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Objective: To investigate the dynamic regulation of self-assembled aggregations (SAA) in Coptidis Rhizoma
decoction on the permeability of intestinal tissue and the mechanism underlying.
Methods: The effects of SAA on berberine (Ber) absorption were respectively analyzed in an in situ intesti-
nal perfusion model and in an Ussing Chamber jejunum model with or without Peyer’s patches (PPs). The
expression levels of ZO-1, Occludin and Claudin-1 were detected by immunofluorescence to evaluate the
tight junction (TJ) between intestinal epithelium cells. The expression levels of T-box-containing protein
expressed in T cells, signal transducers and activators of tranion-6, retinoic acid receptor-related orphan
receptor ct and forkhead box P3 in PPs were detected by the reverse transcription-polymerase chain
reaction and the secretions of interferon-c (IFN-c), interleukin-4 (IL-4), interleukin-17 (IL-17) and trans-
forming growth factor-b (TGF-b) in PPs were evaluated by immunohistochemistry, to reflect the differen-
tiation of T lymphocyte in PPs to helper T (Th) cell 1, Th2, Th17 and regulatory T (Treg) cell. To confirm the
correlation between SAA in Coptidis Rhizoma decoction, PPs-associated immunity and intestinal epithe-
lium permeability, SAA were administrated on an Ussing Chamber jejunum model with immunosup-
pressed PPs and evaluated its influences on intestinal tissue permeability and TJ proteins expression.
Results: SAA in Coptidis Rhizoma decoction could dose-dependently promote Ber absorption in jejunum
segment, with the participation of PPs. The dose-dependent and dynamical regulations of SAA on perme-
ability of intestinal tissue and TJ proteins expression level between intestinal epithelium cells occurred
along with the dynamically changed T lymphocyte differentiation and immune effectors secretion in
PPs. The administration of SAA on immunosuppressed PPs exhibited dose-dependent PPs activation,
inducing dynamic promotion on intestinal tissue permeability and inhibition on TJ proteins expression.
Conclusion: SAA can improve the Ber absorption in small intestine, through the PPs-associated immunity
induced dynamic regulation on intestinal tissue permeability and TJ proteins expression. These findings
might enlighten the research of traditional Chinese medicine decoction.
� 2021 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction macromolecules, especially the polysaccharide molecules in herbal
Decoction is one of the earliest and most widely used dosage
forms in traditional Chinese medicine (TCM) (Huang et al., 2019).
During the decoction process, it doesn’t just have the dissolving
of active small molecules, it also has the dispersion of biological
medicines. The polysaccharide macromolecules dispersed in
decoction will self-assemble into a colloid form during cooling
and standing (Zhuang et al., 2008). The medicine residues in the
decoction will be removed by gauze filtration before taking, but
the dispersed polysaccharide aggregates will be taken along with
the active ingredients (Liu & Huang, 2019; Shi, Lin, & Yao, 2018).
Coptidis Rhizoma is one of the most widely used TCM in clinic, with
berberine (Ber) as the main active ingredient (Wang et al., 2019;
Xiao et al., 2020). Previous studies have shown that the Coptidis
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Rhizoma decoction always exhibit better bioavailability of Ber than
that of Ber solution (Jiao, Hou, Yin, Yang, & Gui, 2016; Li et al.,
2019; Meng et al., 2018). Does this unique phenomenon in the
Coptidis Rhizoma decoction related to the colloidal aggregations
formed by polysaccharide macromolecules?

Intestine is the largest immune organ in human body, carry-
ing>70% of immune cells (Filipp, Brabec, Vobořil, & Dobeš, 2019).
The Micro-fold cells (M cells) on the surface of Peyer’s patches
(PPs) are the important immune-inducing sites in the intestinal
mucosal immune system, which can transfer the immunogenic
macromolecules to the immune cells in the lymphatic follicles
below (Rathan et al., 2019). Intestinal mucosal immunity is one of
the major regulators of the tight junction (TJ) between intestinal
epithelium cells and improves paracellular permeability (Lin et al.,
2019). In recent years, many kinds of polysaccharides had been
found to have multiple immune activities, and some of them had
been used as the adjuvant of vaccine (Gu et al., 2019; Guo et al.,
2019; Liu et al., 2019). The oral vaccineswith polysaccharides as car-
rier materials can be uptaken by the M cells of intestinal PPs, then
activate the intestinal immune system (Brayden, Jepson, & Baird,
2005; Zhou et al., 2017). Our previous studies have confirmed that
the self-assembled aggregations (SAA) in the Coptidis Rhizoma
decoction aremainly composed of Coptidis Rhizoma polysaccharides
(CCP), which contains 32.76% total sugar, 35.74% uronic acid and
0.24% protein, and compositesmonosaccharide of galacturonic acid,
arabinose, galactose and rhamnose (Yang, Li, Yin, Chen,&Gao, 2016).
Does the excellent bioavailability of Ber in Coptidis Rhizoma decoc-
tion related to the immune activity of the CCP composed SAA?

