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Objective: Astragalus Radix (AR, Huangqi in Chinese) has been widely used as a qi (energy) restoring herb
that is thought to act through reinvigorating the spleen and lung. Aconite is used to rebalance the body
temperature during illness and played an irreplaceable role in disease control since ancient times, but it is
limited by its strong neuro and cardiotoxicity. Since the Song Dynasty (1227), the two herbs have been
commonly used as herbal pairs including in the famous Qifu Decotion, from the ‘‘Wei’s Family
Prescription”. However, many ancient texts also record that they are not compatible using together, sug-
gesting they can have negative outcomes when mixed. This study investigated whether Astragali Radix
had either positive or negative effects on absorption of six different active alkaloids derived from aconite.
Methods: Single intestinal perfusion model was used to study the effects of Astragali Radix on aconite
alkaloids absorption. Response of ABC transporters and distribution of three tight junction proteins on
the surface of intestinal enothelium were assessed by Reverse Transcription-Polymerase Chain
Reaction (RT-PCR), Western blot and immunofluorescence microscopy, respectively.
Results: The results showed that aconite alkaloids absorption could be inhibited, and different concentra-
tions of Astragali Radix considerably increased the expression levels of the ABC transporters and tight
junction proteins with Astragali Radix treatment.
Conclusion: These results suggest that Astragali Radix can block absorption of aconite alkaloids through
the upregulation expression of ATP-binding cassette transporters (ABC transporters) and tight junction
proteins. It demonstrates that co-administration of Astragali Radix with other drugs might change the
absorption profile of the second drug which is important to know in clinic therapy.

� 2020 Tianjin Press of Chinese Herbal Medicines. 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

Astragalus Radix (AR, Huangqi in Chinese) is often used as a qi-
invigorating herb in traditional Chinese medicine (TCM). It is
thought to exert function through invigorating the spleen and lung
which has an extensive and a long history clinical application
(Chen et al., 2014). In TCM, the spleen is considered an important
immune organ with the functions of nourishing and sustaining life.
At the same time, it also has the functions of defending the body
against diseases, the external environment and maintaining core
body processes at equilibrium (Bronte and Pittet, 2013; de Matos
Filho and Petroianu, 2015; Lewis et al., 2019). Modern medicine
believes that the small intestine is the first barrier to defend the
body against ingested harmful substance (Grant et al., 2015;
Margarete, 2011). Since the spleen has a key role in maintaining
the body equilibrium, we considered the possibility that the spleen
is involved in supporting the small intestine to block absorption of
harmful substance.

Aconite from Aconiti Lateralis Radix Praeparata (Fuzi in Chinese,
FZ), has been known as the first drug to revive the yang for resus-
citation and has played an important role in disease control since
ancient times. FZ treatment leads to effects of expanding blood
vessels, reducing inflammation as well as having anti-tumor prop-
erties (Wu et al., 2018), leading to its widespread use in the treat-
ment of cardiovascular and digestive diseases. As an example,
there are 113 prescriptions in the book ‘‘Treaties of Febrile and Mis-
cellaneous Diseases” (Zhong-jing Zhang, Eastern Han Dynasty) and
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21 prescriptions contained aconite, despite use of the herb being
known to cause side-effects. Along with the widespread use of
FZ, it is regularly used in combination with other TCMs and/or
modern drugs (Peter et al., 2013), increasing the chance of negative
drug interactions and changed drug absorption properties in com-
bination (Zhang et al., 2016; Zhu et al., 2014). AR and FZ are com-
monly used as a herbal pair, such as in the Qifu Decotion, a famous
preparation in TCM first mentioned in ‘‘Wei’s Family Prescription”
(Song Dynasty). However, texts such as ‘‘The explanation of medic-
inal processing of Leigong” (Shi-cai Li, Ming Dynasty) and the book
of ‘‘Medica Truth” (Qing Dynasty) indicate that the efficacy of FZ is
reduced in the presence of AR. Supporting these texts, modern
research shows that AR can reduce the toxicity of FZ (Zhang
et al., 2018). But the mechanism by which AR limits FZ activity is
not known. We hypothesized that AR, through its activation of
splenic function, could impact on the absorption of FZ and thus
reduce its potency. At present, the compatibility mechanism of
FZ and AR has not been reported, and intestinal absorption is the
key link of curative effect of TCM. Therefore, to fully understand
the absorption characteristics of FZ and the influence mechanism
of AR on FZ absorption can provide theoretical basis for guiding
clinical medication of TCM, enrich the TCM theory of ‘‘spleen dom-
inating wei”, and explain that the biological essence of AR in FZ
intestinal absorption will promote the clinical application of TCM.

