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Nuciferine is an aporphine alkaloid extracted from lotus leaves, which has the functions of reducing fat, losing
weight, and resisting oxidation, etc. However, the bioavailability of nuciferine is very low, which seriously affects
the pharmacological effects of nuciferine. In order to provide theoretical basis for the clinical use of nuciferine,
this study focused on the transmembrane transport characteristics of nuciferine and its influencing factors. Based
on establishing a HPLC-MS/MS quantitative method for nuciferine in the cell culture, the Caco-2 monolayer cell
culture was established by trans-well, and the transmembrane transport characteristics and influencing factors of
nuciferine were clarified. The Caco-2 cell line was cultured in trans-well, and 500, 2,500, and 10,000 ng/mL
concentration groups were set up. Samples were taken from the basolateral side (BL side) at 0.5 and 1.0 h,
respectively, for liquid chromatograph tandem mass spectrometer (LC-MS/MS) detection, and the apparent
permeability coefficients (Papp) from apical side to basolateral side (AP-BL) and from basolateral side to apical
side (BL-AP) were calculated, respectively. Besides, different pH treatment groups, verapamil, tetraethylamine,
chlorogenic acid, caffeic acid, and ouabain treatment groups were all set to calculate the apparent permeability
coefficient of nuciferine. Papp of high concentration treatment group was significantly lower than that of medium
and low concentration treatment groups, which indicated that the transmembrane transport of nuciferine was
related to concentration. The transport of nuciferine across membrane was significantly affected by pH value of
culture medium with lowering the pH value could significantly promote the transportation of nuciferine.
Chlorogenic acid and caffeic acid significantly promoted the transport of nuciferine, while ouabain had no
significant effect on it. Tetraethylamine significantly inhibited the transport of nuciferine across membranes. The
transmembrane transport characteristics of nuciferine are mainly passive transport. Drug transporters have
significant influence on nuciferine transmembrane transport, which may be related to organic cation transporters
(OCT), while P-glycoprotein has no significant influence on nuciferine efflux transport. The results of this study
provide a new idea for improving the bioavailability of nuciferine and further exerting the pharmacological effects
of nuciferine.
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Introduction shows that lotus leaf has bitter taste and flat

nature and has the functions of removing heat

Lotus leaf is the dry leaf of Nymphaeaceae plant and promoting diuresis [1-3]. Nuciferine is an
Nelumbo nucifera Gaertn. Traditional medicine active ingredient extracted from lotus leaf [4].
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Studies have shown that nuciferine has many
pharmacological effects, such as lipid-lowering
[5, 6], anti-inflammatory [7], and anti-tumor [8-
10]. In recent vyears, the study on the
pharmacokinetics of nuciferine showed that
nuciferine was absorbed rapidly in vivo [11, 12]
and easily metabolized by drug metabolism
enzymes in liver microsomes [13-15]. However,
there are few reports on the intestinal absorption
mechanisms and characteristics of nuciferine. Shi
et al. studied the effect of nuciferine on intestinal
permeability in mice [16], and Zhang et al.
studied a potential molecular mechanism of the
anti-inflammatory effects of nuciferine in
lipopolysaccharide (LPS)-induced inflammation
in RAW 264.7 cells [17]. However, they only
preliminarily studied the absorption difference of
nuciferine at the intestinal and cellular levels
rather than carrying out relevant research from
the angle of absorption influencing factors and
drug combination application. Caco-2 cell is a
kind of human cloned colon adenocarcinoma cell,
which is similar to small intestinal epithelial cells
in structure and function and is often used to
study the mechanism of drug transport. In this
study, Caco-2 cells were used as the experimental
model to study the transmembrane transport
characteristics of nuciferine and its influencing
factors, which provided theoretical basis for
further elucidating the transmembrane transport
mechanisms of nuciferine and the combination
of compound drugs.

Material and methods

HPLC-MS/MS method establishment and
validation

The Agilent 6460 Triple Quad high performance
liguid  chromatography-mass  spectrometry
system (Agilent, Santa Clara, CA, USA) featured
by Waters T3 column (1.6 pum, 100 mm x 2.1 mm)
was employed for this study. The mobile phase
involved 0.1% formic acid-water (A) and
methanol (B) elution gradient solutions was set

as at the points of 0 min 15% B, 1 min 80% B, 3

min 15% B, 5min stop with the injection volume
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of 1.0 puL. Mass spectrometry parameters were
set to positive ion mode, MRM scanning and
monitoring. The gas curtain gas flow rate was 35
L/min, collision gas was 8 L/min, electrospray
voltage was 5.5 KV, ion source temperature was
550°C, atomizer and auxiliary gas were both 160
psi, de-clustering voltage was 69 V, inlet voltage
was 6 V, collision voltage was 13 V and outlet
voltage was 10 V. lon pairs for detection was set
as nuciferine 296.3-265.2 and the internal
standard phenacetin 180.2->110.1.

