. The expression levels of TJ
proteins, zonula occludens-1 and Claudin-1, were analyzed
by immunofluorescence staining and western blotting. The
colon mRNA expression levels of tumor necrosis factor-a,
interleukin (IL)-12p40, IL-10 and IL-22 were measured by
reverse transcription-quantitative PCR. The results revealed
that indigo Ex administration attenuated the HFD-induced
shortening of the colon. Colon crypt length was shown to
be significantly greater in the indigo Ex-treated group mice
compared with that in the PBS-treated group mice. Moreover,
indigo Ex administration increased the number of goblet
cells, and ameliorated the redistribution of TJ proteins.
Notably, indigo Ex significantly increased the colon mRNA
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expression levels of IL-10. Indigo Ex displayed little effect
on the gut microbial composition of HFD-fed mice. Taken
together, these results suggested that indigo Ex may protect
against HFD-induced epithelial damage. The leaves of indigo
plants contain promising natural therapeutic compounds that
could be used to treat obesity-associated intestinal damage
and metabolic inflammation.

Introduction

The intestinal mucosal barrier comprises epithelial cells,
mucus, immune cells in the lamina propria, and commensal
microorganisms. Epithelial cells are tightly bound together
via intercellular junctional structures such as tight junctions
(TJ). TJ are composed of transmembrane proteins including
claudins and cytosolic scaffolding proteins including zonula
occludens-1 (ZO-1). Claudin-1, a member of the claudin
protein family, is widely expressed in the intestinal epithelia
and regulates the paracellular permeability (1,2). ZO-1
interacts with claudins and cytoskeletal actin and plays an
important role in TJ assembly (3). Additionally, mucus that
covers the epithelia contains several antibacterial peptides and
functions as a physical barrier. The commensal microbiota
and host immune cells interact with each other, which is
essential for protection against invading pathogenic bacteria
and toxins (4). Importantly, the function of the intestinal
barrier is strongly influenced by dietary contents (5). High-fat
diet (HFD) increases the intestinal permeability by inducing
the expression of barrier-disrupting cytokines and reducing
mucus secretion (6). Moreover, growing evidence suggests
that HFD is associated with abnormal intestinal flora and gut
dysbiosis (5,7). A high-fat and high-sugar diet alters the gut
microbial structure in only 3.5 days (8). The host mucosal
barrier disruption occurs even more rapidly. The epithelial
expression of ZO-1 has been reported to decrease after 48 h
of HFD consumption (9). Moreover, the number of intestinal
immune cells in mice has been observed to have significantly
decreased after 24 h of HFD consumption (10). These findings
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suggest that HFD-induced intestinal damage occurs simulta-
neously with or prior to the development of obesity-associated
metabolic disorders. An impaired intestinal barrier facilitates
the invasion of enteric microbe-derived antigens into blood
vessels, and metabolic endotoxemia modulates systemic
inflammation (11). Therefore, proper functioning of the gut
barrier is critical to prevent the progression of metabolic
inflammation.

The leaves of indigo plants, such as Polygonum tinctorium
contain a wide variety of bioactive molecules. Tryptanthrin
and kaempferol, isolated from P. tinctorium, possess anti-
bacterial properties (12). Indirubin and its analogues exert
anti-tumor effects by inhibiting cyclin-dependent kinases (13).
It was recently reported that P. tinctorium leaves exerted
anti-inflammatory effects by modulating the interleukin
(IL)-10-related pathway in a mouse model of chemically
induced colitis (14). However, the effectiveness of indigo leaf
extract in HFD-induced intestinal damage has not yet been
fully elucidated. Therefore, this study aimed to investigate
the effects of the indigo leaf extract on intestinal damage in
HFD-fed mice.