For an orally administered drug, there are many barriers for
drug absorption, with drug efflux transporters and the tight junc-
tion that forms between cells in the small intestine considered to
be key factors that determine the rate of drug absorption. Efflux
drug transporters linked to determining the rate of drug absorption
in the small intestine include ABC transporters P-gp, BCRP and
MRP2 (Wu et al., 2018). All three transporters are expressed on
the intestinal epithelial layer and they are thought to be active in
the efflux of drugs and toxicity substances to the intestinal lumen.
The tight junction of the small intestinal mucosa cells is made up of
Occludin, claudin, ZO-1, ZO-2, ZO-3 and cytoskeletal proteins
(Arias et al., 2014; Ali et al., 2014). The permeability of the small
intestinal mucosa is known to affect the amount of drug in the
blood, while the permeability of the intestinal mucosa can change
under certain conditions. Here, using a rat intestinal perfusion
model we investigated whether AR reduces the toxic effects of FZ
through blocking its absorption and reducing the concentration
of FZ in the blood. We investigated whether changes in absorption
could be due to changes in efflux drug transporter activity and/or
cell tight-junction formation in the intestinal epithelial cells with
AR administration.
2. Materials and methods

2.1. Reagents and chemicals

Astragali Radix (AR) (batch:161213) and Aconiti Lateralis Radix
Praeparata (batch:20150601) were all purchased from Jiangxi
Jiangzhong Traditional Chinese Medicine Decoction Co., Ltd., and
were identified by Professor Shou-wen Zhang of Jiangxi University
of Traditional Chinese Medicine. Hypaconitine, new aconitine, aco-
nitine, benzoylhypaconine, benzoylmesaconine, benzoylaconine
and astragaloside IV were obtained from the National Institute
for Food and Drug Control (Beijing, China).

Phosphate buffered saline (PBS), Coomassie brilliant blue G-
250, bovine serum albumin (BSA), and SDS-PAGE Gel Preparation
Kits were all purchased from Beyotime Biotechnology (Shanghai,
China). 5X protein loading buffer andWestern Transfer Buffer were
purchased from Beyotime Biotechnology (Shanghai, China).
Radioimmunoprecipitation assay (RIPA) lysis buffer, protease inhi-
bitors, phosphatase inhibitors, the bicinchoninic acid (BCA) Protein
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Assay Reagent kit, and the enhanced chemiluminescence (ECL) kit
were purchased from Beijing Com Win Biotech Co., Ltd. (Beijing,
China). A rabbit monoclonal anti-P-gp (MDR) antibody, a mouse
monoclonal anti-multidrug resistance-associated protein2
(MRP2) antibody, and a rabbit monoclonal anti-breast cancer resis-
tance protein (BCRP) antibody were purchased from Abcam (Cam-
bridge, United Kingdom). A rabbit monoclonal anti-Claudin 1
antibody, a rabbit monoclonal anti-Occludin antibody, and a rabbit
monoclonal anti-ZO-1 antibody were all purchased from Boster
Biological Technology Co., Ltd (Wuhan, China). A Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mouse monoclonal antibody
was purchased from Shanghai Bioleaf Biotech Co., Ltd. (Shanghai,
China). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG and HRP-labeled goat anti-rabbit IgG (H + L) were pur-
chased from Beyotime Biotechnology (Shanghai, China). Trizol RNA
extraction kit was purchased from Ambion (Thermo Fisher Scien-
tific, Beijing, China). The reverse transcription kit was purchased
from Promega (Madison, WI, USA). Power SYBR Green PCR Mix
was purchased from Life Technologies, Inc. PCR primers were syn-
thesized by Shanghai Sangon Biotech Co., Ltd. (Shanghai, China). All
other chemicals and solvents were of analytical grade or above and
used as received.

Male Sprague-Dawley rats (200–220 g, body weight) for the
intestinal absorption study were obtained from the animal center
of Jiangxi University of Traditional Chinese Medicine (Nanchang,
China). The animals were housed in a room that was well venti-
lated and had a regular 12:12 h light:dark cycle throughout the
experimental period. During this period all mice were given a com-
mercial diet and water ad libitum. All animal studies were done
according to the approved protocols and guidelines of the Institu-
tional Animal Ethical Care Committee (NIPER). All efforts were
made to minimize the number of animals used and their suffering.