In this study, the effects of SAA on intestinal Ber absorption and
the immunological mechanism underlying were studied. To avoid
thedisturbances fromother intestinal segments, intestinal contents,
and intestinal flora, isolated intestinal tissue models, with or with-
out PPs,were establishedbyanUssingChamber System. Thepresent
study was aimed to lay a scientific foundation for the further devel-
opment and utilization of the conventional dosage form of TCM.
2. Materials and methods

2.1. Chemical reagents

Ber (purity > 99%) was acquired from Shanghai Yuanye Biotech-
nology Co., Ltd (Shanghai, China). Rabbit anti-rat antibodies
specific to interferon-c (IFN-c, bs-0480R), interleukin-4 (IL-4, bs-
0581R), interleukin-17 (IL-17, bs-1183R) and transforming growth
factor-b (TGF-b, bs-0086R), polymer detection system kit
(PV-6000) and 3,30-diaminobenzidine (DAB) were purchased from
Bioss Biosynthesis Biotechnology Co., Ltd (Beijing, China). The
primary rabbit antibodies against ZO-1 (PB9234), Occludin
(bs-10011R) and Claudin-1 (CSB-PA001656) were purchased from
Boster Biological Technology Co., Ltd (Wuhan, China), Bioss Biosyn-
thesis Biotechnology Co., Ltd (Beijing, China) and Cusabio Biotech
Co., Ltd (Wuhan, China), respectively. All other chemicals and
solvents were analytical grade and obtained from Zhongshi
Chemical Engineering Company (Shanghai, China).
2.2. Animals

The Sprague-Dawley rats (SD male rats; 180–200 g; age,
5months), whichwere supplied by the Experimental Animal Center
ofAnhuiMedicalUniversity (Anhui, China)wereallowed to acclima-
tize for at least one week before experimentation, fed with a stan-
dard diet and allowed water ad libitum. Procedures for the use of
experimental animals conformed to the Guide for the Care and Use
of Laboratory Animals and were approved by the experimental ani-
mal ethics committee of Anhui University of Chinese Medicine.
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2.3. Preparation of SAA

The medicine material of Coptidis Rhizoma was obtained from
Anhui Anbao Medicinal Materials Company (Lot No. 20160811,
Anhui, China) and identified by Professor Shou-jin Liu (School of
Pharmacy, Anhui University of Chinese Medicine, China), in accor-
dance with the China Pharmacopoeia (2015). Briefly, Coptidis Rhi-
zoma was weighed and immersed into distilled water with ratio
of 1:10 (mass to volume). After decocting for 90 min, the residue
was removed by multi-step filtrations of gauze, filter pulp and fil-
ter paper to obtain the Coptidis Rhizoma decoction (Xu et al., 2018).
The decoction was centrifuged at high speed, washed with distilled
water, and then centrifuged to collect SAA.

2.4. Characterization of SAA

The composition of SAA was analyzed, and SAA was dissolved in
1 mol/L NaOH solution. The content of macromolecular substances
(polysaccharide and protein) in SAA was determined by phenol–
sulfuric acid method (Xue, Tong, Wang, & Liu, 2018) and coomassie
brilliant blue method (Biundo, Reich, Ribitsch, & Guebitz, 2018)
respectively.

A high-performance liquid chromatography (HPLC) method was
established to determine the content of Ber in Coptidis Rhizoma
decoction and SAA. Firstly, the Ber standard and SAA were accu-
rately weighed, and then Ber solution (100 lg/mL) and SAA sus-
pension (120 lg/mL) were prepared with methanol. Secondly,
the Coptidis Rhizoma decoction, Ber solution and SAA solution were
filtered using a 0.45 mm syringe filter respectively and analyzed
with an HPLC system, including a Waters 2707 sample injector
(Milford, MA), a Waters 2695 separations module (Milford, MA),
a Hypersil BDS C18 column (200 mm � 4.6 mm � 5.0 mm, Hypersil,
Runcorn, U.K.) as the analytical column, a mixed solution of ace-
tonitrile and 0.1% phosphoric acid solution (45 : 55, volume per-
centage) as the mobile phase at a flow rate of 1.0 mL/min,
temperature at 25 �C, and a Waters 2487 dual absorbance ultravi-
olet detector (Milford, MA) at a detected wavelength of 265 nm.

