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Abstract. Ding's herbal enema (DHEP) is a traditional 
Chinese medicinal therapy that has been used to treat ulcer‑
ative colitis (UC) in China. The present study determined the 
molecular mechanism of the effect of DHEP in UC treatment. 
C57BL/6J mice were treated with 3.5% (w/v) dextran sulfate 
sodium (DSS) for 7 days to establish an animal model of colitis. 
The mice were divided into five groups (n=5): Control, vehicle, 
DHEP, mesalazine and β‑sitosterol. After oral administration 
for 7 days, the body weight, disease activity index, histopa‑
thology and inflammatory factors were analyzed. The fractions 
of CD4+Foxp3+ regulatory T (Treg) cells and CD4+IL‑17A+ 
T helper (Th) cells were determined by flow cytometry. Gut 
microbiota composition was analyzed by next‑generation 
sequencing. The results revealed that DHEP and β‑sitosterol 
could significantly alleviate the symptoms of DSS‑induced 
UC. Furthermore, the levels of IL‑6, cyclooxygenase‑2, 
TNF‑α and p65 were reduced after administration of DHEP. 
Additionally, the data indicated that DHEP could increase the 
abundance of seven operational taxonomic units (OTUs) and 
decrease the abundance of 12 OTUs in the gut microbiota. The 
content of short‑chain fatty acids in the colon remodeled the 
balance of Treg/Th17 cells in DSS‑induced UC in mice. The 
present study preliminarily defined the mechanism of action of 

DHEP in UC that may be associated with the regulation of the 
gut microbiota composition, and maintenance of the balance 
between Treg and Th17 cells. Furthermore, β‑sitosterol exhib‑
ited the same effects with DHEP and it could be a possible 
substitute for DHEP in UC treatment.

Introduction

Inflammatory bowel disease (IBD), including ulcerative 
colitis (UC) and Crohn's disease, is an autoimmune disease 
of the intestine (1). IBD is influenced by a number of factors, 
such as eating habits, disorders of the intestinal flora (2) and 
the immune system (3). There is a lack of specific therapeutic 
target in UC; therefore, the strategy of UC treatment involves 
immune regulation and inhibition of inflammation  (4,5). 
There have been previous precedents of successful prevention 
and cure of inflammatory diseases using traditional Chinese 
herbal medicines  (6,7). Ding's herbal enema (DHEP) was 
created by Ding Zemin, an eighth‑generation descendant of 
the Ding family. DHEP has been used in The Third Affiliated 
Hospital of Nanjing University of Chinese Medicine (Nanjing, 
China) for >50 years and has an excellent curative effect 
in IBD treatment (8). DHEP contains Lonicerae japonicae 
flos (Jinyinhua), Sanguisorba officinalis L. (Diyu), Bletilla 
striata (Thunb.) Rchb.F. (Baiji), Phellodendron chinense 
Schneid. (Huangbo), Coptis chinensis Franch (Huanglian) 
and Portulaca oleracea L. (Machixian). All of the constitu‑
ents of the DHEP solution that are from traditional Chinese 
medicine.

Studies have demonstrated that Jinyinhua, Diyu and Baiji 
contain β‑sitosterol (9,10). β‑sitosterol has immunomodulatory 
and anti‑inflammatory activity, and is present in numerous 
plants (11). A number of studies have revealed that β‑sitosterol 
can inhibit inflammation through the NF‑κB pathway (12‑16). 
Animal experiments suggest that β‑sitosterol can significantly 
reduce colonic shortening, disease activity index (DAI) and 
fetal hemoglobin content in mice (17). Additionally, β‑sitosterol 
specifically increases the activity of T helper (Th) cells, and 
increases the activity of T cells and natural killer cells (18).
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The present study investigated the mechanism of action of 
DHEP and its possible active ingredient, β‑sitosterol, in the 
treatment of UC. C57BL/6J mice were treated with 3.5% (w/v) 
dextran sulfate sodium (DSS) for 7 days to generate an animal 
model of colitis. DHEP and β‑sitosterol were administered for 
7 days, and the results indicated that DHEP and β‑sitosterol 
inhibited the inflammatory response and restored the 
Th17/regulatory T cell (Treg) balance by regulating intestinal 
microbiota and short‑chain fatty acids (SCFAs).

Materials and methods

Animals. A total of 50 adult female C57BL/6 mice (6‑8 weeks 
old), weighing 20‑24  g, were obtained from Yangzhou 
University Comparative Medical Center (Yangzhou, China). 
Mice were fed with free access to food and drinking water and 
housed in a temperature‑controlled room (22±4˚C) under a 
12‑h dark‑light cycle with a relative humidity of 50%. Animal 
welfare and experimental procedures were carried out in 
accordance with the guidelines and the associated ethical regu‑
lations of The Experimental Animal Ethics Committee of the 
Nanjing Hospital of Chinese Medicine Affiliated to Nanjing 
University of Chinese Medicine (Nanjing, China), which 
approved the animal experiments (approval no. 2020‑10‑002).