2.2. Preparation of AR and Aconiti Lateralis Radix Praeparata water
extract

AR and Aconiti Lateralis Radix Praeparata (FZ) decoctions were all
prepared according to a method which has been established previ-
ously (Kong et al., 2017). The purity of the main bioactive com-
pounds in AR and FZ were determined via high performance
liquid chromatography (HPLC). The content of pureonebio and
astragaloside IV in AR extract was 0.034% and 0.225%, respectively.
The content of monoester alkaloids and diester alkaloids in FZ
extract was 4.56% and 0.40%, respectively. Both extracts were
stored at �20 �C for later use.

2.3. Effect of AR on intestinal absorption of six alkaloids of FZ by single-
pass perfusion model

Fasted (16–18 h) male Sprague-Dawley rats were anesthetized
with 10% chloral hydrate (3.4 mL/kg by intraperitoneal injection).
Single-pass intestinal perfusion studies were carried out using an
experimental design similar to that described by ourself before.
The rats were fixed on a plate and body temperature was main-
tained at 37 �C using an overhead work-light and a heating mat.
The abdominal cavity was opened along the middle line of abdo-
men and the intestinal segment to be inspected was separated.
The intestinal segment was kept moist throughout the experiment
by gently applying buffer using cotton wool balls saturated with
warm saline, and was washed cleanly using constant temperature
physiological saline at a flow rate of 5 mL/min. Test solution
(50 mL) was preheated to 37 �C and irrigated for 10 min at a flow
rate of 1 mL/min before reducing the flow rate to 0.2 mL/min for
30 min. The perfusate samples were collected at 15, 30, 45, 60,
75, 75, 90, 105 and 120 min before analysis of the collected sam-
ples for drug content by liquid chromatograph mass spectrometer



Table 1
Primers of GAPDH, P-gp, MRP2, BCRP, Claudin 1, Occludin, and ZO-1 for real-time PCR
analysis.

Names of primer Primer sequences (50–30)

GAPDH F:TGGGTTTCCCGTTGATGA
R:AGGGCTGCCTTCTCTTGT

P-gp F:GCAGGTTGGCTGGACAGATT
R:GGAGCGCAATTCCATGGATA

MRP2 F:TGATCGGTTTCGTGAAGAGCT
R:ACGCACATTCCCAACACAAA

BCRP F:GTTTGGACTCAAGCACAGCA
R:TGAGTTTCCCAGAAGCCAGT

Claudin-1 F:CTCACAGAGAGGGGTCGTTG
R:ACTGTTAGCGGCAGTTTGGT

Occludin F:GGGGTGATTCGGATCCTGTC
R:TCCTCCAAAGATGCCCGTTC

ZO-1 F:CCCTTACCTTTCGCCTGAAAC
R:CCTTCGTCTCTGAGCATCGT
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(LC-MS). The detection method was described previously (Kong
et al., 2017), and the chemical structures of tested compounds
has been showed in Fig. S1. Blood samples were taken at
120 min from hepatic portalvein, centrifuged to separate the
plasma which was then frozen until LC-MS analysis. The rat was
then euthanized and the perfused intestinal segment removed
and its length and internal diameter was measured.

The characterization of intestinal absorption of six alkaloids of
FZ and the intestinal absorption effects of AR extract on them
was studied by the experimental method above. Correction for
water flux was performed in outgoing drug concentration by the
method previously described by Ali et al. (Ali et al., 2014). The
intestinal permeability (Papp) of drugs was determined using the
following mathematical expression (Dixit et al., 2012):

Papp;G ¼
�Q ln Cout corrð Þ

Cin

� �

2prl

where r is the luminal radius of intestinal segment and l is the mean
length of perfused duodenum segment. Cout(corr) is the correct con-
tent of drug solution of exit, Cout is the content of drug solution of
exit. Cin is the perfusion drug content of intestinal inlet (ug/mL). Q
is the perfusion rate (mL/min).

