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A B S T R A C T

Ethnopharmacological relevance: The herbs of Aconitum are the essential Traditional Chinese medicine and have
played an indispensable role in many Asian countries for thousands of years to treat critical illnesses, and
chronic, stubborn diseases. However, Aconitum may induce severe neurotoxicity and even death. So far the
mechanism of Aconitum penetrating the blood-brain barrier (BBB) is still unclear.

Aim of the study: To determine whether influx transporters contribute to the brain uptake of the highly toxic
alkaloids in Aconitum including aconitine (AC), mesaconitine (MA) and hypaconitine (HA).
Materials and methods: The uptake of AC, MA and HA was characterized using in vitro hCMEC/D3 model and in
situ mouse brain perfusion. In hCMEC/D3 cells, the effect of incubation temperature, time, initial drug con-
centration, energy (NaN3), extracellular and intracellular pH (FCCP and NH4Cl), the prototypical substrates/
inhibitors of known organic cation transporting carriers and trans-stimulation (pre-incubating with pyrilamine
and diphenhydramine) on the cellular uptake were studied. In addition, the effect of silencing OCTN1, OCTN2
and PMAT by specific siRNA was investigated. In mice, the contribution of the proton-coupled antiporter on the
brain uptake of Aconitum was investigated by chemical inhibition.
Results: In hCMEC/D3 cells, AC, MA and HA were each taken up in a temperature-, time- and concentration-
dependent manner, which were reduced by NaN3 and FCCP. Regulation of extracellular and intracellular pH as
well as trans-stimulation studies showed that AC, MA and HA were transported by a proton-coupled antiporter
expressed at the plasma membrane that could also transport pyrilamine and diphenhydramine. Each uptake was
markedly inhibited by various cationic drugs, but insensitive to the prototypical substrates/inhibitors of iden-
tified organic cation transporting carriers, such as OCTs, PMAT, MATEs and OCTNs. In addition, silence of
OCTN1, OCTN2 and PMAT had no significant inhibitory effect on the uptake of AC, MA and HA. In mice, the
brain uptake of each alkaloid measured by in situ brain perfusion was suppressed by diphenhydramine when the
transport capacity of P-gp/Bcrp at the BBB was chemically inhibited.
Conclusions: A novel proton-coupled organic cation antiporter plays a predominant role in the blood to brain
influx of AC, MA and HA at the BBB, and thus affect the safety of Aconitum species.

1. Introduction

Since ancient time, Aconitum herbs have played an indispensable
role in China and other Asian countries for the treatment of critical

illnesses, and chronic, stubborn diseases like collapse, syncope, cardiac
dysfunction, rheumatism, painful joints, gastroenteritis, bronchial
asthma and so on (Wu et al., 2018; Zhou et al., 2015; Nyirimigabo et al.,
2015; Zhu et al., 2017). In Chinese Pharmacopoeia 2015, two Aconitum
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species including the root of Aconitum kusnezoffii Reichb and Aconitum
carmichaelii Debx and approximate fifty herbal formulations containing
Aconitum were recorded. Aconitum species have been proven to have
anti-cancer, anti-inflammatory, anti-arrhythmia, and analgesic effects
(Nyirimigabo et al., 2015; Liu et al., 2017; Ren et al., 2017; Zhang et al.,
2017). Nonetheless, Aconitum has a narrow therapeutic index, and the
improper preparation and usage might cause severe neurotoxicity, such
as respiratory depression, unconsciousness and even death (Ameri,
1998; Singhuber et al., 2009; Li et al., 2016). To exert toxicological
activities inside the brain, the toxic components of Aconitum need to
cross the blood-brain barrier (BBB). Thus, a deep understanding of the
factors contributing to the brain uptake will promote the safe and
reasonable clinic application of Aconitum species.