Reagents. DHEP was obtained from The Third Affiliated 
Hospital of Nanjing University of Chinese Medicine (Nanjing, 
China). β‑sitosterol was purchased from Beijing Solarbio 
Science & Technology Co., Ltd. (cat. no. IS0690). Mesalazine 
(5‑ASA) was purchased from Ethypharm SAS (cat. no. 160306). 
DSS (36‑50 kDa) was purchased from MP Biomedicals, LLC 
(cat. no. 160110). IL‑6 (cat. no. 12912), TNF‑α (cat. no. 3707) 
and p65 (cat. no. 6956) antibodies were obtained from Cell 
Signaling Technology, Inc. Cyclooxygenase (COX)‑2 (cat. 
no. BM4419) antibodies were obtained from Wuhan Boster 
Biological Technology, Ltd. IL‑17A (cat. no. ml037864) and 
IL‑10 (cat. no. ml037873) enzyme‑linked immunosorbent assay 
(ELISA) kits were purchased from Shanghai Enzyme‑Linked 
Biotechnology Co., Ltd.

Determination of β‑sitosterol in DHEP. DHEP powder 
(20 g) was extracted using methanol (100 ml x 3) at room 
temperature. After removal of methanol under reduced pres‑
sure (~‑0.1 Mpa), the aqueous brownish syrup (120 ml) was 
suspended in H2O (100 ml) and then partitioned with petroleum 
ether (50 ml x 3) to obtain 500 mg petroleum ether‑soluble 
fraction. The fraction was further fractionated on a silica gel 
column eluted with petroleum ether‑acetone (from 1:0 to 0:1) 
to obtain eleven fractions (1‑10) according to thin‑layer chro‑
matography analysis. Fraction three (65 mg) was loaded onto 
a silica gel column and eluted with methanol‑CHCl3 (20:80, 
30:70 and 40:60; 50 ml of each mixture) to yield four subfrac‑
tions (fractions 3‑1 to 3‑4). Fraction 3‑2 was analyzed by gas 
chromatography. The analytes (1 µl) were separated using 
an Agilent 6890N‑5975B GC system (Agilent Technologies, 
Inc.) equipped with a flame ionization detector and an HP‑5 
column (30 m x 250 µm x 0.25 µm) using 99.99% nitrogen as a 
carrier gas and 99.99% hydrogen as an auxiliary gas at a flow 
rate of 1.2 ml/min with a split ratio of 10:1. The temperatures 
of injector and detector were 250˚C and 280˚C, respectively. 

The oven temperature was gradually increased from 100˚C to 
250˚C at a rate of 50˚C/min and from 250˚C to 280˚C at a rate 
of 10˚C/min and was held for 4 min.

Animal models of DSS‑induced acute colitis and treatments. 
Mice were treated with 3.5% (w/v) DSS in their drinking water 
for 7 days, followed by switching to regular drinking water 
for 7 days. Test compounds were administered via an enema 
per day for 7 days following DSS treatment. To investigate the 
effect of DHEP, all mice were randomly divided into 5 groups: 
Control (no DSS treatment, orally administered with sterile 
water; n=12), vehicle (DSS treated for 7 days, orally adminis‑
tered with sterile water; n=12), DHEP (administered by enema 
at a dose of 7.2 g/kg; n=12), 5‑ASA (orally administered at a 
dose of 0.2 g/kg; N = 12) and β‑sitosterol (administered by 
enema at dose of 0.1 g/kg; n=12). At 24 h after the last enema, 
mice that had been fasting for 12 h were sacrificed.

Evaluation of DAI. Body weight, stool consistency and rectal 
bleeding of the mice were recorded daily and scored according 
to Cooper's scoring criteria (19). The mean of the three scores 
was calculated and recorded as the DAI. The body weight 
loss was scored as 0 when there was no loss in weight; 1 for 
a loss of 1‑5%; 2 for a loss of 5‑10%; 3 for a loss of 10‑15%; 
or 4 for a loss of >15%. Regarding stool consistency, 0 points 
indicated normal pellets, 2 points indicated loose stools that 
did not stick to the anus and 4 points indicated diarrhea. For 
rectal bleeding, 0 points were given for negative (‑) results in 
the Hemoccult test (20); 1 point for positive (+) results; 2 points 
for positive (++) results; 3 points for positive (+++) results; and 
4 points for gross rectal bleeding (++++) results.

Histopathology. A representative sample from the middle 
region of the colon was fixed in 4% paraformaldehyde at 4˚C 
for 24 h, embedded in paraffin, sectioned (5‑µm), stained with 
hematoxylin (at room temperature for 5 min) and eosin (at 
room temperature for 2 min) and then observed using an IX 51 
epifluorescence Olympus microscope (Olympus Corporation) 
equipped with a DP‑26 digital camera at x40 magnification.

