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A B S T R A C T

Chicoric acid (CA), an active phenolic acid of Echinacea purpurea (Linn.) Moench, has been demonstrated to exhibit
antioxidative, antiviral and immunological activities. A prior study showed that CA is a water-soluble compound
with low bioavailability. The current study was performed to study the intestinal absorption mechanism of CA and
improve its bioavailability using natural biodegradable chitosan. A Caco-2 monolayer cell model was established
to characterise the mechanisms involved in the intestinal absorption of CA. The bioavailability improvement of
CA was studied in Sprague–Dawley rats after oral (20 mg/kg) administration of 0.5% chitosan. In vitro, the results
showed that the absorption transport of CA was fairly poor, with Papp values of 8.2 � 10�8 to 2.1 � 10�7 cm/s in
the absorption direction and 1.5 � 10�7 to 2.6 � 10�7 cm/s in the secretory direction. The permeability was
increased by EDTA and chitosan in both directions. Moreover, the transport through the intestinal monolayer was
Hþ dependent, and P-glycoprotein and OATP2B1 transporters were involved in the intestinal transport of CA. In
vivo, the absorption of CA was increased and accelerated with chitosan in rats because the bioavailability was
1.74-fold that of the prototype drug. The above mentioned results indicated that CA was a poor absorption drug
and that paracellular and carrier-mediated trancellular transport both participated in its transport route. Chitosan
is an excellent absorption enhancer for CA. The transport characteristics uncovered in this study lay the
groundwork for further studies directed toward the development and utilisation of its new formulations.
1. Introduction

Chicoric acid (CA), a caffeic acid derivative (Figure 1), is an active
component of Echinacea purpurea (Linn.) Moench has been widely used as
a dietary supplement and an immunopotentiator agent worldwide for its
strong potent bioactivities [1, 2, 3, 4]. According to a previous study, CA
possesses protective effects on the lung, liver and kidney [5], while CA
also exhibits strengthened antioxidant and antiviral (EV-A71, HSV, HIV
and Ebola) activities [6, 7, 8, 9, 10, 11]. Recent studies have shown that
CA could become an effective drug for gout [12] and type II diabetes
[13]. Although more studies have been performed on CA in recent years,
they have mainly focused on its pharmacological activities and few re-
ports on its pharmacokinetics in vivo. A previous study by our team re-
ported that the absolute bioavailability of CA in rats is quite low, only
approximately 2.0%, and the excretion of the prototype in urine accounts
for 15.3% of the dosage [14]. Therefore, it is necessary to investigate the
intestinal absorption mechanism of CA to improve its bioavailability.
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At present, oral routes are preferred for the administration of thera-
peutic compounds; however, the poor bioavailability of new drug can-
didates is a barrier to their development in oral form. Intestinal
permeation enhancers are one of the most widely tested strategies to
improve oral delivery. However, few absorption enhancers are presently
used clinically due to the difficulty of developing enhancers with high
specificity and low toxicity. For example, polysorbate and polyoxy-
ethylene could lead to the dissolution of cell membrane components in
the process of mucosal permeability promotion [15]; sodium dodecyl
sulfate and polyoxyethylene could cause irreversible damage to intestinal
epithelial cells [16]; sodium laurate could cause apoptosis [17]; and bile
salt at high concentrations would cause cytotoxicity [18]. Chitosan, a
polysaccharide derived from naturally occurring chitin, has been
exhibited biological compatibility, biodegradability, antimicrobial and
antioxidant activity [19]. Due to its safety and effectiveness, it has been
used in a large number of fields, such as food preservation, the phar-
maceutical industry and feed additives [20, 21, 22]. Additionally, chi-
tosan has been proven to be a paracellular opener. It can be used as safe
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ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:liujuxiang0315@sina.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e09955&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2022.e09955
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2022.e09955


OH
OH

O

O

HO
OH

O

O

O

OH

O

HO

Figure 1. Chemical structures of chicoric acid (MW 474.37112 Da).
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and effective intestinal absorption enhancers due to their mucosal
adhesion, reversible opening of tight junctions and positive charge [23,
24]. The mechanism of tight junction integrity reduction is related to the
changes in transmembrane CLDN4 protein induced by chitosan which
can be used as a permeation enhancer for the absorption of hydrophilic
drugs that have a paracellular transport mechanism [25].