The main highly toxic components of Aconitum species are diester-
diterpenoid alkaloids, such as aconitine (AC), mesaconitine (MA) and
hypaconitine (HA) (Liu et al., 2017; Singhuber et al., 2009). AC, MA
and HA may be the substrates of ATP-binding cassette efflux trans-
porters including P-glycoprotein (P-gp) (Zhu et al., 2017; Yang et al.,
2013; Ye et al., 2013), breast cancer resistance protein (BCRP) (Ye
et al., 2013), and multidrug resistance-associated protein 2 (MRP2) (Ye
et al., 2013; Dai et al., 2015). Hence, we hypothesized that the BBB is
also equipped with some active influx transporters, which can mediate
the brain penetration of AC, MA and HA, and thus counteracting these
efflux transporters to cause the neurotoxicity.

As AC, MA and HA have tertiary amine moieties and are positively
charged at physiological pH, they may be the substrates of organic
cation transporting carriers, such as organic cation transporters (OCTs),
plasma membrane monoamine transporter (PMAT), multidrug and
toxin extrusion transporters (MATEs), and organic cation/carnitine
transporters (OCTNs) that have been identified at the gene level (Wu
et al., 2016). Recently, a novel pyrilamine-sensitive proton/organic
cation antiporter was identified at the function level on the intestine,
BBB and liver, and was proven to mediate the influx of various cationic
drugs, such as nicotine (Tega et al., 2015), pyrilamine (Okura et al.,
2008; Shimomura et al., 2013), matrine (Wu et al., 2016), tramadol
(Kitamura et al., 2014), clonidine (André et al., 2009) and diphenhy-
dramine (Mizuuchi et al., 2000; Sadiq et al., 2011). Although the mo-
lecular nature of this antiporter is still unknown, it is distinct from any
of the well-known organic cation transporting carriers.

The objective of this study is therefore to elucidate the influx me-
chanism of AC, MA and HA across the BBB using the immortalized
human brain capillary endothelial cells (hCMEC/D3) and in situ mouse
brain perfusion models.

2. Materials and methods

2.1. Chemicals

Aconitine (AC, purity > 98%), mesaconitine (MA, purity > 98%)
and hypaconitine (HA, purity > 98%) were purchased from Biopurify
Phytochemicals Ltd. (China). Olaparib was purchased from
Pharmacodia Co., Ltd. (China). Methanol of HPLC grade was purchased
from Merck KGaA (Germany). HEPES, penicillin-streptomycin, and
sodium pyruvate were purchased from Gibco (USA). All other solvents

and chemicals were analytical grade and commercially available.

2.2. Animals

Male ICR mice weighing approximately 20 g were purchased from
Qinglong Mountain Animal Breeding Farm (Nanjing, China), and were
used following the protocols approved by the Animal Care Committee
of China Pharmaceutical University. The mice were housed under
controlled standard conditions with 12/12 h light/dark cycles and were
fasted but allowed water ad libitum for 12 h prior to AC, MA and HA
administration.

2.3. Uptake studies in hCMEC/D3 cells

The hCMEC/D3 cell line was purchased from Merck Pte Ltd.
(Singapore) and was cultured in EBM-2 medium (Lonza, USA) supple-
mented with EGM-2 MV BulletKits (Lonza, USA) containing fetal bovine
serum (5%), hydrocortisone, propeptide R3 insulin-like growth factor
(R3-IGF), vascular endothelial growth factor (VEGF), basic human fi-
broblast growth factor (hFGF-B), ascorbic acid, human endothelial
growth factor (hEGF) and gentamicin sulfate-amphotericin. Cells were
cultured at 37 °C under 5% CO2 and 95% humidity.