16S DNA high‑throughput sequencing. The construction of a 
high‑throughput sequencing library and sequencing based on 
the Illumina MiSeq platform was performed by Genewiz, Inc. 
A Qubit 2.0 Fluorometer (Invitrogen; Thermo Fisher Scientific, 
Inc.) was used to detect the DNA concentration of the samples 
and to construct a sequencing library using the MetaVxTM 
Library Construction kit (Genewiz, Inc.). Using 10 nmol of DNA 
as a template, a series of PCR primers designed by Genewiz, 
Inc. were used to amplify the prokaryotic 16S ribosomal (r)
DNA, including two highly variable regions of V3 and V4. The 
V3 and V4 regions were amplified using an upstream primer 
containing the 5'‑CCTACGGRRBGCASCAGKVRVGAAT‑3' 
sequence and a downstream primer containing the 5'‑GGA 
CTACNVGGGTWTCTAATCC‑3' sequence. In addition, a 
primer with an index was added to the end of the PCR product 
of the 16S rDNA by PCR for next‑generation sequencing. 
The library quality was determined using an Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc.) and library concen‑
trations were determined using a Qubit  2.0 fluorometer 
(Invitrogen; Thermo Fisher Scientific, Inc.). After the DNA 
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library was mixed, the Illumina MiSeq (Illumina, Inc.) 
instrument was used in accordance with the manufacturer's 
instructions. The instrument performed 2x300 bp double‑end 
sequencing (paired end) reactions, and the sequence informa‑
tion was read by the MiSeq Control Software (v4.0) that comes 
with MiSeq.

SCFAs measurements. Fresh feces (0.2 g) were suspended in 
1 ml of deionized water and homogenized by vortexing for 
1 min before centrifugation (138,00 x g at 4˚C for 30 min). The 
supernatant from the colon and cecum (630 and 720 µl, respec‑
tively) was mixed with 25% metaphosphoric acid at a ratio 
of 9:1 (v:v) and was shaken at 37˚C for 4 h. The supernatant 
was collected and stored at ‑20˚C before gas chromatog‑
raphy analysis. Standard curves were constructed according 
to a previously described method (15). Specifically, 1 µl of 
the analytes was separated using an Agilent 6890N‑5975B 
GC system equipped with an flame ionization detector and 
a DB‑FFAP column (30 m x 250 µm x 0.25 µm; Agilent 
Technologies Inc.)  (21) using 99.99% nitrogen as a carrier 
gas and 99.99% hydrogen as an auxiliary gas at a flow rate 
of 0.8 ml/min with a split ratio of 50:1. The temperatures of 
injector and detector were 250˚C and 280˚C, respectively. The 
oven temperature was gradually increased from 60˚C to 220˚C 
at a rate of 20˚C/min and held for 1 min (22).

Flow cytometry. The Treg and Th17 cells in the mouse 
spleen and mesenteric lymph nodes (MLNs) were isolated 
using a Mouse Lymphocyte Separation Solution kit (cat. 
no. DKW33‑R0100; Dakewe Biotech Co., Ltd.) according to 
the manufacturer's instructions. The differentiation of Treg 
and Th17 cells in the spleen and MLNs were analyzed with 
extracellular staining, membrane permeabilization, fixation, 
intracellular staining were performed using BD Pharmingen™ 
Transcription Factor Buffer Set kit (cat. no.  562574; 
BD Biosciences) according to the manufacturer's instructions, 
and flow analysis was conducted. To analyse the Treg cells, 
lymphocyte cells were stained with FITC‑conjugated anti‑CD4 
(1:500; cat. no. 557307; BD Pharmingen; BD Biosciences) 
and P‑phycoerythrin (PE)‑conjugated anti‑Foxp3 (1:500; 
cat. no. 12‑4771‑82; eBioscience; Thermo Fisher Scientific, 
Inc.). For Th17 cells, lymphocyte cells were stained with 
allophycocyanin‑conjugated anti‑CD4 (1:400; cat. no. 100411; 
BioLegend, Inc.) and PE‑conjugated anti‑IL‑17A (1:500; cat. 
no. 506903; BioLegend, Inc.). The samples were analysed by 
BD Accuri C6 flow cytometry (BD Biosciences), and the data 
was analysed by FlowJo v10 software (FlowJo LLC).

Enzyme‑linked immunosorbent assay (ELISA). The analyses 
of the fecal calprotectin (cat. no.  ml037105, Shanghai 
Enzyme‑Linked Biotechnology Co., Ltd.) (23), IL‑10 (from 
colon tissues) and IL‑17A (from colon tissues) were performed 
using the corresponding ELISA kit. The experimental 
procedure was based on the manufacturer's instructions. The 
fluorescence was measured using a microplate reader (BioTek 
Instruments, Inc.) with excitation at 450 nm.

