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Background: Aspirin eugenol ester (AEE) is a novel medicinal compound synthesized by
esterification of aspirin with eugenol using the prodrug principle. AEE has the
pharmacological activities of being anti-inflammatory, antipyretic, analgesic, anti-
cardiovascular diseases, and anti-oxidative stress However, its oral bioavailability is
poor, and its intestinal absorption and transport characteristics are still unknown.

Objective: The purpose of this study was to investigate the uptake and transport
mechanisms of AEE in Caco-2 cells.

Methods: The effects of time, concentration, and temperature on the transport and
uptake of AEE were studied.

Results: The results showed that a higher concentration of salicylic acid (SA) was detected in
the supernatant of cell lysates and cell culture medium, while AEEwas not detected. Therefore,
the content change of AEE was expressed as the content change of its metabolite SA. In the
uptake experiment, when the factors of time, concentration, and temperature were examined,
the uptake of SA reached the maximum level within 30min, and there was concentration
dependence. In addition, low temperature (4°C) could significantly reduce the uptake of SA in
Caco-2 cells. In the transport experiment, under the consideration of time, concentration, and
temperature, the transepithelial transport of SA from AP-BL and BL-AP sides was time-
dependent. The amount of SA transported in Caco-2 cells increased with the increase of
concentration, but the transmembrane transport rate had no correlationwith the concentration.
This phenomenonmay be due to the saturation phenomenon of high concentration. The efflux
ratio (ER) was less than 1, which indicated that their intestinal transportmechanismwas passive
transport. Moreover, the temperature had a significant effect on the transport of AEE.

Conclusion: In summary, intestinal absorption of AEE through Caco-2 cell monolayers
was related to passive transport. The uptake and transport of AEE were concentration-
dependent, and temperature significantly affected their uptake and transport. The
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absorption and transport characteristics of AEE may contribute to the exploration of
mechanisms of absorption and transport of chemosynthetic drugs in vitro.

Keywords: aspirin eugenol ester, salicylic acid, Caco-2 cells, uptake, transport

1 INTRODUCTION

The oral administration of drugs is one of the most convenient
routes of administration, and the small intestine is the most
important site for oral drug absorption (Jørgensen et al., 2021).
The apparent permeability coefficient (Papp) is an important
parameter of bioavailability (Chi et al., 2019). Therefore, the
absorption of the drug in the small intestine can be evaluated by
important parameters such as the Papp of the substance in the
in vitro model. In recent years, the Caco-2 cell monolayer model
has been widely used to study the absorption of drugs in vitro
(Gerasimenko et al., 2016) and is an effective in vitro model for
investigating drug uptake and transport (Yee, 1997; Artursson
et al., 2001; He et al., 2003; Fujikawa et al., 2005; Jin and Di, 2008).

Aspirin eugenol ester (AEE) is a novel medicinal compound
synthesized by esterification of aspirin with eugenol using the
prodrug principle. AEE has pharmacological activities against
inflammation (Ma et al., 2017a), oxidative stress (Huang et al.,
2019a; Huang et al., 2019b; Zhang et al., 2020a; Zhang et al.,
2021), hypolipidemia (Karam et al., 2015; Karam et al., 2016),
atherosclerosis (Ma et al., 2017b; Ma et al., 2017c), thrombosis
(Ma et al., 2016; Shen et al., 2019), and acute liver injury (Zhang
et al., 2020b). However, it has low water solubility and poor
bioavailability. The previous studies showed that after oral
administration in rats and dogs, the plasma concentrations of
AEE and its prodrugs aspirin and eugenol were extremely low,
while the concentration of the metabolite salicylic acid (SA) was
relatively high (Shen et al., 2015). Many studies focused on the
pharmacological and toxicological mechanisms of AEE, but the
characteristics were still unclear on the absorption of AEE after
oral administration. Therefore, the purpose of this study was to
investigate the mechanisms of uptake and transport of AEE
in vitro through Caco-2 cell monolayers and to examine the
effects of time, concentration, and temperature on its uptake and
transport. It provides the basis for the research and development
of AEE preparation.