The uptake experiment was performed as described previously
(Poller et al., 2008; Takahashi et al., 2018), with some modifications. In
brief, hCMEC/D3 cells were seeded at a density of 1 × 105 cells/well on
collagen I-coated 12-well plates (Corning, USA). The cells grown to
80%–90% confluence were washed and pre-incubated with HBSS-P
buffer (138 mM NaCl, 5.33 mM KCl, 0.441 mM KH2PO4, 0.338 mM
Na2HPO4, 0.407 mM MgSO4, 0.493 mM MgCl2, 10 mM HEPES,
5.56 mM glucose, 1.26 mM CaCl2, 4.17 mM NaHCO3 and 1 mM Na-
Pyruvate, pH 7.4 unless otherwise specified) for 30 min at 37 °C. The
uptake was initiated by adding 0.8 ml of the buffer containing AC, MA
and HA (each at 0.5 μM unless otherwise specified). After incubation at
37 °C for 1 min unless otherwise specified, the cells were washed three
times with 1 ml of the ice-cold buffer to end the uptake. The cells were
collected in 300 μl of water, followed by homogenization with ultra-
sonic treatment. The homogenates were preserved at −80 °C until
analysis. BCA protein assay kit (Thermo Fisher Scientific, USA) was
used to analyze the cellular protein amount. The uptake of AC, MA and
HA expressed as the cell-to-medium ratio (μl/mg protein) was calcu-
lated by equation (1).

Cell-to-medium ratio = A × 1000/ S (1)

where A is the cellular uptake amount (nmol/mg protein), S is the
corresponding concentration of the incubation buffer (μM).

In the concentration-dependent study, the initial uptake of AC, MA
and HA (0.5–800 μM, for 1 min) were fitted to equation (2) using
nonlinear least-squares regression analysis (Graphpad Prism, USA).

= × + + ×V V S K S P S/( )m difmax (2)

where V and Vmax are the initial uptake rate and the maximum uptake
rate (nmol/min/mg protein), respectively. Km is the Michaelis-Menten
constant (μM). S is the concentration of AC, MA and HA in the in-
cubation buffer (μM). Pdif is the passive diffusion clearance (ml/min/mg

Abbreviations list
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MA Mesaconitine
BBB Blood-brain barrier
BCRP Breast cancer resistance protein
MATE Multidrug and toxin extrusion transporters
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P-gp P-glycoprotein
FCCP Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
MPP+ 1-methyl-4-phenylpyridinium
TEA Tetraethylammonium
qRT-PCR Quantitative real-time PCR

J. Cong, et al. Journal of Ethnopharmacology 252 (2020) 112581

2



protein).
The uptake was further performed in the presence of 0.1% sodium

azide (NaN3) or 25 μM carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone (FCCP) to investigate the effect of energy or proton gra-
dient on the drug accumulation in hCMEC/D3 cells. To investigate the
effect of extracellular pH (pHe), the uptakes at pH 6.4 and 8.4 were
compared with that at pH 7.4. To investigate the effects of intracellular
pH (pHi), the presence of 30 mM NH4Cl during drug incubation (Acute)
or pre-incubation (Pre) was used to create alkaline or acidic pHi (Wu
et al., 2016). To identify the potential drug transporter, the effects of
specific inhibitors of identified organic cation transporting carriers
were studied on the uptake of AC, MA and HA (each at 0.5 μM for
1 min). In the trans-stimulation experiment, cells pre-incubated with
pyrilamine or diphenhydramine (each at 0.5 mM) for 30 min were
washed with pre-warmed buffer and incubated with the buffer con-
taining AC, MA and HA (each at 0.5 μM) for 1 min.

2.4. RNA interference analysis

For gene silencing, different sets of siRNAs specific for OCTN1
(OCTN1 siRNA), OCTN2 (a mixture of OCTN2 siRNA1, siRNA2 and
siRNA3), PMAT (PMAT siRNA) and negative control (NC siRNA)
(Table 1) were purchased from Genepharma (China). The RNA inter-
ference analysis was carried out as described before (Takahashi et al.,
2018), with slight modifications. In brief, hCMEC/D3 cells seeded on
collagen I-coated 12-well plates (Corning, USA) at the density of
4 × 104 cells/well were transfected with siRNA at different final con-
centrations (10–100 nM for RNA extraction, 10 nM for cellular uptake)
by using Lipofectamine RNAiMAX (1.6 μl/well, Invitrogen). 72 h after
transfection, quantitative real-time PCR (qRT-PCR) and cellular uptake
studies were performed.