Considering the dose of SAA content in Coptidis Rhizoma decoc-
tion, SAA was weighed accurately and suspended with distilled
water to 17 mg/mL. The morphology of SAA was observed using
transmission electron microscope (TEM, JEM2010, Japan) at an
acceleration voltage of 80.0 kV. The size distribution and surface
potential of SAA were detected using a dynamic light scattering
(DLS, Zetasizer Nano 2S90, Malvern, U.K.) at 25 �C after ultrasonic
dispersion. All data were obtained from the average of three
measurements.

2.5. Intestinal perfusion experiment

The intestinal perfusion model was established to analyze the
effect of SAA on Ber absorption. According to our previous report,
the jejunum segment was the advantage position of Ber absorption
and was selected for the next experiments (Jiao et al., 2016). The
experiments were divided into groups of Ber, Ber-SAAL, Ber-SAAM

and Ber-SAAH. The dose of SAA was established based on the dose
of Coptidis Rhizoma in clinic for treating enteritis and the SAA con-
tent in decoction. The dose of Ber was based on the oral dose in
clinic relevant experimental literature (Deng & Song, 2019; Jiao
et al., 2016). All the rats were fasted for 12 h (free drinking water)
before experiments. The rats were anesthetized by intraperitoneal
injection of 20% urethane solution (6 mL/kg) (Sun et al., 2016).
After fixation, 2–3 cm incision was opened along the midline of
the abdomen. A jejunum segment of about 10 cm was selected,
and the incisions at both ends were inserted into a rubber tube
and ligated. The intestinal contents were gently removed with
pre-warmed saline and perfused with 40 mL of perfusate at a rate
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of 0.2 mL/min using a constant current pump (HL-1, HuXi�, Shang-
hai, China). The Ber group was perfused with Ber solution (100 lg/
mL), and the other three groups were perfused with Ber solutions
(100 lg/mL) containing low- (SAAL, 40 lg/mL), medium- (SAAM,
80 lg/mL), and high-dose (SAAH, 120 lg/mL) of SAA. After 1 h of
perfusion, the perfusion solution was taken out and the content
of Ber was determined by fluorescence spectrophotometer
(F-4600, Hitachi, Japan). The absorption rate constant (Ka) and
the apparent absorption coefficient (Papp) of Ber was calculated
by the following formulas.

Ka ¼ Q
pr2l

� 1� CoutVout

CinV in

� �
ð1Þ

Papp ¼ � Q
2prl� ln

CoutVout

CinV in
ð2Þ

where Vin and Vout were the perfusate volumes of the inlet and
outlet perfusate (mL), respectively; Cin and Cout were the concen-
trations of Ber at the inlet and outlet (mg/mL), respectively; Q
was the perfusion velocity (mL/min); And l and r were the length
and the radius of the perfusion intestine segments, respectively.

2.6. Establishment of immunosuppressed rat model

In order to further investigate whether SAA affect jejunal
epithelium permeability through PPs-associated immunity, an
immunosuppressed rat model was established by intraperitoneal
injection with cyclophosphamide at 80 mg/kg/d for 6 d (Wang
et al., 2012; Yang, Kim, Kang, Lee, & Park, 2018).

2.7. Using Chamber experiment

In order to avoid the influence of other intestinal segments,
intestinal contents and intestinal flora, an Ussing Chamber jeju-
num model with or without PPs was established for experiment.
To investigate whether the effect of SAA on Ber permeation was
related to PPs, the experiments were divided into groups of NPPs
(jejunum tissues without PPs), SAAL-NPPs, SAAM-NPPs, SAAH-
NPPs, PPs, SAAL-PPs, SAAM-PPs and SAAH-PPs. Fluorescein (Flu)
was used as a model drug for paracellular pathway absorption to
observe the permeability of jejunal epithelium cells.

To confirm the immune activation of PPs on the permeability of
jejunal epithelium cells, immunosuppressed PPs (PPsIP) in jejunum
was taken out from the immunosuppressed rat model and an Uss-
ing Chamber jejunum model with or without PPsIP was established
for experiment (Jiang et al., 2019). The experiments were divided
into PPs group (jejunum incubated with PPs at the serosa side),
SAA-PPs groups (jejunum incubated with PPs and SAA at the serosa
side) containing different dosages of SAA (SAAL-PPs, SAAM-PPs and
SAAH-PPs), PPsIP group (jejunum incubated with PPsIP at the serosa
side), and SAA-PPsIP groups (jejunum incubated with PPsIP and SAA
at the serosa side) containing different dosages of SAA (SAAL-PPsIP,
SAAM-PPsIP and SAAH-PPsIP). Flu solution (100 lg/mL) was added
on the mucosal side.