2 MATERIALS AND METHODS

2.1 Chemicals and Materials
Caco-2 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, United States). AEE with a
purity of 99.5% was prepared in the Lanzhou Institute of
Husbandry and Pharmaceutical Sciences of CAAS, Lanzhou,
China. Salicylic acid was purchased from the National
Institutes for Food and Drug Control (Beijing, China).
Trypsin, modified Eagle medium (MEM), Hanks buffer
(HBSS), non-essential amino acids (NEAA), glutamine,
sodium pyruvate 100 mM solution, and fetal bovine serum
were obtained from Gibco (Grand Island, NY, United States).

Cell counting kit-8 was purchased from Beyotime (Shanghai,
China). BCA protein assay kit, phosphate-buffered saline (PBS),
and lucifer yellow (LY) were supplied by Solarbio (Beijing,
China). The alkaline phosphatase kit was purchased from
Mlbio (Shanghai, China). Transwell-TM cell culture plate
(0.4 μm, Model 3460) was purchased from Corning (United
States). The other reagents of analytical grade were purchased
from the Sinopharm Group (Shanghai, China).

2.2 Drug Pretreatment
AEE was dissolved in DMSO to form the stock solution of
256 mM. The stock solution was diluted with DMSO to get
the solutions with different concentrations. The solutions were
diluted by using MEM culture medium and HBSS to prepare the
different concentrations for the cell viability assay and
experiments of the uptake and transport, respectively.

2.3 Culture of Caco-2 Cells
Caco-2 cells were routinely maintained in 20% fetal bovine serum
(FBS), 1% glutamine, 1% sodium pyruvate, 1% non-essential
amino acids (NEAA), and 77% MEM media supplemented at
37°C under humidified atmospheric conditions containing 5%
CO2 (Yang et al., 2013; Ye et al., 2013; Zheng et al., 2015). When
reaching 80%~90% confluency by observation under an inverted
microscope, Caco-2 cells were trypsinized and passaged at a ratio
of 1:3 (Kim et al., 2015); the Caco-2 cell suspension was seeded in
T25 cell culture flasks with the mentioned medium.

2.4 Effect of Aspirin Eugenol Ester on the
Activity of Caco-2 Cells
To test the cytotoxic effects of AEE on Caco-2 cells, the cell
counting kit-8(CCK-8) assay (Beyotime, Shanghai, China) was
performed (Zhang et al., 2021). Caco-2 cells were seeded in sterile
96-well culture plates at a density of 1 × 105 cells per well (100 μl
per well) and cultured for 24 h in medium (37°C, 5% CO2). The
old medium was discarded. Then, 100 μl of AEE solution of
different concentrations (16, 32, 64, 128, and 256 μM) was added,
respectively. Six replicate wells were set up for each
concentration. The cells were cultured for 24 h. A measure of
10 μl of CCK-8 solution was added to each well, and cells were
cultured for 2 h (37°C, 5% CO2). Finally, the number of viable
cells was assessed by measurement of the absorbance at 450 nm.

2.5 HPLC Analysis of Samples
The samples were processed for HPLC analysis. The samples were
analyzed on an Agilent 1290 Infinity HPLC system (Agilent
Technologies, United States) equipped with an ultraviolet
detector. The chromatographic column was a C18 phase
column (ODS, 150 mm × 4.6 mm, 5 μm, Dalian Elite
Analytical Instruments) with gradient elution, mobile phase A
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(0.5% phosphoric acid), and mobile phase B (acetonitrile). From
0 to 10 min, mobile phase A was changed linearly from 60 to 40%
and maintained until 30 min. From 30 to 35 min, mobile phase A
was increased linearly from 40 to 60% and maintained until
40 min. The column temperature was 35°C. The detection
wavelength was 279 nm. The flow rate was 1.0 ml min−1, and
the injection volume was 10 µl.

Calibration curves were constructed within a range of
0.025–1 μML−1. Samples of the resulting supernatants were
collected and analyzed by HPLC. The peak areas of AEE and
SA were measured, and the calibration curves of peak area vs.
concentration and the coefficient were then analyzed.