Nuciferine (purity over 98%) was purchased from
Sichuan Weikeqi Biotechnology Co., Ltd.
(Chengdu, Sichuan, China), and phenacetin (as
internal standard, purity 299%) was purchased
from Shanghai Yuanye Biotechnology Co., Ltd.
(Shanghai, China). 0.1 mL nuciferine solution of
10, 50, 100, 500, 1,000, and 5,000 ng/mL was
accurately prepared with blank Caco-2 cell
culture medium, and then, 10 uL phenacetin
solution with a concentration of 200 ng/mL was
added followed by adding 3 mL ethyl acetate for
shaking extraction. After centrifugation at 10,000
g for 5 mins at 4°C, the organic phase was
collected and dried with nitrogen blowing
instrument at 45°C water bath. The residue was
reconstituted in 0.1 mL of chromatographic
methanol, ultrasonic oscillated, centrifuged
again at 10 000 g for 5 mins at 4°C, and then, the
supernatant was taken for analysis. Finally, the
standard curve was drawn with the mass
concentration of nuciferine. The peak area ratio
of nuciferine to internal standard, the standard
curve equation, and correlation coefficient (r)
were obtained.

The quality control samples were prepared from
blank culture media with the nuciferine
concentrations of 10, 100, and 1,000 ng/mL, and
were placed at 4°C and -20°C for 12h and 24h,
respectively. The samples were analyzed, and the
ratio of nuciferine and its internal standard peak
area was substituted into the standard curve
equation. The stability of nuciferine in the
samples was calculated by comparing the ratio of
calculated nuciferine concentration with the
added nuciferine concentration.
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The nuciferine  methanol solutions with
corresponding low, medium, and high
concentrations as above were prepared at the
same time. Samples were injected for analysis.
The peak area of nuciferine measured in quality
control samples was compared to that in
methanol solution with the same concentration,
and the recovery rate was calculated. In addition,
10, 100, and 1,000 ng/mL nuciferine
concentrations quality control samples were
injected separately. The ratio of the measured
nuciferine to the peak area of the internal
standard was substituted into the standard
curve. The calculated nuciferine concentration
was compared to the concentration of nuciferine
added in the quality control samples, and the
accuracy of the method was obtained. Variation
coefficients of nuciferine areas in the samples
were measured through 5 independent
detections in an intra-day and inter-day manner
for evaluating precision of above established
HPLC-MS/MS method.

Detection of cell density
Caco-2 cells were purchased from National
collection of authenticated cell cultures

(Shanghai Cell Bank, Chinese Academy of
Sciences, Shanghai, China). The reagents
including fetal bovine serum (FBS), DMEM
medium, nonessential amino acids,

streptomycin, trypsin, and phosphate buffer
saline (PBS) were purchased from Gibco products
(Thermo Fisher Scientific, Waltham, MA, USA).
Trans-well chamber (Corning products) was
purchased from Hangzhou Lanbao Haibo
Biotechnology co., Ltd. (Hangzhou, Zhejiang,
China). Trans-well cell model with
transmembrane resistance above 200 Q/cm?,
phenol red permeability below 10%, and alkaline
phosphatase activity on apical (AP) side 10 times
higher than that on basolateral (BL) side was
adopted for this experiment. Before the
experiment, the cells were washed three times
with preheated PBS buffer solution (37°C), and
the last time was incubated in an incubator at
37°C for 30 mins. The buffer solution was gently
sucked off to wash away impurities on the
surface of Caco-2 cells.
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Two trans-well sterile chambers were placed in
the middle of the plate and marked. The cells
were removed from the incubator, and the
original culture solution was sucked out. The
metabolite was washed with PBS buffer solution,
and then, 1-2 mL of digestive solution (EDTA and
phenol red) was added for enzymatic hydrolysis.
After 2-3 minutes, when the cells became round
and there were signs of shedding, the digestive
solution was discarded, and the culture solution
was added. The culture solution was blown with
glass pipet to make the cells enter the culture
solution. After mixing well, 400 uL of culture
solution containing cells was added to the upper
chamber (AP side) of each model, and then, the
inoculated Trans-Well chamber was put into a
CO; incubator for culture. After 21 days, the
original culture medium was discarded, 200 uL
phenol red solution (3.5 pg/mL) was added to AP
side, while 400 uL of blank PBS buffer was added
to BL side. 100 pL of PBS buffer was absorbed
from BL side at 0.5, 1.0, 1.5, and 2.0 h,
respectively. Then 100 pL of blank PBS buffer was
added. After sampling, the concentrations of
phenol red in the upper (AP) and lower (BL)
chambers were determined by HPLC, and then
substituted into the standard curve to obtain the
concentrations of phenol red in the upper
chamber and lower chamber for phenol red
transmittance calculation.