It is well known that intestinal transporters play an important role in
the intestinal absorption of drugs nowadays. Efflux transporters such as
ABCB1 (P-gp, MDR1) and ABCG2 (BCRP) may limit the oral bioavail-
ability of drugs while several solute carriers including ASBT (SLC10A2)
and PEPT1 (SLC15A1) contribute to the uptake of their substrates into
the intestinal epithelia [26]. P-gp is an efflux protein regulated by a
multidrug resistance gene (MDR1). It is highly expressed in the Caco-2
cell line, and is mainly distributed on the AP side of the Caco-2 mono-
layer and largely limits the bioavailability of some natural drugs [27, 28].
The organic anion transporting polypeptide 2B1 (OATP2B1) was one of
the first cloned members of the SLCO family. OATP2B1 has been
recognized as a transporter of emerging clinical importance, as its in-
testinal expression involved in oral drug absorption of its substrate lead
to drug-drug interaction [29]. Recent studies have shown that the
absence of OATP2B1 could reduce the absorption of fluvastatin by 2- to
3-fold [30].

As a result, the purpose of the current study was to elucidate the in-
testinal transport mechanism, improve the bioavailability of CA and
serve as a theoretical basis for the development of its new formulations.

2. Materials and methods

2.1. Materials

Chicoric acid (purity �98%) was purchased from Mansite Biological
Technology Co., Ltd. (Chengdu, China). The Caco-2 cell line was ob-
tained from National Experimental Cell Resource Sharing Platform
(Peking, China). HBSS, DMEM, FBS and other cell culture reagents were
all obtained from Gibco, Thermo Fisher Scientific. Heparin sodium in-
jection (6250 IU/mL) was purchased from Tianjin Biochem Pharma-
ceutical Co. Ltd. (Tinjin, China). Chromatographic grade acetonitrile and
methanol were obtained from EMD Millipore Corporation (Billerica MA,
USA). Analytical grade hydrochloric acid, phosphoric acid and other
chemicals were obtained from Tianjin Concord Chemical Reagent
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Company (Tianjin, China). Ultrapure water of Milli-Q grade was used
throughout the study.

2.2. Cell culture

The Caco-2 cell line, which was incubated at 37 �C with 5% CO2, was
cultured in 75 mL flasks with Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% foetal bovine serum, 1% nonessential amino
acids, 1% L-glutamine, 100 IU/mL penicillin and 100 IU/mL strepto-
mycin. The medium was changed every 2 days. When the cells grew to
80% confluence in the flasks, they were cultured with the trypsin enzyme
digestion technique and passaged in vitro. The cells were used between
passages 31 and 35.

For the Transwell experiment, Caco-2 cells were seeded on 6-well
Transwell plates coated with rat tail collagen at a density of 3 � 105

cells/well (6 � 104 cells/cm2). A 1.5 mL culture medium was added to
the apical (A) of each well and 2.6 mL to the basolateral (B). The culture
medium was changed every other day. After 21 days of culture, the drug
Transwell experiment was carried out after the cells were completely
differentiated and formed a dense monolayer in each well with a TEER
value >900 Ω cm2 [31].

2.3. Permeability coefficient calculation

The cell monolayers were washed twice with HBSS and equilibrated
for 20 min at 37 �C before the permeability assay of CA. The standard
solution of CA (100, 200, 500 μM) prepared by HBSS was loaded on the A
or B side for the apical to basolateral (A – B) and basolateral to apical (B –

A) direction studies, respectively. Sample aliquots of 200 μL were
collected from the receiver compartment at 15, 30, 45, 60, 90, 120, and
180 min and replaced by an equal volume of blank HBSS. The samples
were analysed by UPLC as detailed in 2.9. The apparent permeability
coefficients (Papp) and efflux ratio were calculated by the following
formulas:

Papp ¼ (dC/dt) (V/AC0)

Efflux ratio ¼ Papp (B – A)/Papp (A – B)

where:
dC/dt: Change in chicoric acid concentration in the receiver with

time.
C0: Initial concentration in the donor chamber.
A: Surface area of the cell monolayer (4.52 cm2 for six-well plate).
V: Volume of receiver chamber (2.6 mL for the A – B direction, 1.5 mL

for the B – A direction).