Materials and methods

Reagents. Rabbit polyclonal anti-ZO-1 (#21773-1-AP) and
anti-Claudin-1 (#28674-1-AP) antibodies were purchased
from Proteintech. The rabbit polyclonal anti-B-actin
antibody (#4967) was purchased from Cell Signaling
Technology. Alexa Fluor 488-conjugated anti-rabbit IgG
antibody (#A11008) and ProLong Gold antifade regent with
4',6-diamidino-2-phenylindole (DAPI) were purchased
from Thermo Fisher Scientific. Alcian Blue (AB) solution
(pH2.5) and BCA protein assay kit were purchased from
FUJIFILM Wako Pure Chemical Co. Periodic acid-Schiff
(PAS) stain kit and NucleoSpin RNA kit were obtained
from Muto Pure Chemicals Co. and Macherey-Nagel GmbH
and Co. KG, respectively. Moloney murine leukemia virus
(M-MLV) reverse transcriptase and oligo (dT),; primers
were purchased from Invitrogen; Thermo Fisher Scientific.
Thunderbird™ Next SYBR® gPCR mix was purchased from
Toyobo (Osaka, Japan). Polyvinylidene fluoride (PVDF)
membranes and Luminata Crescendo Western HRP substrate
were purchased from Merck Millipore. Enzyme-linked
immunosorbent assay (ELISA) kit for IL-10 was obtained
from LSBio.

Preparation of indigo Ex. For the purpose of this study, P. tinc-
torium was cultivated without pesticides in Aomori. A voucher
specimen was deposited in the herbarium of the Medical Herbal
Garden of the Tohoku Medical and Pharmaceutical University.
The indigo Ex was prepared as previously described (15).
Briefly, the air-dried leaves were powdered and extracted with
d-limonene for 48 h. After filtration, a pale-yellow extract
was obtained. In this study, we used the original indigo Ex
AOMORI-BLUE (Japanese Patent no. 6389492). This extract
is rich in the principal ingredient, tryptanthrin (15). The stock
solution, diluted 10,000-fold with water, was provided by the
Aomoriai-Sangyo Co. This solution was diluted 50-fold with
phosphate-buffered saline (PBS) and filter sterilized through a
0.33 ym membrane.

Animal model. Forty-five male C57BL6/J mice (6-7 weeks
old) were purchased from CLEA Japan and maintained on a
12-12 h light/dark cycle at 22°C and 50% relative humidity in a
specific pathogen-free environment. After a week of acclima-
tion, the mice were divided into three groups (n=15 per group).
One group was fed a normal chow (NC) diet and injected
intraperitoneally with 10 mg/kg of PBS daily (NC/PBS group).
The others were fed an HFD (High Fat Diet 32: 56.7% of
calories from fat, CLEA Japan) and injected intraperitoneally
with either PBS (HFD/PBS group) or indigo Ex (HFD/indigo
Ex group). Body weights were measured weekly, and after
4 weeks, the mice were euthanized by cervical dislocation and
the tissue samples were collected. Blood samples obtained by
cardiac puncture were incubated for 30 min at room tempera-
ture. The sera were collected by centrifugation at 3,000 rpm
for 10 min at 4°C, and the serum levels of total cholesterol
(T. Chol), triglycerides (TG), and glucose were analyzed using
a biochemical analyzer (SPOTCHEM EZ SP-4430; Arkray).
All animal experiments were conducted in accordance with
the Guidelines for Animal Experimentation of the Hirosaki
University.

Histological analysis. The colon, epididymal fat, and liver
tissues collected from the mice were fixed in 10% formalin
and embedded in paraffin. Sections (3-5 ym thick) were cut
and conventional hematoxylin and eosin (H&E) staining was
performed for morphological evaluation. Goblet cells were
histologically assessed by AB/PAS staining using a standard
protocol.