Transmembrane transport of nuciferine in Caco-
2 cells

Caco-2 cells that reached the compactness
requirement in Trans-well chamber were
selected (the transmittance of phenol red in
Trans-well chamber was less than 3% within 0-2
hours). The culture solution in the chamber was
sucked, and the cells were washed with PBS
buffer for 3 times. For AP to BL chambers, 200 uL
of low, medium, and high concentration (500,
2500, 10,000 ng/mL) nuciferine solution and
2,500 ng/mL of nuciferine combined with
verapamil (150 ng/mL) mixture were added to AP
side as supply pool, and 400 pL of PBS buffer was
added to BL side as receiving pool. For BL to AP
chambers, 200 pL of low, medium, and high
concentration nuciferine solution and mixture of



Journal of Biotech Research [ISSN: 1944-3285]

2021;12:144-151

nuciferine and verapamil were added to BL side
as supply pool, and 400 uL of PBS buffer was
added to AP side as receiving pool. 100 pL of
liguid was taken from the receiving pool at 0.5
and 1.0 h, respectively, and 100 uL of PBS buffer
was added to the receiving pool. The transport
guantity of nuciferine in the sample was detected

by LC-MS/MS. The apparent permeability
coefficient (Papp) was calculated.
Influencing factors of nuciferine

transmembrane transport on Caco-2 cells
Verapamil, chlorogenic acid, caffeic acid, and
tetraethylamine were all analytically pure and
provided by Hangzhou Lanbao Haibo
Biotechnology Co., Ltd. (Hangzhou, Zhejiang,
China). Phosphate buffers with pH values of 6.0,
6.5, and 7.0 were used to prepare nuciferine
solution, while PBS buffer was used to prepare
chlorogenic acid (1,000 ng/mL) nuciferine (2,500
ng/mL) mixed solution, caffeic acid (1,000 ng/mL)
nuciferine (2,500 ng/mL) mixed solution, ouabain
(10 pg/mL) nuciferine (2,500 ng/mL) mixed
solution, and tetraethylamine (25 pg/mL)
nuciferine (2,500 ng/mL) mixed solution.

Caco-2 cells were inoculated in a culture plate
with a cell concentration of 1x10°/mL. The cells
were cultured in a constant temperature
incubator at 37°C. After two weeks of continuous
culture, cells were used for the experiment of
nuciferine transport. The culture medium was
changed every two days in the first week and
every day in the second week. Before the
experiment, the protocell culture solution was
discarded. The cells were washed with PBS buffer
for 3 times. The above-mentioned nuciferine
solution was added and mixed with cells, and
then, the plate was put back to CO; incubator for
culture. The culture plate was taken out at 0.5 h
and 1.0 h. 100 pL of liquid from the receiving pool
was sucked as a sample, and 100 pL of PBS buffer
was added in the receiving pool. The sample was
treated according to the HPLC-MS/MS detection
method mentioned above. Then, the mixed
solution containing nuciferine was sucked out.
Pre-cooled PBS solution was quickly added to the
culture plate to stop the cell transferring
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nuciferine. The cells were then washed with PBS
for 3 times. 2 mL of ultrapure water was added to
each well. The cells were, thereafter, frozen and
thawed repeatedly, and then, all cell lysates were
collected. According to the BCA total protein
assay kit (Nanjing Jiancheng Bioengineering
Institute) instructions, the protein content was
detected by measuring the absorbance, and the
protein concentration was calculated according
to that the absorbance is proportional to the
concentration.

Statistical analysis

All processed data were expressed in a form of
mean t standard deviation. The difference
analysis was performed by SPSS 18.0 software
(IBM, Ammon, New York, USA) for statistical
analysis (t-test). The P < 0.05 indicates a
significant difference while P < 0.01 indicates a
very significant difference.