2.4. Dosage regimen and intestinal tissue sample processing of normal
rats

A total of 20 SD rats with weighing 180–220 g were randomly
divided into four groups. They were normal group, low dose group
(3.33 g AR crude drug/kg), medium dose group (10 g AR crude
drug/kg) and high dose group (30 g AR crude drug/kg), respec-
tively. Rats were administered AR continuously for 7 d before being
euthanized at day 8. A segment of the duodenum (10 cm) was
removed, washed clean with 4 �C PBS and cut segments stored at
�80 �C. Similarly, 10 cm of ileum was removed, washed and placed
in an embedding box after cutting into segments. The box was
immersed in 4% paraformaldehyde solution and stored at 4 �C.

2.5. Effect of AR extract on expression of ABC transporters (MRP2, PGP,
BCRP) and tight junction (Claudin 1, Occludin, and ZO-1) proteins

Small pieces of duodenal tissue were precisely weighed and dis-
integrated using RIPA lysis buffer for 30 min, before being cen-
trifuged for 5 min at 12000 rpm. The protein content of the
supernatant was determined using the BCA kit according to the
manufacturer’s instruction. Protein samples were mixed with 5�
loading buffer and were denatured at 100 �C for 3 min. An equal
amount of protein (60 mg) was separated by SDS-PAGE (5% stacking
and 10% separating gels) and then subsequently transferred from
the gel to a polyvinylidene fluoride (PVDF) membrane. After block-
ing for 2 h with skim milk, the corresponding antibodies were
added at appropriate dilutions and incubated with the membrane
at 4 �C overnight. The membrane was washed before incubation
with the corresponding secondary antibody at the appropriate
dilution in the same buffer for 1 h at room temperature. Western
blot signals were determined using an ECL chemiluminescence
detection agent. The relative intensity of each protein band was
scanned and densitometry was undertaken using ImageJ software.

2.6. Real-time PCR analysis

Total RNA of small pieces of duodenal tissue was extracted by
using a Trizol kit according to the manufacturer’s protocol. RNA
yield was determined by measuring the optical density (OD) of
the extracted RNA preparation at a wavelength of 280 nm using
a micro-plate reader. Total RNA was stained with 0.5 g/mL ethid-
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ium bromide and analysed on a 1.0% agarose gel by gel elec-
trophoresis to confirm RNA integrity, where three intact bands of
28S, 18S, 5S rRNA were observed under ultraviolet light. Total
RNA (5 lg) was reverse transcribed into cDNA according using
the reverse transcription kit according to the manufacturer’s rec-
ommendations. SYBR Green real-time PCR amplification and detec-
tion were performed using an AB17500 fast system. All primer
sequences were listed in Table 1. The real-time PCR amplification
conditions were shown in Table 2. Relative mRNA levels were nor-
malized against GAPDH mRNA levels, the method of 2-44Ct was
adopted to calculate the relative expression of P-gp, MRP2, BCRP,
Claudin 1, Occludin and ZO-1.

2.7. Measuring effect of AR extract on tight junction using
immunofluorescence confocal microscopy

Ileum segments of rats were embedded with paraffin and cut
into 5 lm slices, dew-axed and restored in a 96 �C water bath. Seal-
ing was performed for 1 h at room temperature with 5% rabbit
serum. Primary antibodies were added overnight at 4 �C, before
secondary antibodies with FITC-labeled sheep anti-rabbit were
added and incubated for 1 h (avoid light) , washed three times with
0.01 mol/L PBS and 5 min for one time. Samples were sealed with
anti-fade mounting medium and observed using a laser co-
aggregation microscope. Semi-quantitative analysis methods were
used to analyse the immunofluorescence image using an image pro
plus. In microscopy images, the positive expression marker green
fluorescence and the nucleus was blue fluorescence.

ImageJ software was used for semi-quantitative analysis of
immunofluorescence images. The calculation formula is as follows
(L Zhang et al., 2015):

AOD ¼ intDen
Area

ð1Þ

where intDen is the integrated optical density (IOD) of the images,
Area is the fluorescence region of the images, AOD is the average
optical density.

The following formula is used to calculate AOD (%) of tight junc-
tion protein:

Relative AOD ð%Þ ¼ AOD sample
AOD control

� 100 ð2Þ
2.8. Data analysis

All data presented in this study is the mean ± standard devia-
tion (SD) from at least three independent experiments. Significant
differences were analyzed using one-way ANOVA, followed by the



Table 2
Reaction conditions of real-time PCR.

Reaction phases Temperatures/�C Time Cycle times

DNA dissociation 95 10 min 1
Annealing 95 5 s

60 10 s 45
extension 72 15 s 1
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GraghPad 7.0 software. Statistical differences were considered sig-
nificant at P < 0.05.