Immunofluorescence (IF) staining. IF staining was performed
to examine the epithelial expression of TJ-associated proteins
Z0-1 and Claudin-1. Tissue sections were immersed in 10 mM
citrate buffer (pH 6.0) and heat-induced antigen retrieval was
performed using an autoclave. Blocking of the endogenous
peroxidase of the tissue sections with 3% hydrogen peroxide
was followed by that with 5% normal goat serum for 1 h at
room temperature. Thereafter, sections were incubated with
the anti-ZO-1 (1:250) or anti-Claudin-1 (1:250) antibody over-
night at 4°C. After washing with PBS, the tissue sections were
incubated with Alexa Fluor 488-conjugated anti-rabbit IgG
antibody (1:250) for 1 h at room temperature. The slides were
mounted with ProLong Gold antifade reagent with DAPI, and
visualized using a confocal laser scanning microscope (Clsi;
Nikon).

Western blotting. Murine colon tissues were lysed with RIPA
buffer containing 0.2% proteinase inhibitor cocktail, and the
lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The
supernatants were collected, and equal amounts of the protein
(15 mg) were loaded onto a 10-20% sodium dodecyl sulfate
(SDS) polyacrylamide gel for electrophoresis. The separated
proteins were transferred onto a PVDF membrane. After
blocking with Tris-buffered saline with Tween 20 (TBS-T,
pH 7.4) containing 5% nonfat dry milk, the membranes were
incubated overnight at4°C withaprimary antibody against ZO-1
(1:1,000), Claudin-1 (1:1,000), or -actin (1:2,000). Membranes
were then incubated with an HRP-conjugated secondary
antibody for 1 h at room temperature. Immunodetection was
performed using Luminata Crescendo substrate. The density
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of each band was measured using the ImageJ software (16).
The levels of ZO-1 and Claudin-1 proteins were normalized
to B-actin.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from the colon tissues
using the NucleoSpin RNA kit according to the manufacturer's
instructions. Single-stranded complementary DNA (cDNA)
was synthesized using oligo (dT),s primers and M-MLV reverse
transcriptase. RT-qPCR was performed using a Bio-Rad CFX
real-time PCR thermocycler and Thunderbird™ Next SYBR®
qPCR mix. The results were normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA levels. Relative
gene expression was calculated using the delta-delta CT method.
All assays were performed in triplicates. The primer sequences
used were as follows: MUC2-F: 5-CCATTGAGTTTGGGA
ACATGC-3', R: 5-TTCGGCTCGGTGTTCAGAG-3/, spliced
X-box binding protein 1 (sXBP-1)-F: 5-GAGTCCGCAGCA
GGTGC-3', R: 5-CAAAAGGATATCAGACTCAGAATC
TGAA-3', ZO-1-F: 5~AGGACACCAAAGCATGTGAG-3', R:
5-GGCATTCCTGCTGGTTACA-3', Claudin-1-F: 5'-CTG
GAAGATGATGAGGTGCAGAAGA-3', R: 5-CCACTAATG
TCGCCAGACCTGAA-3', tumor necrosis factor (TNF)-a-F:
5-GATCTCAAAGACAACCAACATGTG-3', R: 5-CTCCAG
CTGGAAGACTCCTCCCAG-3', IL-12p40-F: 5-GGAAGC
ACGGCAGCAGAATA-3, R: 5-"AACTTGAGGGAGAAGTAG
GAATGG-3', IL-10-F: 5"TGGCCCAGAAATCAAGGAGC-3,
R: 5-CAGCAGACTCAATACACACT-3', IL-22-F: 5-GTCAAC
CGCACCTTTATGCT-3!, R: 5-CATGTAGGGCTGGAACCT
GT-3', GAPDH-F: 5" TGAAGGTCGGTGTGAACGGATTTG
G-3, R: 5-~ACGACATACTCAGCACCAGCATCAC-3.

ELISA. Total protein was extracted from the colon tissues
using RIPA buffer containing 0.2% proteinase inhibitors
cocktail as described above, and the concentration was deter-
mined using a BCA protein assay kit. Colon IL-10 levels were
measured using an ELISA kit, according to the manufacturer's
instructions.