Results

HPLC-MS/MS detection method of nuciferine
Under the extraction method and detection
conditions of this study, the linear relationship
was good in the concentration range of 10-5,000
ng/mL. The slope, intercept, and correlation
coefficient were calculated by linear regression
method. The standard curve equation and
correlation coefficient are as follows:

Y =0.0278X + 0.2505 (r=0.9999)

Under the conditions of chromatography and
mass spectrometry in this study, the average
recovery rate and accuracy of nuciferine in cell
culture medium were over 97.31% and 95.92%,
respectively. The recovery rate and accuracy
were 97.31+3.13% and 99.0016.44% when the
concentration of nuciferine was 10 ng/mL,
98.69+1.19% and 99.61+1.34% when the
concentration of nuciferine was 100 ng/mL, and
97.81+1.07% and 95.92+3.68% when the
concentration of nuciferine was 1,000 ng/mL,
respectively. The intra-day and inter-day
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variation coefficients were lower than 7.71%
with the inter-day and intra-day precisions were
3.22% and 7.71% when the concentration of
nuciferine was 10 ng/mL, 1.21% and 7.09% when
the concentration of nuciferine was 100 ng/mL,
and 1.11% and 6.82% when the concentration of
nuciferine was 1,000 ng/mL, respectively. The
stability of nuciferine under 4°C and -20°C
different storage conditions was over 97.78%
with 97.92+1.08% and 101.21+3.19% when the
concentration of nuciferine was 10 ng/mL,
97.78+0.95% and 100.17+2.46% when the
concentration of nuciferine was 100 ng/mL, and
98.91+1.93% and 103.1415.78% when the
concentration of nuciferine was 1,000 ng/mL,
respectively. All those data indicate that the
gquantitative analysis method of nuciferine
established in this study can fully meet the
research needs.

Detection of cell density

The resistivity of Caco-2 cells on both AP and BL
sides showed that the resistivity was 400 Q/cm?,
which could meet the requirements of drug
transport experiment. The activity of alkaline
phosphatase on AP side is more than 10 times on
BL side, which indicates that cells have polarity.
According to the equation of phenol red standard
curve,

Y = 2.280X + 451.66 (R2=0.9993)

the corresponding concentration and the
cumulative amount in different time periods
were calculated. The detection results showed
that the transmittance of phenol red in Trans-
well chamber was less than 3% within 0-2 hours,
which indicated that Caco-2 cells monolayer had
good cell density after cultured in the chamber
for 21 days, and therefore, could be used for
subsequent transmembrane transport
experiments.

Trans-membrane transport of nuciferine in
Caco-2 cells

The results showed that the apparent
permeability coefficients Papp of nuciferine
AP->BL and BL->AP at different concentrations
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were less than 4x10% cm/s, which indicated that
nuciferine had poor permeability in Caco-2 cells.
The Papp numbers of high, middle, and low
concentrations of nuciferine were significantly
different (P < 0.05), and the Papp of high
concentration treatment group was significantly
lower than that of middle and low concentration
treatment groups, which indicated that the
transmembrane transport of nuciferine was
related to concentration and possibly related to
inflow transporters. However, there was no
significant difference observed between middle
and low concentration treatment groups (P >
0.05).

Comparing to AP->BL, the Papp of BL>AP had no
significant difference (P > 0.05) between medium
and low nuciferine concentration groups. The
similar results were observed between AP->BL
and BL->AP in the nuciferine combined verapamil
group (P > 0.05), indicating that P- glycoprotein
had no significant effect on the efflux of
nuciferine (Table 1).

Table 1. Papp (cm x 10°%/s) of nuciferine in Caco-2 monolayer cells
at different concentrations (n = 5).

Concentration AP->BL BL->AP
(ng/mL)
500 3.68+0.74 3.41+0.33
2,500 3.05+0.23 3.30+0.68
10,000 1.27+0.27° 3.32+0.48
nuciferine +verapamil 3.38+0.23 3.17+0.82

‘P < 0.05 when comparing to 500 and 2,500 ng/mL groups.

Influencing factors of nuciferine
transmembrane transport in Caco-2 cells

The results showed that the transport amount of
nuciferine in Caco-2 cells was significantly
different at different pH values in 2,500 ng/mL.
Comparing to the control group, during 0-1 h, the
transport amount of nuciferine in the buffer
solution groups of pH 6.0 and 6.5 increased
significantly (P < 0.05), while the transport
amount of nuciferine in the treatment group of
pH 7.0 had no significant difference (P > 0.05),
indicating that acidic environment could
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promote the transport of nuciferine (Figure 1).
The transport capacity of nuciferine in
chlorogenic acid and caffeic acid treatment
groups were significantly increased comparing to

the control group, which indicated that
chlorogenic acid and caffeic acid could
significantly promote the transmembrane
transport of nuciferine (Figure 2).