2.4. Cell viability study

Cell viabilities for different drugs were measured byMTT assay. Caco-
2 cells were seeded on 96-well plates at a density of 5 � 104 cells/well.
After 24 h of incubation, various concentrations of drugs (CA, chitosan)
prepared by HBSS replaced the culture medium. After 24 h of exposure,
10 μL of 0.5% MTT solution was added to each well and incubated for 4
h. Then, the supernatant was drained and replaced with 150 μL DMSO.
Finally, the absorbance was measured at 490 nm by a microplate reader.

2.5. Paracellular pathway study

The intercellular opener EDTA and chitosan were used to evaluate the
participation of the paracellular pathway of CA. For EDTA, the cell
monolayer was incubated with 5 mM EDTA in D-HBSS (free of Ca2þ and
Mg2þ) for 5 min. Then, the standards of CA (500 μM) prepared with 50%
HBSS and 50% D-HBSS were loaded into the apical and basolateral
compartments. The receiver medium was collected at 15, 30, 45, 60, 90,
120, and 180 min. For chitosan, 0.05% chitosan solution prepared by
HBSS with pH 6.3 was added to the apical compartment, and the
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standards of CA (500 μM) were loaded to the apical and basolateral
compartments. The receiver medium was collected at the same time
points above. The TEER values were evaluated at the beginning of the
experiment and 24 h later. The Papp values for both directions were
calculated after determining the concentration of CA.
2.6. Effect of pH on transport

The effect of pH on the transport of CA (500 μM) was evaluated at pH
6.3 compared to pH 7.4. The medium of pH 6.3 was prepared by HBSS
adjusted pH to 6.3 with 1 M hydrochloric acid, whereas the pH of HBSS
was 7.4. The Papp values for both directions were calculated after
determining the concentration of CA.
2.7. Effect of P-glycoprotein and OATP2B1 transporter

GF120918 (a potent, specific Pgp inhibitor) [32] and 6 μM baicalin
(an OATP2B1 inhibitor) [33] were used at 2 μM to confirm that the
compound was a P-glycoprotein (Pgp) and OATP2B1 substrate. Both
transporter inhibitors were loaded to the apical compartment and used
for the transport study of CA from the A–B or B–A direction as described
above.
2.8. Statistical analysis

All the cell treatments were performed at least in triplicate and
expressed as the mean� SD. A t test was used for the differences between
groups. Statistical significance was accepted at p < 0.05.
2.9. Determination of CA

The Waters Acquity UPLC H-Class system (Waters, Milford, MA, USA)
included a quaternary solvent manager, an autosampler set at 4 �C and a
Waters Acquity UPLC Shield RP18 column (100 � 2.1 mm, 1.7 μm,
Waters, Milford, MA, USA). The chromatographic separation was per-
formed on isocratic elution with mobile phases of acetonitrile (A) and
0.1% phosphoric acid (B). Solvent A was 22% (v/v) at the beginning,
linearly increased to 42% over 1 min, and then returned to 22% by 2 min
at a flow rate of 0.3 ml/min. The detection was performed by a photo-
diode array detector at 327 nm.
2.10. Method validation

2.10.1. Calibration standards and QC samples
The standard stock solution of CA (1 mg/mL) and chlorogenic acid (1

mg/mL) was prepared in methanol/0.1% phosphoric acid (1:1, v/v) and
stored at -20 �C for less than one week. A series of working standard
solutions of CA at different concentrations (500.0–20000.0 ng/mL) was
prepared by diluting the stock solution. Calibration standards were pre-
pared by spiking 10 μL of the appropriate CA working solutions into 100
μL of blank plasma to yield a series of standard solutions of 50.0, 100.0,
200.0, 500.0, 1,000.0, and 2,000.0 ng/mL. According to the method
above, the quality control (QC) samples were prepared for three different
levels, which represented low, middle and high concentrations of CA at
100, 500.0, 2000.0 ng/mL in plasma.