Determination of myeloperoxidase (MPO) activity. The MPO 
activity in colon tissues and serum was determined using 
an MPO detection kit (cat no. A044‑1‑1; Nanjing Jiancheng 

Bioengineering Institute) according to the to the manufac‑
turer's protocols.

Western blotting. Mouse colon tissue was collected and lysed 
in RIPA lysis buffer (cat. no. P0013B; Beyotime Institute of 
Biotechnology). The protein content was determined by the 
BCA method. Equal quantities (50 µg) of protein lysate were 
loaded into each lane of a 10% SDS‑polyacrylamide gel and 
wet‑transferred onto a polyvinylidene difluoride membrane 
(Bio‑Rad Laboratories, Inc.) using a Bio‑Rad electro transfer 
apparatus. After blocking with 5% skimmed milk powder in 
Tris‑buffered saline and 0.1% Tween‑20 at room temperature 
for 2  h, the membranes were incubated with the primary 
antibodies. The following antibodies were used: p65 (1:500), 
COX‑2 (1:500), IL‑6 (1:1,000), TNF‑α (1:100) and actin 
(cat. no. ab6276, 1:5,000; Epitomics; Abcam). Horseradish 
peroxidase (HRP)‑conjugated goat anti‑rabbit IgG antibody 
(cat. no. D110058, 1:10,000; Sangon Biotech Co., Ltd.) was 
used as the secondary antibody. Immunoblotted bands were 
visualized with the Immobilon Western Chemilum HRP 
Substrate (cat. no. WBKLS0100; MilliporeSigma) using a 
JS‑680 B Gel Documentation and Analysis System (Bio‑Rad 
Laboratories, Inc.) and quantified using Image Lab  v3.0 
(Bio‑Rad Laboratories, Inc.) and Quantity One v4.62 (Bio‑Rad 
Laboratories, Inc.) software. All the proteins were normalized 
to the corresponding actin level.

Statistical analysis. Statistical analysis was performed using 
one‑way ANOVA, followed by Tukey's post hoc test. Ordinal 
data were analyzed using Kruskal‑Wallis with Dunn's post 
hoc test. Quantitative data are presented as mean ± standard 
deviation (unless otherwise shown). P<0.05 was considered 
to indicate a statistically significant difference. The data 
presented represent at least three independent experiments. The 
16S rDNA data was analysed by QIIME data analysis package 
(v1.9.1; http://qiime.org/); the α diversity was represented by the 
Shannon indexes, and the β diversity represented by principal 
coordinate analysis (PCA). Sequences were grouped into oper‑
ational taxonomic units (OTUs) using the clustering program 
VSEARCH (v1.9.6; https://github.com/torognes/vsearch) 
against the Silva 119 database (https://www.arb‑silva.de/) 
pre‑clustered at 97% sequence identity. Linear discriminant 
analysis effect size (LEfSe; http://huttenhower.sph.harvard.
edu/galaxy/) to obtain the OTU for each group. Differences 
in relative abundances of OTUs were calculated using Tukey's 
honest significant difference test. Data were analysed by the 
GraphPad Prism 7.0 software (GraphPad Software, Inc.).

Results

HEP and β‑sitosterol attenuates DSS‑induced UC in 
mice. C57BL/6 mice were treated with 3.5% (w/v) DSS for 
7 days to induce UC (Fig. 1A) (24). On day 7, the bleeding 
score (Fig. 1C), diarrhea score (Fig. 1D), DAI (Fig. 1E) and 
calprotectin content (an indicator of colitis (Fig. 1G) (24‑26) 
were increased in mice treated with DSS compared with the 
vehicle, whereas the body weight (Fig. 1B) was decreased. 
In addition, compared with the control group, the mice body 
weight was significantly shortened when DSS treated with DSS 
for 7 days (Fig. 1F). These results indicated that the mouse 
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Figure 1. DHEP and β‑sitosterol treatment of acute colitis in vivo. (A) Schematic overview of the experimental design. Changes in (B) body weights, (C) clinical 
bleeding scores, (D) clinical diarrhea scores and (E) DAI are presented, and all statistical values are compared on day 14. (F) Weight loss and (G) fecal calpro‑
tectin content in feces after colitis induction. (H) Representative images of whole colons and colon length. (I) Spleen mass of mice after the end of the experiment. 
(J) Quantification of whole colons and colon length. (K) Colon sections were counterstained with hematoxylin and eosin, and high‑magnification images are 
presented in the bottom row (top row magnification, x100; bottom row, x400). n=4‑12. ##P<0.01, ###P<0.005 and ####P<0.001 vs. control group; *P<0.05, **P<0.01, 
***P<0.005 and ****P<0.001 vs. vehicle group. DHEP, Ding's herbal enema; DAI, disease activity index; 5‑ASA, mesalazine; DSS, dextran sulfate sodium.
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model was successfully established (27,28). DHEP, compared 
with the vehicle group, was administered by enema for 7 days 
and attenuated the symptoms of colitis (loss of body weight, 
diarrhea, rectal bleeding and DAI) (Fig. 1B‑E). In addition, for 
β‑sitosterol treatment, the loss of body weight, rectal bleeding 
and DAI score were relieved remarkably compared with the 
vehicle group (Fig. 1B‑E). These results suggested that DHEP 
and β‑sitosterol might be a positive effect on the treatment of 
DSS‑induced UC mice model.