3. Results

3.1. Effect of AR on intestinal absorption of six alkaloids of FZ

We first looked at the effect of AR extract on the intestinal
absorption of FZ alkaloids by assessing the remaining alkaloid con-
centration in the perfusate. Results from the single-pass intestinal
perfusion experiments showed that AR can significantly reduce the
intestinal absorption of six alkaloids of FZ in a dose dependent
manner (Table 3). We next checked whether AR could interfere
with absorption to the extent that blood plasma concentrations
of the alkaloids would be reduced. The plasma concentration of
all three alkaloids tested was significantly lower than that of the
non-AR treated models (Table 4), confirming that the presence of
AR does indeed inhibit the absorption of FZ alkaloids into the
blood. Here only the plasma concentrations of three monoester
alkaloids were detected since the diester-type alkaloids only occur
at low concentrations in FZ, and were thus below our ability to
detect in plasma.

3.2. Effect of AR on expression and mRNA levels of ABC transporters (P-
gp, MRP2, BCRP) of normal rats

Since ABC transporters are key mechanisms by which the small
intestine regulates the uptake of toxins, we tested whether AR
could alter the expression levels of these transporters. We first
analysed the relative mRNA levels of P-gp, MRP2 and BCRP in duo-
denal tissue in the presence of AR (Fig. 1). AR was found to signif-
icantly increase expression of P-gp and MRP2 in a dose-dependent
manner (P < 0.05, P < 0.01). However, BCRP mRNA expression
peaked at the lowest concentration of AR tested and then dropped
away quickly.

We next quantitated the level of protein expression for the
three ABC efflux transporters (P-gp, MRP2, BCRP) in the duodenal
tissue of normal. Levels of P-gp, MRP2, BCRP protein increased sig-
nificantly with higher AR concentrations compared to the non AR
treated control group (P < 0.05 or P < 0.01). While there was a trend
towards increasing expression of P-gp and MRP2 with higher doses
of AR, BCRP expression peaked at the lower doses of AR and then
dropped away significantly at higher doses, similar to the early
expression profile seen with the mRNA expression which com-
bined suggest that higher concentrations of AR may be antagonistic
Table 3
Effect of AR on intestinal absorption of six ester alkaloids on FZ (mean ± SD, n = 5).

Groups Drug concentrations/
(mg�kg�1)

benzoylhypaconine benzo

FZ Alkaloid 360 7.77 ± 2.19 7.56 ±
FZ Alkaloid +AR

extract
360 + 120 3.21 ± 0.54** 3.21 ±
360 + 360 3.07 ± 1.01** 3.20 ±
360 + 1080 2.83 ± 0.29** 3.09 ±

*P < 0.05, **P < 0.01 vs FZ group.
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for BCRP expression. The results of the protein expression profiling
support the mRNA expression data all three transporters and sug-
gest that AR can upregulate the expression of these ABC trans-
porters. Given that one of the functions of the ABC transporters
is to efflux potential toxins, the increased expression of these pro-
teins upon treatment with AR may contribute to reduced perfusion
of FZ alkaloids into the blood plasma.

3.3. Regulation of protein and mRNA levels of proteins involved in
formation tissue tight junctions (Claudin, Occludin-1, ZO-1) by AR

Cell boundaries in the intestinal tissue are a barrier for perfu-
sion of toxins into the blood plasma. Here, we assessed the relative
mRNA levels of the tight junction proteins Claudin-1, Occludin and
ZO-1 in the duodenal tissue after treatment with AR. Compared
with control group, AR was found to significantly (P < 0.05,
P < 0.01) increase the mRNA levels of Occludin and ZO-1 in a
dose-dependent manner (Fig. 2A). mRNA expression levels of
Claudin-1, however, reached peak levels at the lowest AR concen-
tration tested and maintained these levels at higher doses, suggest-
ing that maximal expression levels of Claudin-1 are reached at low
AR concentrations. We next examined changes in Claudin 1, Occlu-
din and ZO-1 in the duodenal tissue of normal after oral adminis-
tration of AR. Compared with the control group (without oral
administration of AR), administration of AR led to a dose depen-
dent increase in the protein levels of Occludin and ZO-1 (P < 0.05
or P < 0.01) (Fig. 2B and 2C). Mirroring changes seen in mRNA
levels, levels of Claudin 1 protein rapidly increased to peak levels
at the lowest dose and then maintained that level at the higher
concentrations, with no true dose-dependent relationship evident.
An important function of these tight junction proteins is to regu-
late the permeability of the boundary between cells in the intesti-
nal epithelium tissue. An increase in levels of these proteins after
AR administration could decrease the permeability along these
boundaries and intestinal absorption, limiting the absorption of
compounds across this barrier.