2.5. Total RNA isolation and qRT-PCR

The expression of organic cation transporting carriers (OCTN1,
OCTN2, PMAT) and the housekeeping gene (GAPDH) in hCMEC/D3
cells at mRNA levels were determined by qRT-PCR. Trizol (Invitrogen,
USA) was used to isolate the total RNA, which was used as templates to
prepare the single-strand cDNA by using PrimeScript RT Master Mix
(Takara, Japan). The qRT-PCR analysis was performed using QIAGEN
Rotor-Gene Q (Germany) with SYBR Premix Ex Taq II (RR420A)
(Takara, Japan) following the manufacturer's protocols. The primer sets
listed in Table 2 were purchased from Sangon Biotech Co. Ltd (China).
The thermal protocol was set to 2 min at 50 °C, followed by 30 s at
95 °C, 40 cycles of 5 s at 95 °C and then 40 s at 60 °C.

2.6. In situ mouse brain perfusion study

The perfusion model was established as previously described
(Gynther et al., 2016), with some modifications. In short, mice an-
esthetized with pentobarbital (52 mg/kg, i.p.) were placed on a hot
plate (37 °C). The right common carotid artery was ligated and cathe-
terized with a polyethylene tubing (0.5 mm o.d.). Immediately after
severing the heart, the perfusion was started at a flow rate of 2 ml/min

using an infusion pump (Harvard Apparatus, USA). The perfusion fluid
was Krebs–Henseleit buffer (25 mM NaHCO3, 4.7 mM KCl, 118 mM
NaCl, 1.2 mM MgSO4·7H2O, 1.2 mM CaCl2·2H2O, 1.2 mM
NaH2PO4·2H2O and 10 mM D-glucose), warmed to 37 °C and gassed
with 95% O2/5% CO2 (pH 7.4). Each mouse was perfused with AC, MA
and HA at 5 μM in the absence or presence of the tested inhibitors. After
1 min perfusion, the right cerebral hemisphere was anatomized and
accurately weighed. An aliquot of the perfusion fluid was collected from
the end of the tubing. The brain and perfusion fluid samples were stored
at −80 °C until analysis.

The initial uptake clearance (Clup, ml/g/min) of the test drug was
obtained by equation (3).

= ×Cl X T C/( )up brain perf (3)

where Xbrain is the amount of the test drug in brain (nmol/g), T is the
perfusion time (min), and Cperf is the drug concentration in the perfu-
sion fluid (μM).

2.7. HPLC-MS/MS analysis

Brain tissues were homogenized with 3-fold normal saline. 140 μl of
the cell homogenates or 100 μl of the brain homogenates were added
with 20 μl of olaparib solution (0.5 μg/ml) as the internal standard (IS),
and 40 μl of methanol for the cell sample or 280 μl of acetonitrile for the
brain sample. The mixture was vortexed for 3 min. After centrifugation
at 12000 rpm for 5 min, 20 μl of the supernatant was injected into LC-
30AD liquid chromatography (Shimadzu, Japan) coupled with an AB
SCIEX Triple Quad™ 5500 (SCIEX, USA).

The separation was achieved on a Hedera ODS-2 C18 column
(4.6 mm × 150 mm, 5 μm) at 30 °C. 10 mM ammonium acetate so-
lution containing 0.1% formic acid - methanol (30:70, v/v) was used as
the mobile phase, which was delivered at 0.8 ml/min. The eluate was
split and loaded into the MS via the ESI source. The analytes were
detected using multiple reaction monitoring (MRM) in the positive
mode. The transition was m/z 646.3→ 586.2 for AC, 632.2 → 572.2 for
MA, 616.3 → 556.2 for HA and 435.2 → 367.2 for IS. The ionspray
voltage and temperature were 4 kV and 500 °C. The curtain gas pres-
sure, GS1 pressure and GS2 pressure was 40, 40 and 50 psi. The colli-
sion energy of dissociation was set at 46, 42, 41 and 28 eV for AC, MA,
HA and IS, respectively.

2.8. Statistical analysis

Data were presented as mean ± standard deviation (SD). Statistical
analysis was carried out using unpaired Student's t-test for single

Table 1
siRNA sequences used in the transfection experiments.