As presented in Fig. 1H and J, the colon was edematous and 
significantly shortened in the vehicle group of mice compared 
with that in the control group. A reduction in colon length in 
DSS‑treated mice was significantly attenuated by treatment 
with 5‑ASA, DHEP and β‑sitosterol. Additionally, 5‑ASA, 
DHEP and β‑sitosterol significantly reduced the weight of 
the spleen compared with the vehicle, which was the largest 
immune organ (Fig. 1I). Comparison with the control group 
mice identified certain pathological changes in the DSS‑treated 
mice (Fig. 1K), including damaged intestinal epithelial cells, 
submucosal edema, disappearance of villi and crypts and a 
large number of infiltrating inflammatory cells  (Fig. 1K). 
However, these pathological changes were relieved after 
administration of 5‑ASA, DHEP and β‑sitosterol (Fig. 1K).

DHEP and β‑sitosterol remodels the distribution of intestinal 
microbiota in mice. To determine whether intestinal micro‑
biota were affected by treatment with 5‑ASA, DHEP and 
β‑sitosterol, 16S rDNA sequencing was used to evaluate the 
abundance of intestinal flora in mice. After the sequencing 
data were analyzed by QIIME, the α diversity for all groups 
represented by the Shannon indexes is presented in Fig. 2A. 
Notably, the diversity in the DSS‑treated groups were similar 
to that in the control group. By contrast, the diversity in the 
5‑ASA group was significantly decreased compared with that in 
the vehicle group. However, these differences were not signifi‑
cant in the DHEP‑ and β‑sitosterol‑treated groups (Fig. 2A). 
β diversity represented by PCA is presented in Fig. 2B. The 
distributions in the DHEP and 5‑ASA groups were relatively 
concentrated, and the distribution between the groups was 
relatively dispersed. There was no overlap between the DHEP 
and 5‑ASA groups. There was a partial overlap between the 
vehicle and β‑sitosterol groups and the control group; however, 
the overall distribution was relatively dispersed, which may 
be due to individual differences and intervention effects 
in mice. The bacterial composition at the phylum level is 
presented in Fig. 2C. The abundance at this level was vari‑
able, including Firmicutes, Bacteroidetes and Proteobacteria. 
The abundance of Bacteroidetes and Proteobacteria were 
increased in DHEP group compared with vehicle group, but 
the abundance of Firmicutes was decreased. These results 
indicated that DHEP might be able to regulate the ratios of 
Bacteroidetes/Firmicutes and Proteobacteria/Firmicutes. In 
addition, in the β‑sitosterol group, the ratios of Bacteroidetes/ 
Firmicutes and Proteobacteria/ Firmicutes were upregulated, 
but not to the same level as the DHEP group.

To identify the bacteria possibly regulated by DHEP and 
β‑sitosterol, LEfSe analysis was used to obtain the OTUs for 
each group. As a result, 42 significant OTUs were identified, 
along with their linear discriminant analysis score (Fig. 2D), 
and a heatmap was generated (Fig. 2E). Notably, 39 OTUs 