2.6 Establishment of the Caco-2 Cell
Monolayer Model
2.6.1 Intake Experiment
Caco-2 cells (1×105 cells/ml) were seeded in 12-well culture
plates. Caco-2 cells were cultured under standard cell culture
conditions and used in the uptake experiments after 2 weeks.

2.6.2 Transport Experiment
Caco-2 cells (1×105 cells/ml) were seeded in a 12-well Transwell-TM
cell culture plate. A measure of 0.5 ml of cell suspension was
transferred to the AP side. Then, 1.5 ml of MEM medium was
transferred to the BL side. Caco-2 cells were cultured under standard
cell culture conditions. The medium was replaced 24 h after initial
inoculation. The cell culture medium was replaced every other day
for the first week, and then, it was replaced every day. When cells
were cultured for 22 consecutive days (Chen et al., 2016), their state
was uniform and dense, forming a tightly connected monolayer of
cells. It could be used for transport experiments.

2.7 Evaluation of the Caco-2 Cell Absorption
Model
2.7.1 Morphological Observation of Caco-2 Cells
Caco-2 cells were seeded in a 12-well Transwell-TM cell culture
plate. The growth rate and morphology of the cells were observed
using an inverted microscope daily, and pictures were taken at the
appropriate time.

2.7.2 Cell Transmembrane Resistance Detection
The appropriate number of days was chosen after the cells were
seeded, and the TEER value of the Caco-2 cell monolayer model
was measured using a cell resistance meter (MERS00002), and the
changes were observed and recorded (Joseph et al., 2012; Xiang
et al., 2020).

The value is calculated as follows:

TEER(Ω · cm2) � [TEER(Ω) − TEERbackground(Ω)] × A(cm2),

where A is the cell monolayer membrane area (1.12 cm2).

2.7.3 Lucifer Yellow Transmission Rate Experiment
After treatments, the lucifer yellow transmission rate was
assessed using the corresponding commercial kit, according

to the manufacturer’s protocols. The Papp of the lucifer
yellow in each plate was measured and calculated (Zha
et al., 2009).

2.7.4 Alkaline Phosphatase Activity Assay
The alkaline phosphatase kit was used to detect the enzyme
activity on the AP and BL sides to determine whether the
Caco-2 monolayer has differentiated (Wu et al., 2013).

2.8 Uptake and Transportation Experiments
2.8.1 Transportation Experiment
Caco-2 cells were cultured for 22 days and formed a polarized
monolayer before the start of the transportation experiment.
The transportation experiment of AEE was divided into two
phases, from the AP side to the BL side (AP-BL) and from the
BL side to the AP side (BL-AP). To assess the transportation of
AP-BL, 0.5 ml of different concentrations of the AEE solution
was added to the AP side as the donor side, while 1.5 ml HBSS
was added to the BL side as the recipient side. To assess the
transportation of BL-AP, 1.5 ml of different concentrations of
the AEE solution was added to the BL side as the donor side,
while 0.5 ml HBSS was added to the AP side as the recipient
side. Then, 200 μl of sample solution was collected on the
recipient side in different time periods (15, 30, 45, 60, 90, and
120 min), and 200 μl of freshly preheated HBSS was added
immediately. The concentrations of AEE and SA in samples
were measured by HPLC. When studying the effect of
temperature on the transport rate of AEE, the scheme was
the same as mentioned earlier. The experiment was performed
for 120 min.

The Papp is calculated according to the following formula, the
unit is cm/s,

Papp � ΔQ/Δt
A · C0

.

ΔQ/Δt is the transport rate of AEE per unit time (μM/s), A is
the micropore area of the polyester carbon film (1.12 cm2), and C0

is the initial concentration (μM) of AEE in the supply tank.

ER � Papp(BL − AP)
Papp(AP − BL).