Gene name siRNA name Sense Antisense

OCTN1 OCTN1siRNA CCAACUAUGUGGUAGCCUUTT AAGGCUACCACAUAGUUGGTT
OCTN2 OCTN2 siRNA1 GCAGCUGUCAGACAGGUUUTT AAACCUGUCUGACAGCUGCTT

OCTN2 siRNA2 GCAGCAGUCCCACAACAUUTT AAUGUUGUGGGACUGCUGCTT
OCTN2 siRNA3 GCAUCCUGUCUCCCUACUUTT AAGUAGGGAGACAGGAUGCTT

PMAT PMAT siRNA CCAUGACCGUGUCCUACAUTT AUGUAGGACACGGUCAUGGTT
NC NC siRNA UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

Abbreviation: NC = negative control.

Table 2
Primers for qRT-PCR.

Target Sense Antisense

OCTN1 TGGTAGCCTTCATACTAGGAACA TGGCAGCAGCATATAGCCAAC
OCTN2 TCCACCATTGTGACCGAGTG ACCCACGAAGAACAAGGAGATT
PMAT GCTTTCACGGATACTACATTGGA ATGTCAAACACGATGGAGGTC
GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT
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comparison and one-way ANOVA with Dunnett's test for multiple
comparisons. P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Effect of time and temperature on cellular uptake

hCMEC/D3 cell line is a well-established in-vitro BBB model
(Takahashi et al., 2018), which is known to express ATP-binding cas-
sette (ABC) transporters and solute carrier (SLC) transporters (Ohtsuki
et al., 2013; Okura et al., 2014; Weksler et al., 2013). Moreover, a novel
pyrilamine-sensitive proton-coupled organic cation antiporter also
functions in this cell line (Shimomura et al., 2013; Kitamura et al.,
2014; Higuchi et al., 2015). As shown in Fig. 1, AC, MA and HA were
taken up into hCMEC/D3 cells in a time- and temperature-dependent
manner. After 1 min incubation, the uptake of AC, MA and HA at 4 °C
was 4.8%, 6.1% and 3.8% of that at 37 °C, indicating that a carrier
protein may participate in the accumulation of AC, MA and HA in
hCMEC/D3 cells. The initial uptake at 1 min was selected for the sub-
sequent studies.

3.2. Effect of drug concentration on cellular uptake

As shown in Fig. 2, the initial uptake of AC, MA and HA was also
concentration-dependent (Fig. 2). Eadie-Hofstee plot for each uptake
showed one straight line indicating a single saturable process for each
alkaloid. The values of Km and Vmax calculated by the kinetic analysis
are shown in Table 3. At the concentration of 0.5 μM, the saturable
uptake of AC, MA and HA calculated by the kinetic parameters attrib-
uted 94.3%, 84.2% and 97.9% of the total cellular influx, respectively.
These results indicated that a saturable active carrier-mediated trans-
port process played a major role in the uptake of AC, MA and HA.

3.3. Effect of metabolic energy on cellular uptake

ATP-depleted hCMEC/D3 cells were established by treating cells
with 0.1% NaN3, a metabolic inhibitor. As illustrated in Fig. 3, the
uptake of AC, MA and HA was significantly decreased in ATP-depleted
cells, indicating that the uptake of each alkaloid relies on the metabolic
energy.

3.4. Effect of pH on cellular uptake

Next, the effects of pH on the cellular uptake were investigated. The
uptake of AC, MA and HA in hCMEC/D3 cells was decreased in the
presence of 25 μM FCCP, which is a protonophore (Fig. 4) indicating
that each transport is driven by the proton electrochemical difference.

Then the uptake of each alkaloid was evaluated under different
extracellular and intracellular pH values. As shown in Fig. 5A, the up-
take of AC, MA and HA was lowered at pHe 6.4 but elevated at pHe 8.4.
To elucidate whether such an effect is due to the changing ratio of the
neutral form of each analyte or the modulation of the uptake rate ac-
cording to the proton gradient, the effects of intracellular pH regulated
by NH4Cl (Wu et al., 2016) on the cellular accumulation were further
examined. As shown in Fig. 5B, acute treatment with NH4Cl (in-
tracellular alkalization) markedly inhibited the uptake of AC, MA and
HA into hCMEC/D3 cells. On the contrary, NH4Cl pretreatment (in-
tracellular acidification) significantly stimulated the uptake of each
alkaloid. All these results suggested that the involved influx transporter
for AC, MA and HA was driven by an oppositely directed proton gra-
dient. As the intracellular pH in rat brain capillary endothelial cells was
6.9-7.15 (Okura et al., 2008), lower intracellular pH can drive the in-
flux of Aconitum alkaloids into brain.