3.4. Immunofluorescence assessment of expression and localization of
tight junction proteins Claudin-1, Occludin and ZO-1 after AR
treatment

In order to assess where the increased expression of tight junc-
tion proteins might be occurring in rat duodenal tissue after AR
treatment, we fixed and stained the tissue with antibodies against
Claudin-1, Occludin and ZO-1 and detected the expression of these
proteins using a FITC secondary antibody and a confocal micro-
scope. Tissue was imaged using a 40� objective and DAPI was used
to detect nuclear DNA of the cells. For non-AR treated control tis-
sues, Claudin-1, Occludin and ZO-1 typically located on the cyto-
plasm and membranes of monolayer columnar epithelial cells,
while the cytoplasm of goblet cells did not stain with antibodies
to these tight junction proteins (Fig. 3A). The 4–6 lm monolayer
columnar epithelial cells are closely arranged and the gap between
cells can be seen faintly in non-AR treated control samples. After
Papp/(�10-5cm � s�1)

ylmesaconine benzoyl
aconitine

hypaconitine mesaconine aconitine

2.16 7.63 ± 2.12 6.60 ± 1.69 7.37 ± 1.72 8.36 ± 2.26
0.50** 3.15 ± 0.60** 4.32 ± 1.69 4.42 ± 1.38* 5.20 ± 0.48*
1.10* 3.26 ± 8.25** 2.98 ± 1.18* 3.17 ± 1.15** 5.02 ± 1.15*
0.70** 2.93 ± 0.38** 3.14 ± 0.82* 3.51 ± 0.82** 4.54 ± 0.72*



Table 4
Effects of AR on plasma concentrations of three monoester alkaloids in FZ in normal rats (mean ± SD, n = 5).

Groups Crude drug concentrations/(mg�kg�1) Plasma concentrations / (ng�mL�1)

Benzoylhypaconine Benzoylmesaconine Benzoyl aconitine

FZ Alkaloid 360 3.741 ± 1.144 9.670 ± 2.833 2.042 ± 0.562
FZ Alkaloid:AR extract 360 + 120 1.789 ± 0.923* 4.856 ± 2.300* 1.067 ± 0.455*

360 + 360 2.034 ± 0.693* 5.241 ± 1.909* 1.124 ± 0.380*
360 + 1080 2.010 ± 0.533* 5.251 ± 1.493* 1.162 ± 0.289*

*P < 0.05 vs FZ group.

Fig. 1. Effect of AR on expression and mRNA levels of ABC transporters (P-gp, MRP2, BCRP) of normal rats. The protein levels of P-gp, MRP2, BCRP byWestern blotting analysis
(A); The semi-quantitative results protein levels of P-gp, MRP2, BCRP of Western blot analysis (B); mRNA levels of P-gp, MRP2 and BCRP (C). #P < 0.05, ##P < 0.01 vs control
group (without AR).

Fig. 2. Effect of AR on mRNA and protein levels of tight junction proteins Claudin, Occludin-1 and ZO-1 of in duodenal tissue of normal rats treated with AR. mRNA levels of
Claudin, Occludin-1, ZO-1 (A); Protein levels of Claudin, Occludin-1, ZO-1 represented by Western blot analysis (B) and densitometry of Western blot signal for Claudin,
Occludin-1 and ZO-1 (C). #P ＜ 0.05, ##P ＜ 0.01 vs control group (without AR).
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oral administration of AR, green fluorescence staining of Claudin-1,
Occludin and ZO-1 in the intestinal villi of rats treated with AR was
found to increase, with increased but weak staining of goblet cells
was also evident. Increased staining for the tight junction proteins
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was evident in low, medium and high AR dose groups for Claudin,
Occludin and ZO-1. Of note, areas of increased peripheral Occludin
staining were evident for some cells at a medium concentration of
AR. Quantification of fluorescence signal confirmed a dose-