Gut microbiota analysis. Gut microbiota analyses was
performed at the Bioengineering Lab. Co., Ltd. (Kanagawa,
Japan). Fecal samples were collected from mice and stored at
-20°C. Total DNA was extracted using the MPure-12 system
and MPure bacterial DNA extraction kit (MP Bio Japan K.K.).
The V3-V4 regions of the 16S ribosomal RNA (rRNA) genes
were amplified using the primers 341F (5'-ACACTCTTTCCC
TACACGACGCTCTTCCGATCT-NNNNN-CCTACGGGN
GGCWGCAG-3") and 805R (5'-GTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCT-NNNNNGACTACHVGG
GTATCTAATCC-3"). Amplicons were sequenced using the
2x300-bp paired-end method on a MiSeq system (Illumina).
The microbiome was analyzed using QIIME2 (ver. 2022.2).

Statistical analyses. Data obtained are presented as
mean + standard deviation (SD). One-way analysis of variance
(ANOVA) with post-hoc Tukey test was performed to analyze
the statistical significance among the three groups, and an
unpaired two-tailed t-test was performed to compare the differ-
ences in gut microbiota between the HFD/PBC and HFD/indigo
Ex groups. Statistical significance was set at P<0.05.
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Results

Indigo Ex has no effect on HF D-induced obesity. First, we
investigated the effect of indigo Ex on diet-induced obesity. The
results showed that the body weight of the HFD-fed mice was
significantly higher than that of the NC-fed mice at 4 weeks.
There was no significant difference in the body weights of the
HFD/PBS and HFD/indigo Ex groups (Fig. 1A). Daily food
intake in the HFD/indigo Ex group was similar to that in the
HFD/PBS group (Fig. S1A). Epididymal fat weight was higher in
the HFD/PBC group than in the NC/PBC group, while indigo Ex
had little effect on this increase (Fig. S1B). Histological results
confirmed that HFD induced adipocyte hypertrophy, with indigo
Ex having little effect on them (Fig. SIC). Four weeks of HFD
feeding did not lead to apparent steatosis of the liver, and indigo
Ex had no effect on the liver (Fig. SID). There were no differ-
ences in the serum levels of T. Chol, TG, and glucose between
the HFD/PBS and HFD/indigo Ex groups (Fig. SIE).

Indigo Ex ameliorates HFD-induced intestinal epithelial
damage. Our results showed that indigo Ex ameliorated the
HFD-induced shortening of the colon in mice (Fig. 1B and C).
Moreover, the colon crypt length in the HFD/indigo Ex group
mice was significantly greater than that in the HFD/PBS
group mice (Fig. 1D and E). There was no difference in the
number of crypts between any of the three groups, and we
could not detect mucosal destruction or increased infiltration
of immune cells (Fig. 1D). To further evaluate the protective
effect of indigo Ex against HFD-induced intestinal damage,
we performed AB/PAS staining to assess the number of
goblet cells. Goblet cells play an essential role in mucus
production, and it has been reported that HFD causes mucin
depletion at a relatively early stage (6,17). Consistently, we
observed that the number of goblet cells was lower in the
HFD/PBS group than in the NC/PBS group, and that indigo
Ex administration prevented this decrease in HFD-fed
mice (Fig. 1F). Because MUC2 is the major component
of mucin (18,19), we performed RT-qPCR to analyze the
expression of MUC2 mRNA in the colon tissue of mice
from different groups. The results showed that there was no
significant difference in MUC2 mRNA levels between the
HFD/PBS and HFD/indigo Ex groups (Fig. 2A). Dietary fat-
induced endoplasmic reticulum (ER) stress is associated with
impaired goblet cell function and mucin depletion (17,20).
Therefore, we evaluated the mRNA levels of sXBP-1, an
unfolded protein response (UPR) signaling molecule. Results
showed that HFD and indigo Ex had no effect on sXBP-1
mRNA expression (Fig. 2B).