were significantly altered in the control, 5‑ASA, DHEP and 
β‑sitosterol groups (Fig. 2F). Comparison with the vehicle 
group indicated that 5‑ASA altered 21 OTUs. The 12 reduced 
OTUs in the 5‑ASA group (OTU  42, 321, 8, 7, 43, 182, 
100, 203, 183, 48, 125 and 286) are highlighted in red, and 
9 increased OTUs (OTU 73, 16, 13, 60, 77, 39, 41, 136 and 
71) are highlighted in green in Fig. 2F. In the DHEP‑treated 
group, 19 OTUs were altered compared with those in the 
vehicle group. As presented in Fig. 2F, 11 OTUs (OTU 321, 
12, 120, 182, 239, 203, 83, 233, 183, 93 and 196) were reduced 
and are highlighted in red, which belonged to the genera of 
Erysipelatoclostridium, Bifidobacterium, Anaerotruncus, 
Defluviitaleaceae UCG‑011, Family XIII AD3011 group, 
Tyzzerella, Eubacterium coprostanoligenes, Proteus and three 
uncultured genera; and a total of seven OTUs (OTU 73, 3, 13, 
29, 41, 136 and 1) were increased, which belonged to the genera 
of Bacteroides, Lactobacillus, Turicibacter, Parabacteroides, 
Eubacterium xylanophilum group and one uncultured genus. 
In the β‑sitosterol‑treated group, six OTUs (OTU 22, 182, 
100, 203, 93 and 286) were reduced (Fig. 2F). The six reduced 
OTU belonged to Akkermansia, Defluviitaleaceae UCG‑011, 
Ruminococcaceae UCG‑005, Tyzzerella and Oligella Only 
four OTUs were increased (OTU 270, 13, 29 and 41), which 
belonged to Lactobacillus, Parabacteroides and two uncul‑
tured genera. Thus, 34 OTUs were altered by 5‑ASA, DHEP 
and β‑sitosterol, and only four OTUs (OTU 182, 203, 13 and 41) 
were modulated in the same direction as in the control group 
for all three treatment groups. These four OTUs belonged to 
the genera Anaerotruncus, Ruminococcaceae UCG‑005 and 
Turicibacter and uncultured bacterium, which belonged to the 
Firmicutes, Firmicutes, Bacteroidetes and Firmicutes phyla, 
respectively (Fig. 2G).

DHEP and β‑sitosterol treatment increases the profiles of 
SCFAs in the colon of mice with DSS‑induced UC. SCFAs 
are the end‑products generated from food with a high dietary 
content by gut microbiota and can alleviate IBD in animal 
models  (29). To evaluate whether DHEP and β‑sitosterol 
increased the release of SCFAs, the SCFA content in the colon 
of mice was evaluated (Fig. 3). The levels of SCFAs, including 
acetic acid (Fig. 3A and B), propionic acid (Fig. 3C and D) and 
butyric acid (Fig. 3E and F) were significantly reduced in the 
colon of DSS‑treated mice compared with the control group, 
and the levels of SCFAs were increased in the 5‑ASA, DHEP 
and β‑sitosterol groups compared with the vehicle group. 
These results indicated that the beneficial effects of DHEP in 
colitis involved an increase in the SCFA content in the colon.

DHEP and β‑sitosterol regulates the Th17/Treg balance in 
mice with DSS‑induced UC. The Th17/Treg transformation 
balance is important for the maintenance of intestinal homeo‑
stasis (30). To investigate whether DHEP and β‑sitosterol had a 
positive effect on the balance of Th17/Treg cells, the expression 
levels of IL‑17A and IL‑10, which are specifically expressed 
in Th17 cells and Treg cells, respectively, were determined. 
The results demonstrated that the numbers of Treg cells in the 
MLNs (Fig. 4A) and spleen (Fig. 4B) of mice with DSS‑induced 
UC were significantly lower compared with those in the 
control mice. After administration with 5‑ASA or β‑sitosterol 
for 7 days, the number of Treg cells was significantly increased 
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in MLNs (Fig. 4A) but markedly decreased in spleen (Fig. 4B) 
compared with the vehicle. In the DHEP‑treated mice group, 
the number of Treg cells was significantly increased in both 
the MLNs (Fig. 4A) and spleen (Fig. 4B) compared with the 
vehicle. As presented in Fig. 4C, treatment with 5‑ASA and 
β‑sitosterol significantly decreased the number of Th17 cells 
in the spleen compared with that in the vehicle group; however, 
DHEP did not demonstrate this effect. Unexpectedly, the 
IL‑17A level was significantly decreased in the control group 
compared with the vehicle (Fig. 4E). Additionally, 5‑ASA, 
DHEP and β‑sitosterol‑treated mice manifested an opposite 
trend in their IL‑17A and IL‑10 expression levels. IL‑10 was 
significantly increased compared with the vehicle (Fig. 4D), 
and the IL‑17A expression level was significantly reduced 
compared with the vehicle (Fig. 4E).

DHEP and β‑sitosterol reduces inf lammation in the 
DSS‑induced colitis. Fecal calprotectin is an acute inflam‑
matory marker that was significantly increased in the 

DSS‑treated vehicle group of mice compared with the control; 
in addition, it was significantly reduced in 5‑ASA‑, DHEP‑ 
and β‑sitosterol‑treated mice (Fig. 5A). High levels of MPO 
enzyme are expressed in neutrophils, reflect the infiltration 
of neutrophils and indirectly correspond to inflammation 
in certain tissues (31). MPO levels in the tissue and serum 
were significantly upregulated in the vehicle group of mice 
compared with the control, and significantly downregulated 
in the 5‑ASA‑, DHEP‑ and β‑sitosterol‑treated mice compared 
with the vehicle (Fig. 5B and C). p65 (Fig. 5D), IL‑6 (Fig. 5F) 
and TNF‑α (Fig. 5G) were secreted in the colon of DSS‑treated 
mice; the expression levels of p65 and IL‑6 were significantly 
increased in the vehicle group compared with the control, and 
significantly reduced by treatment with 5‑ASA and β‑sitosterol 
compared with the vehicle. TNF‑α followed this same pattern; 
however, the changes in expression level were not significant. 
However, DHEP only lowered the secretion of p65 compared 
with the vehicle (Fig. 5D). 5‑ASA and DHEP treatment also 
reduced the protein expression level of COX‑2 in DSS‑treated 