2.10.2. Sample preparation
A 100 μL aliquot of plasma was sequentially added to 20 μL of 10 μg/

mL chlorogenic acid as an internal standard, 50 μL of 1MHCl and 1mL of
ethyl acetate to sonicate the extract and vortexed for 2 min equally. This
mixture was centrifuged at 10,000 rpm for 3 min, and the supernatant
was transferred into a 2 mL centrifuge tube and then concentrated to
dryness under nitrogen. The analytes were dissolved in 100 μL of
methanol/0.1% phosphoric acid (1:1, v/v).
3

2.10.3. Linearity and sensitivity
For plasma, the calibration curves of CA covered the concentration

range of 50.0–2000.0 ng/mL. Qualitative analysis was performed by
plotting the respective peak area versus the concentrations. The limit of
detection (LOD) and the limit of quantification (LOQ) were defined as
signal-to-noise ratios of 3 and 10, respectively. Moreover, the relative
standard (RSD) should be lower than 20%, and the accuracy should be
between 80 and 120% for the LOQ.

2.10.4. Precision, accuracy and stability
The precision (RSD) and accuracy (detected concentration/nominal

concentration) were estimated by QC samples (n ¼ 5) at three levels.
Within-run and between-run assessments were determined by one day
and three continuous days of QC samples. For stability of CA in prepared
samples, the three levels of QC samples (n ¼ 5) were reanalysed at 4 �C
for 24 h in the autosampler.

2.11. Pharmacokinetic study

2.11.1. Animals
The animal experiment was approved by the Animal Ethics Committee

at Hebei Agricultural University. Male Sprague – Dawley rats (200 � 20 g,
6 weeks, n ¼ 5) were used and supplied by SPF Biotechnology Company
(Beijing, China). Under anaesthesia with an intramuscular dose of Zole-
til®50 (tiletamine hydrochloride and zalazepam hydrochloride for injec-
tion, Virbac S.A., France) at 50 mg/kg (0.2 mL) to the lateral thigh muscle,
light surgery was performed. The right jugular vein was cannulated with a
polyethylene catheter (0.50-mm ID, 1.00-mm OD, Portex Limited, Hythe,
Kent, England). After surgery, the rats were placed individually in cages
and allowed to recover for at least 12 h. The rats were fasted overnight
with free access to water prior to drug administration.

2.11.2. Dosing and sampling
Before each experiment, CAwas dissolved in water and 0.5% chitosan

solution. The solution was given to rats orally by gavage at a single oral
dose (20 mg/kg). Rat (n ¼ 5) blood samples (300 μL) at appropriate
intervals after dosing were collected from the catheter into a heparinized
centrifuge tube at 10, 20, 60, 120, 180, 240, 300, 360, 480, 720, and
1440 min, which was immediately centrifuged at 8,000 rpm for 3 min for
separation of plasma. After each blood collection, 0.3 mL of normal saline
containing 20 units of heparin was injected into the catheter to flush the
catheter and prevent coagulation.

2.11.3. Pharmacokinetic data analysis
Pharmacokinetic parameters were estimated by plasma concentration

versus time profiles using Phoenix WinNonlin software. The non-
compartmental model was employed to calculate the following param-
eters: terminal elimination half-life (t1/2,λz), area under the plasma
concentration versus time curve from zero to last sampling time (AUC0-t)
and infinity (AUC0-∞), total body clearance (CL) and volume of distri-
bution (Vd,λz). The peak plasma concentration (Cmax) and the time to
reach Cmax (Tmax) were read directly from observed individual plasma
concentration-time data. Relative bioavailability (F) was calculated by
the AUC0-∞ of CA with chitosan to that without chitosan at an equivalent
dose for gavage administration.

3. Results and discussion

3.1. Cytotoxic study

The cytotoxic effects of CA and chitosan were determined by MTT
assay, and the results are shown in Figure 2. The cell viability was more
than 90% at concentrations ranging from 100 – 800 μM for CA and
0.01%–0.08% (100–800 μg/mL) for chitosan. Therefore, concentrations
of 100, 200, and 500 μM for CA and 0.05% for chitosan were chosen for
the permeability study.



Figure 2. Effects of CA and chitosan on cytotoxicity in Caco-2 cells. All the data
were expressed as % (mean � SD, n ¼ 5).