As indigo Ex had a protective effect on goblet cells, we
speculated that the extract may improve HFD-induced redis-
tribution of TJ-associated proteins. We performed IF staining
to assess the expression of TJ-associated proteins, ZO-1 and
Claudin-1. The results showed that the expression of these
proteins in the mucosal surface layer was markedly decreased
in the HFD/PBS group compared to that in the NC/PBS
group, and indigo Ex administration restored the expression
of these proteins (Fig. 2C and D). The results of western
blotting showed that the expression level of ZO-1 protein in
the HFD/indigo Ex group mice was significantly increased
compared to that in the HFD/PBS group mice, whereas there
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Figure 1. Effects of P. tinctorium leaf extract (indigo Ex) on HFD-induced intestinal damage in mice. The mice were divided into three groups. The NC/PBS
group was fed an NC diet and intraperitoneally injected with PBS. The HFD/PBS and HFD/indigo Ex groups were fed with a HFD and injected with either
PBS or indigo Ex, respectively. (A) Percentage change in the body weight after 4 weeks. Data are presented as mean + SD, n=8-9 in each group. ““P<0.001 vs.
NC/PBS; n.s., not statistically significant. (B) Representative images of the colons from mice in the NC/PBS (a), HFD/PBS (b), and HFD/indigo Ex (c) groups.

ok

(C) Bar graph depicting the colon length. Data are presented as mean + SD, n=8-9 in each group. ““P<0.001, "P<0.05. (D) H&E staining of the colon sections.
Original magnification: 200x. Scale bar, 100 gm. (E) Bar graph showing the crypt length. Results are presented as mean + SD, n=8-9 in each group. ““P<0.001;
n.s., not statistically significant. (F) AB/PAS staining was performed to assess the number of goblet cells. Scale bar, 100 mm. NC, normal chow; HFD, high-fat
diet; PBS, phosphate-buffered saline; H&E, hematoxylin and eosin; AB/PAS, Alcian Blue/Periodic acid Schiff; ns, not significant.

was no difference in the expression level of Claudin-1 between
HFD/PBS group and HFD/indigo Ex group (Fig. 2E-G). The
expression of ZO-1 and Claudin-1 mRNA was not affected by
the indigo Ex (Fig. 3A and B).

Next, we examined the mRNA levels of TNF-a, IL-12p40,
IL-10, and IL-22. The results showed no significant difference
in TNF-a and IL-12p40 levels between the NC/PBS,HFD/PBS,
and HFD/indigo Ex groups (Fig. 3C and D). Interestingly,
indigo Ex significantly increased the mRNA levels of IL-10
but not IL-22 (Fig. 3E and F). We performed ELISA for IL-10
using colon tissue homogenates, and the results indicated that
the IL-10 levels were significantly higher in the HFD/indigo
Ex group than in the NC/PBS group (Fig. 3G).

Indigo Ex does not alter the gut microbial composition in
HFD-fed mice. We performed 16S rRNA gene sequencing to
clarify whether the effects of the indigo Ex were accompanied

by changes in the gut microbial structure. As shown in Fig. 4A,
there were no significant differences in the microbial composi-
tion between the HFD/PBS and HFD/indigo Ex groups at the
phylum level. Similarly, there was no significant difference
in the Firmicutes/Bacteroides ratio between the two groups
(Fig.4B). At the genus level, indigo Ex had no effect on the rela-
tive abundance of Allobaculum, Akkermansia, Bacteroides,
and Ruminococcus (Fig. 4C).