Fig. 3. Immunofluorescence analysis of effects of AR on tight junction proteins Claudin 1, Occludin and ZO-1 in rat duodenal tissue. Localization of three tight junction
(Claudin-1, Occludin and ZO-1) proteins by AR in the rat duodenal. Red arrows refer to secretory protein (A). The bar graph illustrates the change in the expression of tight
junction proteins with different doses of AR (B). Results are representative of three independent experiments. Cell nuclei were stained by DAPI and are shown in blue.
Claudin-1, ZO-1 and Occludin are shown in green and pointed out by red arrow heads. Original magnification: 400�. #P < 0.05, ##P < 0.01 vs control group (without AR).
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dependent increase in levels of Occludin and ZO-1 (Fig. 3B). As seen
for both mRNA andWestern blot assessment of protein expression,
the fluorescence signal for Claudin-1 peaked from high levels at the
lowest dose of AR and maintained these levels at higher doses. Also
of interest is that a general thickening of the mucus layer along the
epithelial surface visibly thickened. In combination, the apparent
thickening of the mucosal layer and increased expression of the
tight junction protein Claudin-1, Occludin and ZO-1 with AR treat-
ment could contribute to reduced intestinal absorption of other
drugs.
4. Discussion

The theory of compatibility of traditional Chinese medicines
refers to considering the combination of two or more herbs for
treatment according to the need of illness and properties of herbs
(Bi et al., 2014; Zhou et al., 2017). To be effective, there must be
some positive interactions occurring between herbs when a combi-
nation therapy of Chinese herbs is applied. Positive interactions to
be considered when trying to maximise benefits when treating
with a combination of herbs include the whether the efficacy of
the treatment increases or decreases (Guan et al., 2014; Zhou
et al., 2018) and whether a combination of herbs can inhibit or
eliminate toxic side effects (Xiu et al., 2015). More recently, combi-
nations between traditional Chinese herbal medicines and modern
drugs has become increasingly popular (Shi et al., 2019). Conse-
quently, potential drug interactions that could impact on treat-
ment efficacy when combining traditional and modern medicines
should not be overlooked. Modern research indicates that common
traditional Chinese medicines believed to nourish qi and invigorate
the spleen such as Ginseng Radix et Rhizoma, Atractylodis Macro-
cephalae Rhizoma and Glycyrhizae Preparata Radix can inhibit the
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absorption of diester alkaloids and reduce the strong toxicity of
aconite (You et al., 2015; Zhang et al., 2013). Research indicates
that ginseng increases the excretion of diester toxic alkaloids of
FZ by inducing the expression of P-gp (You et al., 2015) and
Atractylodis Macrocephalae Rhizoma can reduce the toxicity of FZ
by the means of inducing CYP3A to improve the metabolism of
FZ. In addition, a decoction of Four Mild Drugs was found to inhibit
the absorption of endotoxin (Ji et al., 2016). Inhibition of absorp-
tion of harmful substances is a function of the intestinal barrier
which provides mechanical, microbial, chemical and immune bar-
riers to drug absorption. These barriers could inhibit the absorption
of harmful substances throughmeans such as mechanical intercep-
tion, reduced permeability, killing and immune clearance of for-
eign organisms amongst other means. In recent years a number
of studies have reported that traditional Chinese herbal medicines
believed to nourish qi and invigorate the spleen have the positive
function of helping repair the mucosal barrier structure (Ji et al.,
2016), chemical barrier (Zhang et al., 2014), and balancing the
microbiome of splenectomized animals (Ji et al., 2016), with evi-
dence that these medicines decrease the mucosal permeability of
harmful substances. All of this research supports the concept that
the ‘‘Spleen is the master and defender” and herbal medicines
believed to improve splenic function can also impact on the effi-
cacy of intestinal barriers (Ji et al., 2016; Zhang et al., 2014).