Firstly, the jejunums from anesthetized rats were immediately
removed by surgery and washed with Krebs-Ringer solution (KR
solution), and then placed in cold (on ice) and bubbled (O2:
CO2 = 95:5) KR solution. Secondly, the jejunums were cut into
2 cm pieces, respectively, and serosas were removed by blunt dis-
section. The stripped tissues were mounted in chambers with
exposed surface area of 0.5 cm2. Five milliliter KR solution was
added to both sides of the intestinal tissue (mucosal and serosal
side) for 30 min equilibrium. Temperature of the chambers was
maintained at (37 ± 0.5) �C. Tissue viability was continuously con-
trolled by potential difference, and the tissue with electrical value
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< 2 mV was refused (Huang et al., 2018). After equilibration for
30 min, the KR solution on both sides was removed. Five milliliter
of Ber or Flu solutions (100 lg/mL) containing low- (SAAL, 40 lg/
mL), medium- (SAAM, 80 lg/mL), or high-dose (SAAH, 120 lg/mL)
of SAA was immediately added to the mucosal side, while the same
volume of fresh KR solution was added to the serosa side. One-half
milliliter sample was taken from the serosal side every 30 min, and
an equal volume of KR solution was immediately added for
replacement. The contents of Ber and Flu in the samples were
detected by fluorescence spectrophotometer respectively. The
accumulative quantity (A) and apparent permeability (Papp) were
calculated by the following formulas. In the experiment without
Ber and Flu, the experiments were finished after 30, 60, 90 and
120 min, respectively. The jejunal tissues and PPs of the above
groups were taken and fixed with 4% paraformaldehyde. Paraffin
sections were used for subsequent experiments (Huang et al.,
2016; Li, Jin, Shim, & Shim, 2012). The jejunal tissues and PPs incu-
bated with KR solution were set as BC group, while the jejunal tis-
sues without any treatment was set as NC group. Because the area
of the tissue clamp in the Ussing Chamber System is 0.5 cm2, only
one Peyer’s patch can be fixed in a detection cell. But multiple
detection cells can be tested in an Ussing Chamber System simul-
taneously. At each time point, suitable numbers of detection cells
were removed from the Ussing Chamber System and the PPs were
collected for subsequent analyses.

A¼ 5Cn þ0:5
Xn�1

i¼1

Ci ð3Þ

Papp ¼ dQ=dt
a� C0

ð4Þ

where Cn (mmol/L) was the concentration of the drug at the time
point (n), A (mmol/L) was the accumulated permeation amount, a
was the exposed surface area of the intestine (0.5 cm2), dQ/dt
(mmol/L/s) was the amount of the drug transported, and C0
(mmol/L) was the initial concentration of the test drug.

2.8. Immunohistochemical and immunofluorescence analysis

Tissue sections were incubated with primary antibodies against
IFN-c, IL-4, IL-17, TGF-b, ZO-1, Occludin and Claudin-1 at 4 �C over-
night. Immunohistochemical sections were incubated in PV-6000,
DAB showed hematoxylin staining, while immunofluorescence
sections were incubated with Cy3 labeled secondary antibody,
and then stained with DAPI. Photos were taken using a fluores-
cence microscope. In order to evaluate the expression levels of
the target proteins, 10 areas under the 200 � field of vision were
randomly selected, and the integrated optical density (IOD) was
calculated by Image-pro Plus 6.0.

2.9. Western blotting (WB) analysis

Tissues were homogenized by a RIPA lysis buffer on ice, cen-
trifuged at 12 000 rpm for 10 min, and determined the total protein
content using a BCA protein assay kit (Thermo Fisher, USA). Each
sample with 30 mg protein content was separated by a polyacry-
lamide gel electrophoresis and transferred onto a polyvinylidene
fluoride (PVDF) membrane (Merck Millipore, Germany). The PVDF
membrane was blocked using 5% BSA, incubated with primary
antibodies against ZO-1, Occludin, Claudin-1 or GADPH, washed
with Tris buffered saline tween, incubated with horse radish
peroxidase-conjugated secondary antibodies, and visualized using
diaminobenzidine. Images were collected using a UVsolo Touch Gel
Imager (Analytik Jena AG, Germany) and the grey values were ana-
lyzed using the Image J software (Media Cybernetics, USA).
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2.10. Reverse transcription polymerase chain reaction (RT-PCR)