G.N. Wang et al. Heliyon 8 (2022) e09955
3.2. Permeability coefficient calculation

The results obtained after exposure of the well-developed Caco-2 cell
model to CA over 180 min are shown in Figure 3. In the A to B direction,
the Papp values were (2.1� 0.5)�10�7, (8.2� 1.9)� 10�8, and (10.5�
1.5) � 10�8 cm/s for concentrations of 100, 200, and 500 μM, respec-
tively, whereas the values were greater in the BL to AP direction, (2.6 �
0.3) �10�7, (1.5 � 0.3) � 10�7, and (1.6 � 0.1) � 10�7 cm/s, respec-
tively). The efflux ratio was greater than unity, 1.2, 1.8, and 1.5 for low to
high concentrations, respectively.

In the literature, a value of Papp below 1 � 10 �6 cm/s indicates the
malabsorption of the drug (0–20%), a value of Papp between 1 and 10 �
10 �6 cm/s indicates moderate absorption (20–70%), and a value of Papp
above 10 � 10 �6 cm/s suggests high absorption (70–100%) [34].
Comparing the results obtained in the present work for CA, the Papp
values at the three concentrations were all below 1 � 10�6 cm/s, indi-
cating poor absorption in vivo. This fact corresponds to the results ob-
tained in the previous work of our team in vivo, as the bioavailability of
CA was only 2.0% in rats [14]. To further understand the transport
mechanism of CA across the Caco-2 monolayer, two-way [apical to
basolateral (A – B) and basolateral to apical (B – A)] permeation exper-
iments were performed, and the efflux ratio was calculated. A minor
existence of active transport has been investigated, where the ratio of
basolateral to apical (B – A) permeability versus apical to basolateral (A –

B) permeability is compared with the values of 1.5 and 2.0. If Papp (B –

A)/Papp (A – B) is greater than 2.0, the active efflux or uptake mecha-
nisms are definitely taken in charge. If an efflux ratio of 1.5–2.0, a
transport experiment with increasing concentrations should be
Figure 3. Permeability evaluations of CA at different concentrations. Apical –
Basolateral (A–B) and Basolateral – Apical (B–A). All the data are expressed as
cm/s (mean � SD, n ¼ 3). Significant differences were accepted at p < 0.05 (*).
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performed to investigate if the flux rate is concentration-dependent and
Pgp inhibitor will be used to confirm the compound was a Pgp substrate.
Otherwise, no significant differences between the Papp values in the two
directions indicate that the absorption mechanism may simply be passive
diffusion [32, 35]. In the present work, the Papp values tended to
decrease with increasing concentrations. When the concentration of CA
was higher than 200 μM, the efflux ratios were all higher than 1.5 (1.8 for
200 μM and 1.5 for 500 μM), which were between 1.5 and 2.0, indicating
that the flux rate is concentration-dependent and that transcellular
pathway transport exists.

3.3. Effect of EDTA on transport

To explore the paracellular transport of CA, the cell monolayer was
preincubated with EDTA, which is known as a modulator of paracellular
permeability, by opening tight junctions [36, 37]. The intercellular
opener EDTA markedly altered intercellular junctions. After 5 min of
incubation with EDTA solution, the TEER values decreased by 80%,
which indicated that the cell junction was obviously opened. The Papp
values of CA in the A – B and B – A directions following EDTA incubation
and before this treatment are shown in Figure 4. The Papp values of CA
with EDTA treatment were (4.5 � 0.4) �10 �6 and (2.5 � 0.2) �10 �5

cm/s for the A – B and B – A directions, respectively, approximately
55-fold in the A – B direction and 167-fold in the B – A direction
compared to the treatment without EDTA.

There are two pathways of drug transport through the intestinal
epithelium: paracellular and transcellular transport. Paracellular trans-
port involves only a passive diffusion mechanism, whereas transcellular
transport can be mediated by passive, facilitated or active processes [38].
The present study exhibited a significant increase in the permeability of
CA with EDTA in both directions. This indicates that paracellular trans-
port plays an important role in the absorption of CA across the intestinal
epithelium. This could also explain why the values of Papp of CA are low.
Less than 0.1% of the total surface area of the intestinal epithelium is
paracellular, and drug absorption is limited by tight junctions between
epithelial cells [39]. Generally, hydrophilic drugs have poor bioavail-
ability due to their paracellular transport.