AR has the reputation of ‘‘invigorating qi” and is commonly used
to provide qi to the spleen and lung. A major finding of this study is
that AR could inhibit the intestinal absorption of six alkaloids of FZ.
We found that treatment with AR up-regulated mRNA and protein
expression of the ABC transporters P-gp, MRP2 and BCRP. ABC
transporters commonly act as drug efflux transporters. In tumor
tissue, the over expression and activity of ABC transporters
increases tumor cell resistance to drugs (Breier et al., 2005;
Zhang et al., 2015). A second major finding of this study is that
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AR significantly increased the expression of proteins involved in
formation of the tight junction which plays an important role at
the boundary between apical and basolateral plasma membrane
domains to prevent foreign bodies crossing the intestinal mem-
brane between cells (Bachinger et al., 2019). Tight junctions are
made up of transmembrane proteins (including Claudin and Occlu-
din) and cytoplasmic proteins (such as ZO-1, ZO-2 and ZO-3)
(Ortega-Olvera et al., 2018). Claudin-1 is a small transmembrane
protein responsible for regulating the structure and function of
the tight junction which is critical for epithelial barrier integrity
(Wang et al., 2012). Occludin is a four transmembrane-helix inte-
gral membrane constituent protein of tight junction-strands
(Cupri et al., 2015). ZO-1 is a key cytoplasmic protein assembled
at tigh junctions that binds to Claudin and Occludin as well as to
the actin cytoskeleton (Ding et al., 2017). Passive diffusion through
tight intercellular junctions exists in the transport of most small
molecules, and alkaloids such as FZ are no exception. AR increases
the levels of mRNA and protein expression of the tight junction
proteins Claudin-1, Occludin and ZO-1, potentially acting as a pri-
mary barrier against diffusion of solutes through the paracellular
pathway (Bachinger et al., 2019).

Except the upregulation effects of ABC transporters and tight
junction proteins we found that administration with AR could
induce goblet cells to synthesize and secrete tight junction struc-
tural proteins and a thick layer of mucus was increasingly depos-
ited on the surface of epithelium of the intestinal cavity (Fig. 3).
The intestinal surface is covered with a protective mucus layer
composed of mucoproteins which form a gel network structure.
The composition and thickness of this mucosal layer determines
the permeability of the mucus barrier to solutes and its protective
efficacy against pathogens (Kamphuis, Mercier-Bonin, Eutamène, &
Theodorou, 2017). Since the amount of mucus was observed to sig-
nificantly increasing with AR administration, it is likely that the
permeability of this barrier would reduce and its efficacy in pre-
venting solute absorption would increase. Thus, our finding impli-
cate treatment with AR as upregulating three physiological
mechanisms that could impact on drug absorption, ABC trans-
porters, the tight junction between intestinal epithelial cells and
the gut epithelial mucosa.

Combined, the results of this study suggest that AR leads to
physiological changes in the rat intestinal environment that could
result in reduced absorption of drug like molecules, as indicated by
inhibition of absorption for the six alkaloids tested in this study.
Our findings provide evidence for a possible mechanism by which
AR protects against FZ toxicity when used in traditional Chinese
medicine as a herbal pair, such as in the Qifu Decotion (Zhang
et al., 2018). A broader implication of these findings is that the
uptake of a biologically active molecule, such as a modern anti-
cancer drug, may be inhibited when used in combination with
AR. However, further research needs to be undertaken to identify
whether this property of AR is specific to compounds such as the
alkaloids tested in this study or relevant to traditional or modern
drugs in general.

Many ancient physicians have proposed that the ‘‘spleen is the
master of the defense”, meaning that the spleen plays an important
role in maintaining the bodies equilibrium and limiting negative
interactions with the external environment. AR, a traditional med-
icine that has long been linked to healthy splenic function, appears
to have more general properties in other organs that defend the
body against external insult such as the small intestine. Howmight
these traditional beliefs in Chinese medicine impact on modern
medicine? Yan Li of the Ming Dynasty pointed out that ‘‘the spleen
communicates with the small intestine” in his book of Introduction
to Medicine. The results of this study support that traditional Chi-
nese medicines promote activity of the spleen also modify the
function of the small intestine. The small intestine is not only an
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important organ for digestion and absorption of nutrients, but also
the first barrier for the body to resist endogenous and exogenous
harmful substances (Greenwood-Van Meerveld et al., 2017). Thus,
the spleens role as defender of the body in TCM and our under-
standing of the protective function of the small intestine in modern
medicine could be linked, with the activity of TCM such as AR act-
ing as conduits to promote both functions.
5. Conclusion

The present study has revealed that treatment with AR as
upregulating three physiological mechanisms that could impact
on drug absorption, ABC transporters, the tight junction between
intestinal epithelial cells and the gut epithelial mucosa at least
partly. It can also be found that the intestinal absorption mecha-
nism of FZ may involve facilitated passive diffusion associated with
the efflux transporters P-gp, MRP2 and BCRP. As a whole, FZ may
be the substrate of them. In conjunction with results from previous
studies along the direction of AR and FZ, these results provide
updated information concerning the intestinal absorption process
and the possible mechanism of these compounds.
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