2.8.2 Uptake Experiment
Caco-2 cells were cultured in 12-well plates for 14 days and
used for drug uptake experiments. Cell metabolites were
removed by three gentle washes with prewarmed HBSS 2 h
before beginning the experiment. The cells were treated with
different factors (the effects of time, concentration, and
temperature). After treatments, 200 μl of the prechilled cell
lysate was added to each well for 5 min to lyse the cells. The
cells were scraped off by a cell scraper, and the lysate
containing the broken cells was pipetted into an EP tube
and centrifuged at 14,000 g for 5 min. The portion of the
supernatant was collected and analyzed by HPLC. The
bicinchoninic acid assay (BCA) was used to determine the
total cell protein in the supernatant. The intake of AEE by
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Caco-2 cells was expressed as the amount of SA per milligram
of protein.

2.9 Statistics and Analysis
Statistical analysis was carried out using the SAS 9.2 (SAS
Institute Inc., NC, United States). All data are presented as
means ± SD. The differences among different treatment
groups were analyzed with one-way ANOVA, followed by
Duncan’s multiple comparisons. Statistical significance was
considered at p < 0.05.

3 RESULTS

3.1 Cytotoxicity of Aspirin Eugenol Ester
The results showed that AEE at16~128 μM had no cytotoxicity to
Caco-2 cells for 24 h. When the concentration was 256 μM, the
cell viability decreased slightly (Figure 1). Therefore, the
concentrations of AEE below 256 μM were selected for
subsequent experiments.

3.2 Evaluation of the Caco-2 Cell Monolayer
Model
3.2.1 Observation of Caco-2 Cell Morphology
The growth morphology of Caco-2 cells was observed by using an
optical inverted microscope. The results showed that when the
cells were cultured continuously for 22 days, their state was
uniform and dense, forming a single cell layer (Figure 2),
indicating that the cell monolayer model had been successfully
established.

3.2.2 Transmembrane Resistance Detection
Studies showed that there was a proportional relationship
between the TEER value and the tight junctions of the
Caco-2 cell monolayer (Duizer et al., 1999). From
Figure 3A, TEER reached the best at 21 days, and the
resistance values were greater than 500 Ω cm2, which
showed that the monolayer membrane of Caco-2 cells has
good compactness. Since TEER values entered a steady state
(Xiang et al., 2020), the experiment was started on day 22.

3.2.3 Lucifer Yellow Transmission Rate
Due to the poor transport and absorption of LY solution in the
Caco-2 cell monolayer model, it is often used as a negative
control drug to test the integrity of the Caco-2 cell monolayer
model. The linear relationship of LY between the
concentration of 0.3–20 μg/ml and the absorbance value was
good (Figure 3B). Its regression equation was y = 0.0539x +
0.0464 (R2 = 0.9996). A measure of 20 μg/ml of the LY solution
was added to the cell compartment, and the absorbance was
measured after 2 h. The Papp of LY with cells was determined
as 0.37 × 10–6 cm s−1 in the study, less than 0.5 × 10–6 cm s−1

(Artursson et al., 2001). This result showed that the
compactness of the Caco-2 cell monolayer was good,
meeting the experimental requirements.

3.2.4 Alkaline Phosphatase Activity
The activity of alkaline phosphatase was tested when Caco-2 cells
were cultured for 22 days. The results were shown in Figure 3C.
The alkaline phosphatase activity on the AP side of the cell
monolayer was higher than that on the BL side, and its activity
value was about 12 times that of the latter. It meant that the
alkaline phosphatase distribution was extremely asymmetric
(Billat et al., 2017; Birch et al., 2018), indicating that the cells
have been polarized.

3.3 Uptake Experiment
3.3.1 Effect of Time on the Uptake of Aspirin Eugenol
Ester
The effect of time on AEE uptake in Caco-2 cells was studied.
The results are shown in Figure 4A. Higher concentrations of
SA were detected in the supernatant of the cell lysate, but AEE
was not detected. Therefore, the change in the content of its
metabolite SA represented the amount of intracellular AEE. The
uptake of SA in Caco-2 cells reached the maximum level at
30 min. When the time exceeded 30 min, the intake suddenly
dropped. Therefore, the time for the subsequent uptake
experiment was chosen to be 30 min.