In order to evaluate the differentiation of T lymphocytes to
helper T (Th) cell 1, Th2, Th17 and regulatory T (Treg) cell, the
expression levels of T-box-containing protein expressed in T cells
(T-bet), signal transducers and activators of tranion-6 (STAT-6),
retinoic acid receptor-related orphan receptor ct (ROR-ct) and
forkhead box P3 (FoxP3) were used as indicators and their expres-
sion levels were analyzed semi-quantitatively by RT-PCR. Total
RNA was extracted by homogenization of 100 mg PPs in 1 mL Tri-
zol reagent (Invitrogen, Cergy, France) according to the manufac-
turer’s suggested protocol, then semi-quantitative RT-PCR
analysis were performed as previously described. Amplification
products (10 lL of each) were separated by electrophoresis in a
2% TBE agarose gel stained with ethidium bromide. The fluores-
cence intensity of bands were determined with an Alpha Fluo-
rchem Imager Gel Analysis System version 2.00 (Alpha Innotech
Corporation, San Leandro, CA, USA). Design and synthesis of primer
sequences were provided by Sangon Biotech Co., Ltd. (Shanghai,
China). The primer sequences were shown in Table 1.

Ethical approval

All animal experiments were performed in compliance with the
Animal Management Rules of the Ministry of Health of the People’s
Republic of China and the guidelines for the Care and Use of Labora-
tory Animals of Anhui University of Chinese Medicine. At the end of
the experiments, all the animals were sent to the laboratory animal
center for unified treatment. All efforts were made to minimize the
suffering of animals and to reduce the number of animal use.

2.12. Statistical analysis

The number of animals in each experimental group was kept
n = 5, and parallel groups in other experiments was performed
three times. All the experiments were repeated at least three times.
All the data were expressed as mean ± standard deviation (SD), and
the statistical analysis were performed using one-way ANOVA fol-
lowed by LSD post hoc test in the SPSS 24.0 software (SPSS, USA).
Differences between the groups were considered statistically sig-
nificant at P < 0.05, P < 0.01, and P < 0.001.
3. Results

3.1. Characterization of SAA

The yield of SAA was (1134 ± 10.72) mg/10 g crude medicine or
(17.01 ± 0.86) mg/mL decoction. It was found that the main com-
ponent of SAA was polysaccharide, which was consistent with
the results of our previous studies (Jiao et al., 2016; Yang et al.,
2016). Fig. 1A showed HPLC chromatograms of the Coptidis Rhi-
zoma decoction, Ber solution and SAA solution. The results showed
Table 1
Primer sequences used for RT-PCR reactions.

Genes Sequences (50- 30) cDNA PCR product /bp

T-bet Fa ACCGAGCCGATGCCGAGTG
Ra AGCTTCCCAGACACCTCCAACC

365

STAT-6 F GCAGGCTTCAGCACCGAGTAAG
R GGTTCGCAGGACTTCATCCAGAC

398

FoxP3 F TGCTGTGCGGAGACACCTCTG
R GGCGTTGGCTCCTCTTCTTGC

344

ROR-ct F AAGAAGACCCACACCTCACAAATCG
R TTCCCGTTGCTGCTGCTGTTG

333

a F, forward; R, reverse.

373
that Ber was not detected in SAA solution. Fig. 1B was the repre-
sentative TEM image of SAA dispersed in water. The SAA had reg-
ular shape and cluster structure similar to crystal. DLS results
showed that the SAA had size distribution of (423.72 ± 23.8) nm
and zeta potential of (�3.70 ± 0.21) mV.

3.2. SAA significantly affected Ber absorption in small intestine

Fig. 1C showed the effect of SAA on Ber absorption in small
intestine. In intestinal perfusion experiment, the Ber-SAAM and
Ber-SAAH groups significantly promoted Ka and Papp of Ber absorp-
tion, compared with the Ber group (P < 0.05).

3.3. SAA significantly affected Ber permeation in isolated small
intestinal tissues with PPs

Fig. 2 showed the effect of SAA on Ber permeation in isolated
intestinal tissues with or without PPs. As presented in Fig. 2, in iso-
lated intestinal tissues, the promotions on Ber permeation occured
in all the SAA-PPs groups (SAAL-PPs, SAAM-PPs and SAAH-PPs
groups, P < 0.01) and in the SAAH-NPPs group (P < 0.05). These
results indicated that the promotive effects of SAA on Ber perme-
ation in isolated intestinal tissues should be related to the partici-
pation of PPs.