Figure 2. DHEP and β‑sitosterol treatments affects the distribution of flora in vivo. (A) Comparison of α diversity assessed by Shannon index‑based genus level. 
(B) PC analysis of gut microbiota communities‑based genus level. (C) Column diagram of microbial composition at the phylum level. (D) Linear discriminant 
analysis at the OTU level. (E) Heatmap showing the abundance of 42 OTUs in different groups based on linear discriminant analysis. (F) Changing direction 
of OTUs induced by DSS, 5‑ASA, DHEP or β‑sitosterol intervention. (G) OTUs represent bacterial taxonomic information (n=5). #P<0.05 vs. vehicle group. 
DHEP, Ding's herbal enema; OTU, operational taxonomic unit; DSS, dextran sulfate sodium; 5‑ASA, mesalazine; PC, principal coordinate.
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mice compared with the vehicle, which was detected in the 
pathological state of inflammation; β‑sitosterol had no effect 
on the COX‑2 level (Fig. 5E and H).

Discussion

DHEP is a traditional Chinese medicine used as an enema 
treatment, which was developed by Professor Xie Jinyu and 
Professor Ding Zemin (8). DHEP is effective in the clinical 
treatment of UC (8). The present study determined a prelimi‑
nary mechanism of action of DHEP treatment in DSS‑induced 

UC and analyzed the content of β‑sitosterol in DHEP by gas 
chromatography. The results presented in Fig. S1 indicated 
that the concentration of β‑sitosterol in DHEP was ~13.9 mg/g. 
The DHEP dose in mice was determined according to the 
clinical dose. The clinical dose of DHEP in Nanjing Hospital 
of Chinese Medicine Affiliated to Nanjing University of 
Chinese Medicine is 0.58 g/kg/day; according to the dose 
conversion between human and mice (mouse dose = human 
dose x 12.33) (32), the theoretical dose for mouse administra‑
tion was 7.15 g/kg/day. Hence, a dose of 7.2 g/kg/day was used 
in the present study. Thus, the concentration of β‑sitosterol 

Figure 3. DHEP and β‑sitosterol can increase short chain fatty acid content in vivo. (A) Acetic acid content across the 14‑day period. (B) Acetic acid content at day 14. 
(C) Propionic acid content across the 14‑day period. (D) Propionic acid content at day 14. (E) Butyric acid content across the 14‑day period. (F) Butyric acid content 
at day 14. n=5‑8. ####P<0.001 vs. control group; *P<0.05, **P<0.01, ***P<0.005 and ****P<0.001 vs. vehicle group. DHEP, Ding's herbal enema; 5‑ASA, mesalazine.
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in DHEP was ~13.9 mg/g, and the dose of 100 mg/kg/day of 
β‑sitosterol was selected as the therapeutic dose.

Intestinal homeostasis depends on the dynamic interaction 
between intestinal flora, intestinal epithelial cells and immune 
cells  (33). These microorganisms coexist with humans 
and play a notable role in the regulation of the mammalian 
immune system. The homeostasis of the ecosystem formed 
by the gut microbiota and the host is important for human 
health (34,35). Intestinal flora plays a role in the pathogenesis 
of IBD. The present study analyzed the gut microbiota via 
next‑generation sequencing. The results of LEfSe analysis at 
the OTU level indicated differences in the abundance between 
five groups. In the DSS‑treated vehicle group, 15  OTUs 
were significantly increased and 11 OTUs were considerably 
decreased. Increased OTUs were assigned to the Akkermansia, 
Bacteroides and Anaerotruncus genera that were the most 
abundant and extensively studied members of the commensal 

microbiota. These bacteria benefit the host by fermentation of 
complex dietary carbohydrates and modulation of mucosal 
glycosylation (36). Additionally, genera with increased abun‑
dance included Erysipelatoclostridium, Ruminococcaceae, 
Ruminococcaceae UCG‑014, Defluviitaleaceae UCG‑011 
and Ruminococcaceae UCG‑005 of the Firmicutes phylum. 
The abundance of the Firmicutes phylum in the colons of 
patients with IBD was increased (36). Comparison with the 
vehicle group indicated that 11  OTUs were reduced and 
seven OTUs were increased. Reduced OTUs belonged to 
the Firmicutes phylum, except OTU 196, which belonged 
to the Proteobacteria phylum. Additionally, four out of the 
seven reduced OTUs (OTU 73, 3,13 and 29) belonged to the 
Bacteroidetes phylum and three OTUs (OTU 41, 136 and 1) 
belonged to the Firmicutes phylum. These results suggested 
that DHEP may rebalance the flora that was altered by DSS 
treatment.