FIGURE 1 | Effects of different concentrations of AEE (16~256 μM) on
Caco-2 cell viability. Values are presented as the means ± SD where
applicable (n = 6). *p < 0.05 than the control group.
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3.3.2 Effect of Concentration on the Uptake of Aspirin
Eugenol Ester
Different concentrations of AEE were added to Caco-2 cells for
30 min to explore the effect of drug concentration on cell uptake.
The results are shown in Figure 4B. When the concentration
range was 4~32 μM, the uptake of Caco-2 cells increased rapidly.
The uptake of Caco-2 cells increased slowly at 64~128 μM. This
may be due to the saturation of the uptake of Caco-2 cells.

3.3.3 Effect of Temperature on the Uptake of Aspirin
Eugenol Ester
The effect of temperature on AEE uptake in Caco-2 cells was
studied. After Caco-2 cells were incubated with 64 μM AEE for
30 min, the effects of different temperatures on the uptake of AEE
in Caco-2 cells were determined. The results are shown in
Figure 4C. When the temperature changed from 37°C to 4°C,
the uptake of Caco-2 cells changed significantly. The intake at
37°C was higher than that at 4°C. The results showed that as the
temperature decreased, the uptake of SA decreased significantly,
which may be due to the lower temperature affecting the fluidity
of the cell membrane, thereby reducing the uptake of SA.

3.4 Transport Experiment
3.4.1 Effect of Time and Temperature on the Transport
of Aspirin Eugenol Ester
First, the effect of time on the transport of AEE in Caco-2 cells
was studied. The results are shown in Figure 5A. At 37°C, the
AEE concentration of the Caco-2 cell monolayer was
constant. Within 120 min, the transport volume of SA

increased with time but did not reach saturation. The
results showed that the transepithelial transport of SA
from the AP-BL and BL-AP sides was time-dependent,
indicating that SA could be transported through epithelial
cells. In addition, when the temperature was lowered from
37°C to 4°C, the transport of SA in Caco-2 cells was
significantly reduced, indicating that the transport of SA
was related to temperature (Figure 5B).

3.4.2 Total Transmembrane Transport of Aspirin
Eugenol Ester on Both Sides of Caco-2 Cells
Under the condition of 37°C, the transport amount of AEE in
Caco-2 cells increased with the increase in the concentration, and
the transmembrane transport rate was related to the
concentration. The results are shown in Figures 6A,B. The
results showed that when AEE of different concentrations
were transported across the AP-BL side and BL-AP side, the
amount of SA transported gradually increased within
15~120 min. The membrane transport rate was also time-
dependent. Interestingly, when the transport experiment time
was between 90 and 120 min, the increase in transport volume on
the AP-BL side and the BL-AP side was slower. It did not reach
full saturation yet. The results showed that the transport capacity
of SA on the AP side was higher than that on the BL side. This
transport experiment was performed again at 4°C. The results are
shown in Figures 6C,D. The results showed that both the AP-BL
side and the BL-AP side of the transport volume were less than
37°C, which indicated that temperature had a significant effect on
the transport of SA in Caco-2 cells.