3.4. SAA dynamically regulated PPs-associated intestinal immune
microenvironment

Fig. 3 showed the effects of SAA on the mRNA expression of T-
bet, STAT-6, ROR-ct and Foxp3 in PPs. There was no significant dif-
ference between NC group and BC group (P > 0.05). Compared with
NC group, the administration of SAA dose-dependently upregu-
lated the mRNA expressions of all these four kinds of transcription
factors in SAA groups (P < 0.05). However, they exhibited different
change curves. The up-regulation of SAA on STAT-6 and Foxp3
mRNA expression reached the highest level at 30 min after incuba-
tion, and gradually decreased with the extension of time. The up-
regulation of SAA on T-bet and ROR-ct mRNA expression increased
with the extension of time, reached the highest level at 90 min
after incubation, and then began to decline.

Fig. 4 showed the effects of SAA on the expression of IFN-c, IL-4,
IL-17 and TGF-b in PPs. The positive expressions of IFN-c, IL-4, IL-
17 and TGF-b followed the same trends as the expression levels of
T-bet, STAT-6, ROR-ct and FoxP3, respectively. These results indi-
cated that SAA could dynamically regulate the differentiation of T
lymphocyte and the secretion of immune effectors in PPs.

3.5. SAA dynamically regulated expression of TJ protein between
intestinal epithelium, with PPs participation

Based on above results, the mechanism of the promotion on Ber
permeation was investigated in isolated small intestinal tissues
with high concentration of SAA. Fig. 5 and Fig. S1 showed the
effects of SAA on the expression level of TJ proteins between
intestinal epithelium cells, with or without the participation of
PPs. The TJ proteins distributed around the intestinal epithelium
cells. There was no significant difference between the BC group
and the NC group (P > 0.05), with or without the participation of
PPs. Compared with NC group, the SAAH group without PPs (SAAH-
NPPs group) exhibited a degree of inhibition on ZO-1 and Claudin-
1 expressions (P < 0.05) and no obvious effects on Occludin expres-
sion (P > 0.05), however, the SAAH group with PPs (SAAH-PPs
group) exhibited gradually enhanced inhibition on the expressions
of all the TJ proteins (P < 0.01). The above results indicated that SAA
could dynamically regulate the expression of TJ proteins between
intestinal epithelium cells, and PPs involved in this process.



Fig. 1. SAA significantly affected Ber absorption in small intestine. (A) HPLC chromatograms of Coptidis Rhizoma decoction (A1), Ber solution (A2) and SAA suspension (120 lg/
mL) (A3). (B) Representative TEM image of SAA. (C) Ka and Papp variations of Ber absorption in the in situ intestinal perfusion model with different SAA concentrations. The data
are expressed as mean ± SD (n = 5); *P < 0.05, **P < 0.01 and ***P < 0.001 vs Ber group.

Fig. 2. SAA significantly affected Ber permeation in isolated intestinal tissue with PPs participation. A (A) and Papp (B) of Ber permeation in isolated intestinal tissue models
with different SAA concentrations. The data are expressed as mean ± SD (n = 5); *P < 0.05, **P < 0.01 and ***P < 0.001 vs NPPs group at the same time point.
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3.6. SAA significantly affected permeability of intestinal epithelium
cells through PPs activation

To clarify the correlation between the PPs-associated immunity
and the SAA-induced permeability increasing of intestinal epithe-
lium cells, the influences of SAA on TJ proteins and Flu permeabil-
ity were further investigated on the jejunum tissues with PPsIP.
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Fig. 6A showed the effects of SAA on Flu permeability in jejunum
tissues with the participation of PPsIP. There was no significant dif-
ference between the PPs and PPsIP groups (P > 0.05). The promo-
tions on Flu permeation occured in all the SAA-PPs groups (SAAL-
PPs, SAAM-PPs and SAAH-PPs groups, P < 0.01) and in the SAAM-
PPsIP and SAAH-PPsIP groups (P < 0.05). Compared with those in
PPs groups, the promotive effects of SAA on Flu permeation in PPsIP