Discussion

The molecular mechanisms underlying HFD-induced impair-
ment of the intestinal mucosal barrier are complex and not fully
understood. Recent studies have demonstrated that long-term
HFD consumption negatively affects TJ integrity and enhances
the intestinal permeability (21,22). Moreover, increased expres-
sion of proinflammatory cytokines and intestinal inflammation
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Figure 2. The mRNA levels in the colon of mice from NC/PBS, HFD/PBS, and HFD/indigo Ex groups. Total RNA was extracted from the colon tissue and
cDNA was synthesized. Diagrammatic representations of RT-qPCR performed to analyze the mRNA levels of (A) MUC2 and (B) sXBP-1. Data are presented
as mean + SD, n=3-5 in each group. “P<0.01; n.s., not statistically significant. (C and D) Diagrammatic representation of results obtained for immunofluores-
cence staining performed to analyze the expression of (C) ZO-1 and (D) Claudin-1 in the colon mucosa. Both proteins were expressed in the luminal surface
of the epithelial cells (green). Cell nuclei were stained with DAPI (blue). Representative images for 4-5 mice in each group. Scale bar, 100 ym. (E) Colon tissue
homogenates were prepared, and the expressions of ZO-1, Claudin-1, and -actin were analyzed by western blotting. (F and G) The optical density of each
band was measured using the ImageJ software. Results are presented as mean + SD, n=4 in each group. ‘P<0.05; n.s., not statistically significant. NC, normal
chow; HFD, high-fat diet; PBS, phosphate-buffered saline; RT-qPCR, reverse transcription-quantitative PCR; MUC2, mucin-2; sXBP-1, spliced X-box binding

protein-1; ZO-1, zonula occludens-1; DAPI, 4',6-diamidino-2-phenylindole.

reduce the expression of TJ-associated proteins (6,23). A previous
study showed that saturated fatty acids induced ER stress in
epithelial cells (24). Elevated ER stress in goblet cells reduces
mucin secretion, leading to intestinal barrier disruption (17).
Furthermore, alterations in the structure of the gut microbiota
affect the function of both epithelial and immune cells. In this
study, we demonstrated that indigo Ex ameliorates the decrease
in the number of goblet cells in the colon of HFD-fed mice.
Additionally, indigo Ex restored the expression of ZO-1 and
Claudin-1 proteins, whereas that of mRNA was not affected,
suggesting that the extract modulated the expression of these
proteins in a post-transcriptional manner. These results indicated
that indigo Ex could protect against HFD-induced intestinal
epithelial damage. It has been reported that the TJ-associated
proteins are regulated post-translationally by phosphoryla-
tion, palmitoylation, and glycosylation in response to various

stimuli (25,26). We speculated that indigo Ex might affect the
post-translational modulation of TJ proteins. Alternatively, the
indigo Ex might indirectly attenuate the epithelial cell damage by
increasing mucus production. The results of IF staining showed
that the epithelial expression of ZO-1 and Claudin-1 was mark-
edly decreased in the HFD-fed mice, while the protein level of
Claudin-1 in colon tissue homogenates was increased, as shown
by western blotting. We speculate that this discrepancy may be
ascribed to the results obtained using whole tissue homogenates,
while failing to reflect the changes in the expression pattern of
the TJ proteins in the mucosal surface layer. Histologically,
our study neither detected mucosal destruction nor immune
cell infiltration; moreover, the mRNA levels of the proinflam-
matory cytokines were not increased in the colons of HFD-fed
mice. In addition, the level of sXBP-1 mRNA in HFD-fed
mice was similar to that in the NC-fed mice. According to
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Figure 3. Diagrammatic representations of RT-qPCR performed to analyze the mRNA levels of (A) ZO-1, (B) Claudin-1, (C) TNF-a, (D) IL-12p40, (E) IL-10
and (F) IL-22. Data are presented as mean = SD, n=3-5 in eac h group. “P<0.01, "P<0.05; n.s., not statistically significant. (G) The protein level of IL-10 in
murine colon tissues was determined by ELISA. The results are presented as mean + SD, n=5 in each group. “P<0.01; n.s., not statistically significant. NC,
normal chow; HFD, high-fat diet; PBS, phosphate-buffered saline; ELISA, enzyme-linked immunosorbent assay; ZO-1, zonula occludens-1; TNF, tumor

necrosis factor; IL, interleukin.

previous reports, ER stress occurs at least 11 weeks after HFD
consumption (17,20). Our results indicated that indigo Ex exerts
a protective effect independently of intestinal inflammation or
ER stress. Further studies are however required to determine the
precise mechanisms through which indigo Ex exerts a protec-
tive effect on epithelial cells.