Figure 4. DHEP and β‑sitosterol treatments promote T cell differentiation in mice. Representative flow cytometric profiles and quantitative analysis of the 
(A) spleen and (B) mesenteric lymph nodes Treg cells, and (C) spleen Th17 cells (n= 3‑9). ELISA showing (D) IL‑10 and (E) IL‑17A protein expression 
levels (NN=5). ##P<0.01, ###P<0.005 and ####P<0.001 vs. control group; **P<0.01, ***P<0.005 and ****P<0.001 vs. vehicle group. DHEP, Ding's herbal enema; 
5‑ASA, mesalazine; Th, T helper cell; Treg, regulatory T cell.
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SCFAs, such as acetate, n‑propionate and n‑butyrate, are 
derived by microbial fermentation of dietary fiber in the intes‑
tine (37). An increasing number of studies have revealed that 
SCFAs are critical for the regulation of the immune system, 
especially butyric acid (38), and that SCFAs can promote the 
development of Treg cells and inhibit the development of Th17 
cells (39,40). The balance between these two cell types is needed 
for immune regulation and can regulate the immune function 
of the body (41). Th17 cells are mainly present on the intestinal 
mucosal barrier surface to protect the host from microbial inva‑
sion through the epithelium (42). Treg cells are mainly present 
in the intestinal mucosa and control the excessive immune 
response caused by T cells that may damage the host tissue. 
Mature Th17 cells can express a variety of effectors molecules, 

including IL‑17, TNF‑α, IL‑17A and other cytokines (42,43). 
IL‑17A plays an important role in the recruitment, activation 
and migration of granulocytes (44). These processes accelerate 
the polarization of Th17 cells, leading to intestinal inflam‑
mation (45). The present study demonstrated that β‑sitosterol 
and DHEP could significantly increase the SCFA content in 
the intestine of mice, particularly the amount of butyric acid. 
DHEP and β‑sitosterol significantly increased the proportion 
of Tregs in the MLNs, and there were no significant differences 
in the ratio of Tregs between DHEP and β‑sitosterol treatments.

β‑sitosterol has immunomodulatory and anti‑inflammatory 
activity, and is found in numerous plants (11). A large number of 
studies have indicated that β‑sitosterol can inhibit inflammation 
through the NF‑κB pathway (12‑16). However, the present study 

Figure 5. Expression levels of various inflammatory factors in mice. (A) Fecal calprotectin content in feces after sacrifice of the mice. MPO content in (B) colon 
tissue and (C) serum of mice. Quantification of western blotting showing (D) p65, (E) COX‑2, (F) IL‑6 and (G) TNF‑α. (H) Western blot analysis of actin, 
p65, COX‑2, IL‑6 and TNF‑α. N=4‑6. ###P<0.001 vs. control group; *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. vehicle group. MPO, myeloperoxidase; 
COX‑2, cyclooxygenase‑2; 5‑ASA, mesalazine; DHEP, Ding's herbal enema.
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suggested that β‑sitosterol can significantly reduce colonic 
shortening, DAI and fecal hemoglobin content in mice. In addi‑
tion, β‑sitosterol specifically increases the activity of Th cells 
and increases the activity of T cells (18). In the present study, 
β‑sitosterol significantly reduced body weight loss, diarrhea 
score, bleeding score, colon index and spleen index. In addi‑
tion, both DHEP and β‑sitosterol significantly increased the 
proportion of Tregs in the MLNs, and there was no significant 
difference in the ratio of Tregs between DHEP and β‑sitosterol 
treatments. β‑sitosterol could significantly reduce Th17 cells in 
the spleen, but DHEP had no significant effect. These results 
suggested that β‑sitosterol could be used as a potential drug for 
the treatment of UC.

Thus, the current study demonstrated that β‑sitosterol 
and the clinically effective DHEP enema solution protected 
mice from DSS‑induced colitis. The present study identified 
four therapeutic mechanisms of both treatments, including 
effective inhibition of inflammatory responses, and regulation 
of intestinal microbiota and SCFAs to restore the Th17/Treg 
balance. However, additional comprehensive studies may be 
focused on the following three points: i) Investigation of the 
notable role of the gut microbiota in the mechanism of action; 
ii) identification of other active substances in DHEP that are 
effective in the treatment of UC in addition to β‑sitosterol; and 
iii) identification of DHEP‑induced changes in other intestinal 
flora metabolites in addition to SFCAs, which are important 
for the treatment of UC. Furthermore, the efficacy of the active 
ingredient β‑sitosterol is clinically validated, thus simplifying 
the convenient administration of the preparation.
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