Fig. 3. SAA dynamically regulated expression levels of T-bet, STAT-6, ROR-ct and FoxP3 in PPs. (A) Representative agarose gel electrophoresis images of the RT-PCR analyses
of T-bet, STAT-6, ROR-ct and FoxP3 expression in PPs at 30, 60, 90 and 120 min after SAA administration, compared with which in groups NC and BC. (B) Change curves of T-
bet, STAT-6, ROR-ct and FoxP3 expression in PPs, in groups NC, BC, SAAL-PPs, SAAM-PPs and SAAH-PPs, respectively. The data are obtained from five agarose gel
electrophoresis images of the RT-PCR analyses. *P < 0.05, **P < 0.01 and ***P < 0.001 vs NC group.
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groups was weakened (P > 0.05). Fig. 6B and Fig. S2 showed the
effects of SAAH on the expressions of the TJ proteins ZO-1, Occludin
and Claudin-1, with the participation of PPs or PPsIP. Compared
with the BC group, the ZO-1, Occludin and Claudin-1 expression
in SAAH-PPsIP group had been inhibited (P < 0.05). However, com-
pared with the PPs groups, the inhibitory effects of SAAH on TJ pro-
teins in PPsIP groups were weakened (P < 0.05). The above results
indicated that the SAA-induced promotion on intestinal tissue per-
meability was associated with the activation of PPs.
375
4. Discussion

The dosage form of decoction has been used in clinic for cen-
turies and well proved to be superior to single active component,
but the mechanism underlying is still unclear. Most of the
researches on decoction focus on the chemical changes of active
ingredients, the chemical reactions between active ingredients,
and the solubilization of amphiphilic molecules (Weng, Cai,
Zhang, & Wang, 2019). The amphiphilic biomacromolecules in her-



Fig. 4. SAA dynamically regulated secretion of IFN-c, IL-4, IL-17 and TGF-b in PPs. Representative immunohistochemistry staining images (A1-D1) and IOD analyses (A2-D2)
of IFN-c (A), IL-4 (B), IL-17 (C) and TGF-b (D) expression in PPs at 30, 60, 90 and 120 min after incubation with SAA, compared with which in groups NC and BC. Original
magnification � 200. The data are expressed as mean ± SD (n = 5), with data obtained from 10 randomly selected fields in immunohistochemistry sections. *P < 0.05, **P < 0.01
and ***P < 0.001 vs NC group.
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Fig. 5. Effects of SAA on expression of TJ proteins ZO-1, Occludin and Claudin-1 between intestinal epithelium cells, with or without participation of PPs. (A) Representative
images of immunofluorescence staining TJ proteins ZO-1, Occludin and Claudin-1 (red) in intestinal villi, with nuclei stained by DAPI (blue). (B) IOD analyses of the expression
levels of TJ proteins in each experimental group. Original magnification � 200. The data are expressed as mean ± SD (n = 5), with data obtained from 10 randomly selected
fields in immunofluorescence sections. *P < 0.05, **P < 0.01 and ***P < 0.001 vs NC group without PPs participation; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs NC group with PPs
participation; &P < 0.05, &&P < 0.01 and &&&P < 0.001 vs SAAH-NPPs group at the same time point.
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bal medicines (mainly of polysaccharides) dissolve out during the
decocting process and spontaneously form into colloidal aggrega-
tions during cooling and standing (Liu & Huang, 2019; Shi et al.,
2018; Su, Kan, Xie, Hu, & Pang, 2016). Previous researches have
reported that these colloidal aggregations were closely related to
the curative effects of the Chinese medicine decoction (Lü et al.,
2018; Zhuang et al., 2008). Coptidis Rhizoma has multiple pharma-
cological effects on hypertension, hyperlipidemia, enteritis (Wang
et al., 2019; Xiao et al., 2020; Zhang et al., 2011), etc, and has been
widely used in clinic. Previous studies showed that the intestinal
377
permeability coefficient of Ber in Coptidis Rhizoma decoction was
significantly higher than that of Ber solution. Is this phenomenon
related to the colloidal aggregations in the Coptidis Rhizoma
decoction?

In the present study, it was firstly proved the significantly
improvement of SAA on Ber absorption in intestinal perfusion
experiment. The previous researches of our research group showed
that the SAA was mainly composed of polysaccharides. Polysaccha-
rides can be uptaken by the M cells on the surface of PPs in small
intestine (Rathan et al., 2019). In order to avoid the influence of



Fig. 6. SAA significantly affected permeability between intestinal epithelium cells through PPs activation. (A) A (A1) and Papp (A2) values of Flu permeation in isolated
intestinal tissues with SAA incubated PPs or PPsIP. (B) Representative fluorescent images of TJ proteins (red) in intestinal villi (B1) and the quantitative analyses of the IOD (B2),
with nuclei stained by DAPI (blue). Original magnification � 200. The data are expressed as mean ± SD (n = 5). *P < 0.05, **P < 0.01 and ***P < 0.001 vs BC group with PPs
participation; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs BC group with PPsIP participation; &P < 0.05, &&P < 0.01 and &&&P < 0.001 vs PPs group at the same time point.
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intestinal flora on the immune effect of intestinal PPs, an Ussing
Chamber system was used to investigate whether PPs participated
the promoting effects of SAA on Ber permeation in small intestine.
The results showed that, SAA could dose-dependently increase Ber
permeation in isolated small intestine tissues with the presence of
PPs. However, when PPs was absent, the promotion of Ber perme-
ation only appeared in group with high SAA concentration. These
phenomena confirm the participation of PPs in the SAA promoting
Ber permeation.