FIGURE 2 | Caco-2 cell morphology was observed under an inverted light microscope on the first and 22nd day.
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FIGURE 3 | Establishment of the Caco-2 cell transport model. (A) Change trend of Caco-2 cell monolayer transmembrane resistance (TEER) with culture time. (B)
Standard curve of lucifer yellow from the AP side to BL side in Caco-2 cells. (C) Alkaline phosphatase activities in apical (AP) and basolateral (BL) sides of Caco-2 cell
monolayers. Values are presented as the means ± SD where applicable (n = 6). *p < 0.05 than the BL side.
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FIGURE 4 | Effect of different factors on the uptake of AEE in the Caco-2 cell model. The main active metabolite of AEE as salicylic acid represented for AEE was
quantified after administration. (A) Effect of times on the uptake of AEE (64 μM). (B) Effect of concentrations on the uptake of AEE during 30 min. (C) Effect of temperature
(37°C and 4°C) on the uptake of AEE during 30 min. Values are presented as the means ± SD where applicable (n = 6). *p < 0.05 compared with 4°C.
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3.4.3 Apparent Permeability Coefficient (Papp) of
Transmembrane Transport of Aspirin Eugenol Ester
The Papp of the drug through the Caco-2 cell monolayer model
can better reflect its absorption in vivo (Turco et al., 2011; Fu
et al., 2015), and the Papp value can also reflect the ability of the
substance to be absorbed in the intestine (Artursson et al., 2001).
The Papp was examined from the AP side to BL side and BL side
to AP side within 120 min for different concentrations of AEE
(8~128 μM) under the condition of 37°C. From Figure 7A, during
the transportation of different concentrations of AEE on the AP-
BL side, the Papp of each concentration group and each time
group increased slowly within the range of 15~30 min. The Papp
value of the low-concentration group was higher than that of the
high-concentration group, which may be due to saturation in the
high-concentration group. In the range of 45–120 min, the Papp
value of each concentration group and each time group decreased
sequentially. In the process of BL-AP side transport, the Papp
value of each concentration group gradually increased with the
increase in time (15~60 min), and the Papp value of each
concentration group in the range of 60~120 min gradually
decreased with the increase in time. The Papp value of each
time group gradually decreased with the increase in the
concentration (8~128 μM) (seen in Figure 7B). Similarly, the
investigations were performed at 4°C. From Figures 7C,D,

temperature had a significant effect on the transport and
absorption of SA. From Figure 7E, the Papp of AEE (64 μM)
from AP to BL was determined to be 0.034 (±0.012)×10–6 cm·s−1,
which was considered to have poor permeability and absorptive
in vivo rate.

4 DISCUSSION

AEE is a new type of potential medicinal compound with
activities such as anti-inflammatory, anti-oxidant, alleviation of
hyperlipidemia, prevention of atherosclerosis, prevention of
thrombosis, and anti-acute liver injury. However, due to poor
water solubility, the in vivo bioavailability is low, and its intestinal
absorption and transport characteristics are still unknown.

The Caco-2 cell monolayer model has been established
successfully for investigating intestinal absorption and
transport characteristics of drugs. The Caco-2 cell monolayer
model is evaluated through the following four indicators: cell
morphology, cell transmembrane resistance, alkaline
phosphatase, and LY transmittance. The results showed that
Caco-2 cells were tightly connected when cultured for 22 days,
TEER > 500Ω cm2, LY permeability <1%, and alkaline
phosphatase activity distribution was extremely asymmetrical.

FIGURE 5 | Effect of time and temperature on the transportation of AEE in the Caco-2 cell model. The main active metabolite of AEE as salicylic acid represented for
AEE was quantified after administration. (A) Effect of time (120 min) on the transport of AEE on both sides of AP-BL and BL-AP in Caco-2 cells at 37°C. (B) Effect of
temperature (37°C and 4°C) on the transport of AEE on both sides of AP-BL and BL-AP in Caco-2 cells during 120 min. Values are presented as the means ± SD where
applicable (n = 6). *p < 0.05 than the BL side.
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FIGURE 6 | Total transmembrane transport of AEE with different concentrations (8~128 μM) on both sides of Caco-2 cells. The main active metabolite of AEE as
salicylic acid represented for AEE was quantified after administration. (A) AP-BL at 37°C. (B) BL-AP at 37°C. (C) AP-BL at 4°C. (D) BL-AP at 4°C.Values are presented as
the means ± SD where applicable (n = 6). *p < 0.05 than the BL side.
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FIGURE 7 | Papp of each concentration (8~128 μM) of AEE during 120 min. The main active metabolite of AEE as salicylic acid represented for AEE was quantified
after administration. (A) From the AP side to BL side at 37°C. (B) From the BL side to AP side at 37°C. (C) From the AP side to BL side at 4°C. (D) From the BL side to AP
side at 4°C.(E) AP-BL than BL-AP (64 μM) at 37°C. Values are presented as the means ± SD where applicable (n = 6). *p < 0.05 than the BL side.
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These results indicated that the Caco-2 cell model was suitable for
studying the mechanism of AEE intestinal uptake and transport
(Xiang et al., 2018; Dou et al., 2019; Li et al., 2021).