3.4. Effect of chitosan and pH on transport

To increase the absorption of CA, a hydrophilic macromolecule, the
permeation enhancer chitosanwhich coulddecrease tight junction integrity
in Caco-2 cells, has been evaluated. The pH 6.3 HBSS was chosen for this
experiment because of the poor solution of chitosan in neutral and alkaline
Figure 4. Permeability evaluations of CA with EDTA treatment and without
EDTA in the A – B and B – A directions. All the data were from three replications
and expressed as log (cm/s) (mean � SD, n ¼ 3). Significant differences with
respect to the control (without EDTA) at p < 0.01 (* *).



Figure 6. Permeability evaluations of CA with GF120918 (Pgp inhibitor) and
baicalin in the A – B and B – A directions. All the data were from three repli-
cations and expressed as cm/s (mean � SD, n ¼ 3). Significant differences with
respect to the control (HBSS) at p < 0.05 (*) and p < 0.01 (* *).
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conditions and significant toxicity to cells when the pH values were lower
than 6.3. The Papp values of CA in the A – B and B – A directions with
chitosan treatment in Caco-2 monolayers were (2.1 � 0.1) �10 �7 and
(2.3 � 0.3) �10 �7 cm/s, respectively. For the pH 6.3 condition, the Papp
values were (6.7 � 1.2) �10 �8 and (2.5 � 0.3) �10 �7 cm/s in
both directions above. As Figure 5 shows, in the A – B direction, the
permeabilitywith chitosanwas approximately 3-fold that at pH6.3without
chitosan. Furthermore, corresponding to the pH 7.4 (HBSS) condition, Hþ

would significantly improve the transport in the B – A direction of CA.
Several hydrophilic drugs cannot pass through the lipid bilayer of

the cell membrane, so the paracellular pathway becomes the main route
of their absorption [40]. In pH6.3 environment, chitosan significantly
increased the transport in both directions, resulting in an efflux ratio
value approaching 1.0. These results showed that chitosan could pro-
mote the absorption of CA in vitro, also suggesting the existence of a
paracellular pathway transport mechanism. Additionally, compared
with pH 7.4, Hþ significantly improved the transport in the B – A di-
rection, and there was no obvious difference in the A – B direction at pH
6.3. Most organic anion-transporting polypeptides (OATP) are
pH-dependent [41, 42]. For instance, the established OATP2B1 sub-
strates demonstrated markedly higher transport from the B – A direc-
tion than in the opposite direction across Caco-2 cell monolayers at pH
5.0 [43]. As the pH in the small intestinal microenvironment is
approximately pH 6.3 [44], the physiological transport activity of
OATP2B1 could be higher than pH 7.4. A recent report showed that
OATP2B1 in the jejunum was expressed dominantly on the basolateral
side [45]. The present results indicate that CA was Hþ-dependent
because the Papp value in the B – A direction was significantly
increasing and approximately 3-fold that in the A – B direction at pH
6.3, which is consistent with the character of OATP2B1.
3.5. Effect of P-glycoprotein and OATP2B1 transporters

To evaluate the active transport mechanism of CA on the essential p-
glycoprotein and OATP2B1 transporters, Papp values were evaluated as
described in Figure 6. After P-glycoprotein (Pgp) inhibitor (GF120918)
treatment, the average Papp value of CA in the A – B direction was
significantly increased 1.75-fold from (1.1 � 0.2) �10 �7 to (1.8 � 0.3)
�10 �7 cm/s and decreased 62% from (1.6� 0.1)� 10�7 to (0.6� 0.2)�
10�7 cm/s in the B – A direction. After treatment with an OATP2B1 in-
hibitor (baicalin), the average Papp value decreased 63% from (1.6 �
0.1) � 10�7 to (0.6 � 0.1) � 10�7 cm/s in the B – A direction, but there
was no significant change in the A – B direction. The results indicate that
CA is an essential substrate of p-glycoprotein and OATP2B1 transporters.
Figure 5. Permeability evaluations of CA at pH 7.4 (HBSS), pH 6.3, and chi-
tosan treatment in the A – B and B – A directions. All the data were from three
replications and expressed as cm/s (mean � SD, n ¼ 3). Significant differences
with respect to the control (HBSS) at p < 0.05 (*) and p < 0.01 (* *).
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P-gp excretes intracellular drugs as a substrate, which makes the secre-
tion rate of the B – A side faster than that of A – B. GF120918 is a specific
Pgp inhibitor. After treatment with 2 μM GF120918 [32], the Papp value
significantly reduced the transport rate of CA in the B – A direction and
increased it in the A – B direction. The results suggest that CA is a po-
tential substrate of Pgp. A previous study showed that baicalin effectively
reduced the influx of substrates of OATP2B1 with an IC50 value of 5.6 �
3.2 μM [33]. As a result, 6 μM baicalin was used as an OAPT2B1 inhib-
itor, and the Papp value was significantly reduced from B to A and did not
change from A to B under its treatment. The results indicate that
OATP2B1 might participate in the intestinal absorption of CA, but this
effect is minor compared with the results of EDTA treatment.