Ea B0 - cx Hl 0.5h
® . = =3 1.0h
£ soo- | — -

E-‘IIID- — |- ==

F

£

-F.Lrﬂm- I

: g []
g |:|._.I I-I;I .I

T
Cantral pHE.5 pHT O

pHE .0

Figure 1. The effects of different pH values on nuciferine
transmembrane transport. **P < 0.01.
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Figure 2. The effects of caffeic acid and chlorogenic acid on
nuciferine transmembrane transport. ¥*P < 0.05. **P < 0.01.

In this study, Caco-2 cells were treated with
tetraethylamine to investigate the effect of
tetraethylamine on the transmembrane
transport of nuciferine. The results showed that
tetraethylamine could significantly inhibit the
transmembrane transport of nuciferine (P <
0.05), which proved that the transmembrane
transport of nuciferine might be related to
organic cation transporters (Figure 3). As a
specific inhibitor of Na* pump, ouabain is widely
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used in cell energy metabolism. In this study, the
cells were pretreated with ouabain, and then the
influence of Caco-2 cells on the transport of
nuciferine was investigated. Comparing to the
control group, there was no significant difference
in the trans-membrane transport of nuciferine by
Caco-2 cells under the intervention of ouabain
(Figure 3), which indicated that the trans-
membrane transport of nuciferine was mainly
passive transport, which facilitated diffusion to a
certain extent.
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Figure 3. The effects of tetraethylamine and ouabain on nuciferine
transmembrane transport. *P < 0.05.

Discussion

In this study, the transport of nuciferine on Caco-
2 monolayer cells was studied. The results
showed that the transmembrane transport of
nuciferine was related to its concentration. After
verapamil was added, the Papp of nuciferine did
not change significantly, which indicated that
inhibition of P-glycoprotein had no significant
effect on the transmembrane transport of
nuciferine. Comparing the transport amount of
nuciferine in Caco-2 cells under different pH
conditions, it showed that acidic environment
could promote the transport of nuciferine, which
might be related to promoting the dissolution of
nuciferine. However, the transportation of
nuciferine decreased significantly after adding
tetraethylamine, which indicated that
tetraethylamine had significant inhibitory activity
on the transportation of nuciferine.
Tetraethylamine, as a specific substrate for



Journal of Biotech Research [ISSN: 1944-3285]

2021;12:144-151

organic cation transporters on the cell surface
[18-20] may compete with nuciferine for organic
cation transporters on the cell membrane
surface, thus reducing the transport capacity of
nuciferine, indicating that the transmembrane
transport of nuciferine in Caco-2 cells may have
both passive diffusion and transporter-mediated
inflow transport.

In recent years, it has been reported in literatures
that lotus leaf can be made into compound
preparation with Alisma orientale, Hawthorn,
and Gynostemma pentaphyllum for reducing
blood lipid, and there are abundant organic acids
in the compound composition [21, 22]. Zheng et
al. studied the active substance basis of
compound lotus leaf capsules from the
perspective of serum pharmacology, and the
results also confirmed that compound lotus leaf
capsules contained active ingredients such as
nuciferine, chlorogenic acid, and caffeic acid.
According to the principle of Traditional Chinese
Medicine composition, lotus leaf and these
traditional Chinese medicines may have some
synergistic  pharmacological effects [23].
Therefore, whether nuciferine and these natural
organic acids have synergistic effects in intestinal
transport and absorption is worthy further study.
This study used both nuciferine and caffeic
acid/chlorogenic acid together. The results
showed that chlorogenic acid and caffeic acid
could significantly promote the transport of
nuciferine, which might be helpful to explain the
principle of lotus leaf and these traditional
Chinese medicines. Ouabain is a typical sodium
pump inhibitor, which is related to ATP
metabolism. After adding Ouabain, the amount
of nuciferine transport did not change
significantly, which indicated that the
relationship between nuciferine transport and
cell energy metabolism was not significant. In
addition, this study only explored the transport
characteristics and influencing factors of
nuciferine at the cellular level. The absorption
characteristics and influencing factors of
nuciferine at the intestinal level deserve further
exploration.
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