The purpose of this study was to explore the uptake and
transport mechanism of AEE in the Caco-2 cell monolayer
model. The results showed that several factors (time,
concentration, and temperature) affected its absorption and
transport. A higher concentration of SA was detected in the
supernatant of the cell lysate and cell culture fluid, but AEE was
not detected, indicating that AEE was metabolized to produce
metabolite SA during the uptake and transport process. This was
consistent with the results of previous studies (Shen et al., 2015).
Therefore, the change in the content of its metabolite SA
represented the change in the content of AEE. As shown in
the time and concentration results, the uptake and transport of
AEE were time- and concentration-dependent. The effect of time
and concentration on the uptake and transport of FITC-PoIFN-α
in Caco-2 cells was studied, and the results showed that the
uptake and transport of FITC-PoIFN-α were time- and
concentration-dependent (Liu et al., 2017). The present results
were consistent with them, suggesting that uptake and transport
of AEE were related to time and concentration. In the uptake
experiment, the absorption of SA in Caco-2 cells reached the
maximum level at 30 min. The effect of time on the uptake of
dihydromyricetin in Caco-2 cells was studied, and the results
showed that the uptake of dihydromyricetin was related to time,
increased first, and then reached saturation (Xiang et al., 2018).
Our results were consistent with them, suggesting that uptake of
AEE was related to time. In addition, temperature also had a
significant effect on it. The efflux ratio is the quotient of the
apparent permeability in the BL-AP direction and the AP-BL
direction (Anand et al., 2008; Sun et al., 2008). In the transport
experiment, the efflux ratio was much lower than 1.0. The result
indicated that the secretion rate of AEE was much slower than the
absorption rate. The absorption carrier on the AP side might
participate in the transport of AEE, which illustrated that AEE
consumed energy in the transport process of Caco-2 cells (Qiang
et al., 2011). These results suggested that in addition to passive
transport, AEE might also undergo active transport. The drugs
are transported from the AP side to the BL side into the systemic
circulation and then exert their efficacy. Therefore, the
determination of the Papp is necessary to predict the
permeability and oral absorption of the drugs (Ma et al., 2014;
Abuhelwa et al., 2016). The results suggested that the Papp of
AEE (64 μM) from the AP to BL direction was determined to be
0.034 (±0.012)×10–6 cm s−1. According to the current
international standards for material absorption (Wahlström
and Blennow, 1978; Walters et al., 2000), the bioavailability is
70%~100%, and the Papp value is greater than 10 × 10–6 cm s−1,
indicating good absorption. The bioavailability is 20%~70%, and
the Papp value is 1.0 × 10–6~1.0 × 10–5 cm s−1, which is moderate
absorption. The bioavailability is 0%~20%, and the Papp value <

1.0 × 10–6 cm s−1, indicating a poorly absorbed substance.
Therefore, AEE was considered to have poor permeability and
absorptive in vivo rate (Hubatsch et al., 2007). Similarly, the same
experiment was performed at 4°C. The results further illustrated
that temperature had a significant effect on the transport and
absorption of SA. The effect of temperature on the transport of
aconitine in Caco-2 cells was studied, and the experiments also
were set at 37°C and 4°C, respectively. The results showed that the
transport of aconitine was related to temperature (Yang et al.,
2013). Our results were consistent with that, indicating that the
transport of AEE was related to temperature. In the subsequent
research, the molecular mechanism of AEE such as the
relationship between cellular transport efficiency and channel
proteins will be explored, which can make the obtained results
more valuable.

5 CONCLUSION

The monolayer culture model of Caco-2 cells was successfully
constructed and applied to the study of AEE absorption in vitro.
The effects of time, concentration, and temperature on the
transport and uptake of AEE across the Caco-2 cell monolayer
were studied to clarify the intestinal absorption mechanism of
AEE. The results indicated that in addition to the passive transfer
of AEE during the transfer process, there may be active transfer.
The uptake and transport of AEE were time- and concentration-
dependent, and temperature had a significant effect on it. These
results confirmed the absorption characteristics of AEE and
provided a reasonable explanation for the poor absorption of
AEE observed in pharmacokinetics studies.
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