3.6. Method validation

The calibration curve was y ¼ 0.0011x – 0.0408, and the correlation
coefficient (r2) was greater than 0.998. The LOQ and LOD were 50.0 and
20.0 ng/mL, respectively. The precision, accuracy and stability data are
presented in Table 1.

3.7. Pharmacokinetic study

The plot of the mean plasma concentration versus time for CA and CA
with chitosan is illustrated in Figure 7. The estimated pharmacokinetic
parameters are shown in Table 2. As shown in Table 2, chitosan increased
the absorption of CA during the 24 h in rats because the relative
bioavailability was 174%. Compared to CA without chitosan, the Cmax

almost doubled, and the tmax was 180 min earlier. This indicates that the
oral absorption of CA was greatly enhanced by chitosan.

The present study investigated the permeation mechanism of CA
using Caco-2 cell monolayers. Based on the results of this study, para-
cellular passive diffusion is predominant in the A – B direction. In
secretory transport, the involvement of the active transporter OATP2B1
Table 1. Within-day and between-day precision, accuracy and stability of the
method for the determination of CA in rat plasma.

Conc.
(ng/mL)

Within-run (n ¼ 5) Between-run
(n ¼ 5, three runs)

Remaining (%)

Precision
(RSD%)

Accuracy
(%)

Precision
(RSD%)

Accuracy
(%)

100.0 3.3 108.0 1.4 108.7 102.0

500.0 5.9 91.4 0.4 90.0 100.6

2000.0 5.4 100.3 0.4 97.2 99.4



Figure 7. Mean plasma concentration-time profiles of CA in rats following
intragastric (i.g., 20 mg/kg) administration of CA with or without chitosan
(mean � SD, n ¼ 5).

Table 2. Pharmacokinetic parameters of CA with chitosan and without chitosan
in rats after gavage administration.

Parameters With chitosan Without chitosan

Cmax (ng/mL) 1279.3 � 557.9* 635.8 � 128.3

Tmax (min) 120.0* 300.0

t1/2,λz (min) 389.9 � 51.5 333.0 � 86.4

AUC0-t (μg⋅min/mL) 724.9 � 232.5* 439.2 � 123.

AUC0-∞ (μg⋅min/mL) 787.8 � 248.5* 451.9 � 136.6

CL/F (mL/min/kg) 27.9 � 10.4 35.7 � 23.8

Vd,λz/F (mL/kg) 15612.1 � 5507.6 16794.1 � 12638.5

F (%) 174

Notes: Each value represents the mean � SD (n ¼ 5). Significant differences were
accepted at p < 0.05 (*).
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seems to be likely, and Pgp could be in part the reason for the low
transport observed from the A to B side, although an important role of the
paracellular pathway has also been evidenced.

In an in vivo study, a novel UPLC method to quantify CA was
developed. The validated method was illustrated to be reliable and rapid.
Following oral administration, CA with chitosan showed very different
pharmacokinetic profiles compared to CA without chitosan in rats. CA
showed significantly higher Cmax and AUC 0–∞ with chitosan. This in-
dicates that oral absorption of CA was greatly enhanced by chitosan,
which could be attributed to the tight junction integrity reduction and
intestinal absorption improvement. This is consistent with the results of
in vitro studies.

4. Conclusions

CA was a poor absorption drug due to its low Papp value with pH-
dependent. Passive paracellular transport was the main transport route
of CA with minor active carrier-mediated transcellular transport. Pgp and
OATP2B1 could participate in the active transport process of its trans-
cellular pathway. Chitosan, a natural intercellular opener, could improve
the absorption of CA in vitro and in vivo and could be used as a coating
material for CA.
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