The TJ structure among cells is a multifunctional complex and is
composed of various proteins. It is the structural basis of substance
transport through paracellular pathway, and has the function of
‘‘barrier” and ‘‘fence” (Lin et al., 2019). The proteins ZO-1, Occludin
and Claudin-1 are important protein molecules that constitute the
TJ between cells and decide the permeability of intestinal tissues
(Gong et al., 2017; Xie et al., 2019). With the participation of PPs,
the expression level of all these TJ proteins was down-regulated
by SAA in some extent. Moreover, these inhibitive effects change
with the extension of time, indicating that the regulation of SAA
on TJ was dynamic. In addition, because of the uneven distribution
of bacteria in the whole intestinal lumen, the properties of local
microenvironment drive variation in both identity and abundance
of taxa (Tropini, Earle, Huang, & Sonnenburg, 2017). In the small
intestine, where transit is faster, and simple sugar and amino acid
metabolism is favored, the community is dominated by rapidly
dividing facultative anaerobes such as Proteobacteria and Lacto-
bacillales (Gu et al., 2013). Thus, SAA should not induce the inva-
sion of harmful bacteria in the small intestine.

The promotive effects of SAA on Ber permeation in small intes-
tine and the dynamic regulations of SAA on TJ between intestinal
epithelium cells could be clearly observed in the experimental
groups with PPs, which indicated that the above effects might be
associated with PPs. M cells in PPs have the unique ability to pre-
sent antigens, macromolecules and particles to lymphocytes and
are considered to be helpful in initiating mucosal immunity. Dur-
ing the 120 min incubation with SAA suspensions, the mRNA
expression of T-bet and ROR-ct in PPs increased continuously
and the increasing of STAT-6 and Foxp3 expression was transient,
indicating that SAA provided dynamic differentiation regulations
of T lymphocytes. The secretion of immune effectors from differen-
tiated T lymphocytes exhibited the similar variations. The balance
of differentiated Th1, Th2, Th17 and Treg cells has been reported to
be a major influence factor in intestinal function, as well as the
immune effectors secreted by them (Chen et al., 2019; Xu et al.,
2019). Thus, it was presumed that the SAA in Coptidis Rhizoma
decoction could dynamically regulate the T lymphocytes differen-
tiation in PPs and the secretion of various immune effectors after
uptaken by M cells, then dynamically regulated the TJ between
intestinal epithelium cells and promoted the Ber absorption/per-
meation in small intestine. In order to verify the correlation
between PPs activation and the intestine tissue permeability, the
TJ structure and Flu permeation of small intestine tissues were
evaluated after incubation with PPsIP and SAA, in an Ussing Cham-
ber system. It could be seen that the PPsIP groups with medium and
high concentrations of SAA could dynamic regulate the TJ of iso-
lated intestinal tissues and significantly promote Flu permeation.
Combined with the proved regulation of SAA on PPs-associated
immunity in above sections, these results indicated that SAA could
significantly promote the permeability of intestinal epithelium
cells through PPs activation.

Intestine research is a field of great biological complexity
(Aarnoutse et al., 2019). Intestinal absorption of TCM decoction is
affected by many factors, such as intestinal immunity, intestinal
flora, intestinal peristalsis and so on. This study is limited to dis-
cussing PPs-related immunity. The results of this study indicated
that the promotion effect on active ingredients absorption was
379
related to the immune activity of SAA on PPs, but the specific
mechanism of immune activation is not clear. Therefore, it is
unclear whether this function of regulating intestinal epithelium
permeability through immune activation is applicable to the
absorption of active ingredients of other TCM decoctions.

5. Conclusion

The present study found that SAA could dynamically regulated
the permeability of intestinal tissues and the structure of TJ
between intestinal epithelium cells through activating the PPs-
associated immunity. This may be one of the reasons why Coptidis
Rhizoma decoction always has better biological activity than Ber
solution administrated alone. Although our research results cannot
explain the influence of colloidal aggregations in different TCM
decoctions on the intestinal absorption of different active ingredi-
ents, it provides a theoretical and applied basis for the develop-
ment of TCM dosage formulations from a new perspective.
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