Indigo Ex increased the mRNA levels of IL-10, but not
IL-22. Using chemical compounds, indigo is known to act
as an aryl hydrocarbon receptor (AhR) agonist and induce
IL-22 expression, leading to the improvement of intes-
tinal barrier function under HFD-fed conditions (27). Our
results showed that indigo Ex did not induce IL-22 mRNA
expression, suggesting that the protective effects of indigo
Ex were not mediated by IL-22. Some beneficial effects of
indigo leaves may be unrelated to AhR signaling activation.
Previously, we reported that P. tinctorium leaves improved

murine colitis independently of AhR (14). 3,5,4'-trihydroxy-
6,7-methylenedioxyflavone-O-glycosides and their aglycones,
which are present in P. tinctorium, have been reported to
suppress experimental colitis by inducing IL-10 (28). IL-10
plays a key role in decreasing epithelial stress and enhancing
TJ integrity (23,29). Our results revealed that the colon IL-10
level was enhanced in the HFD/indigo Ex group mice, while
there was no significant difference between HFD/PBS and
HFD/indigo Ex groups. We speculate that the induction of
IL-10 is modestly associated with the effects of indigo Ex in
HFD-fed mice. In the present study, we were unable to iden-
tify the cellular source of IL-10 and the extract components
responsible for the IL-10 increase. These important issues
need to be addressed in future research.

A growing body of evidence suggests that commensal
microbes influence the epithelial expression of TJ-associated
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Figure 4. Results for 16S rRNA gene sequencing performed on fecal samples collected from mice of HFD/PBS and HFD/indigo Ex groups are presented
as mean = SD, n=4 in each group. (A) Relative abundance of microbiota at the phylum level. (B) Firmicutes/Bacteroides ratio. (C) Relative abundance of
Allobaculum, Akkermansia, Bacteroides and Ruminococcus. HFD, high-fat diet; PBS, phosphate-buffered saline; n.s. not significant.

proteins. Dietary fat-induced alterations in the gut microbiota
structure lead to epithelial cell dysfunction. Specifically, HFD
decreases the abundance of barrier-promoting microbes,
such as Lactobacillus spp., Bifidobacterium spp., and
Akkermansia muciniphila (6). In addition, it is well-known
that HFD leads to an increase in the Firmicutes/Bacteroidetes
ratio (30,31). Our findings demonstrated that indigo Ex had
little effect on the gut microbial composition at 4 weeks after
HFD consumption, suggesting that the protective effects of
indigo Ex are not mediated by alterations in the gut microbiota
structure.

Moreover, we could not confirm the prophylactic effects of
indigo Ex on obesity itself. Presumably, the 4-week treatment
period was too short to evaluate the effects of indigo Ex on
obesity-associated metabolic disorders, and long-term treat-
ment may be required. Nevertheless, indigo Ex may prevent
the exacerbation of metabolic inflammation, along with
exerting favorable effects on the metabolic profile.

In conclusion, P. tinctorium leaf extract increased the
number of goblet cells and ameliorated the redistribu-
tion of TJ proteins in the colon mucosa of HFD-fed mice,
thereby preventing the HFD-induced intestinal damage.
P. tinctorium leaf extract may contain natural compounds for
treating obesity-associated intestinal damage, and could be
developed as a potential therapeutic agent for intestinal barrier
dysfunction and metabolic inflammation.
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