Fig. 1. Time and temperature dependence of (A) aconitine (AC), (B) mesaconitine (MA) and (C) hypaconitine (HA) uptake by hCMEC/D3 cells. The uptake of AC, MA
and HA (each at 0.5 μM) was measured at 37 °C (●) and 4 °C (■). Each point represents the mean ± SD of three determinations. ***, P < 0.001 versus 37 °C.
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3.5. Inhibition study on cellular uptake

To identify the influx transporter responsible for the uptake of AC,
MA and HA, the cis-inhibition study was performed (Table 4). The
uptake was significantly inhibited by the organic cation compounds,
such as pyrilamine, verapamil, quinidine, diphenhydramine and

amantadine, indicating the involvement of organic cation transporting
carriers. However, the influx process of each alkaloid was not sensitive
to tetraethylammonium (TEA) and 1-methyl-4-phenylpyridinium
(MPP+) (substrates of OCTs, OCTNs, MATEs and PMAT)
(Ahmadimoghaddam et al., 2012; Damme et al., 2011; Engel and Wang,
2005; Zhou et al., 2017), pyrimethamine (specific inhibitor of MATEs)
(Ito et al., 2010), L-carnitine (substrate of OCTN2) (Okura et al., 2014)
and ergothioneine (substrate of OCTN1) (Li et al., 2014). Hence, AC,
MA and HA are likely transported by a novel organic cation trans-
porting carrier rather than the identified OCTs, PMAT, MATEs and
OCTNs. Such inhibition features are very similar to that of a recently
discovered pyrilamine-sensitive proton-coupled organic cation anti-
porter (Wu et al., 2016; Tega et al., 2015; Shimomura et al., 2013;
Mizuuchi et al., 2000; Higuchi et al., 2015; Wang et al., 2017).

Fig. 2. Concentration dependence of (A) aconitine (AC), (B) mesaconitine (MA) and (C) hypaconitine (HA) uptake by hCMEC/D3 cells. Uptake of AC, MA and HA at
0.5–800 μM was measured at 37 °C for 1 min. The inset shows the Eadie-Hofstee plot of each uptake. V and S represent the initial uptake velocity (nmol/min/mg
protein) and concentration (μM). Each point represents the mean ± SD of three determinations.

Table 3
Kinetic analysis of the cellular uptake.

Parameters AC MA HA

Vmax (nmol/min/mg protein) 9.94 11.4 11.4
Km (μM) 163 249 126
Pdif (μl/min/mg protein) 3.70 8.54 1.95

Fig. 3. Effect of ATP depletion on aconitine (AC), mesaconitine (MA) and hy-
paconitine (HA) uptake by hCMEC/D3 cells. The uptake of AC, MA and HA
(each at 0.5 μM) was measured at 37 °C for 1 min in the absence and presence of
0.1% NaN3. Each column represents the mean ± SD of three determinations.
**, P < 0.01 versus control.

Fig. 4. Effect of protonophore on aconitine (AC), mesaconitine (MA) and hy-
paconitine (HA) uptake by hCMEC/D3 cells. Uptake of AC, MA and HA each at
0.5 μM was measured at 37 °C for 1 min in the absence and presence of 25 μM
FCCP. Each column represents the mean ± SD of three determinations. ***,
P < 0.001 versus control.
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3.6. RNA interference analysis

To further confirm the above findings in the cis-inhibition study,
knockdown experiments using siRNA were performed. It has been re-
ported that OCTNs and PMAT are abundantly expressed while the ex-
pression of OCTs and MATEs are negligible in hCMEC/D3 cells
(Shimomura et al., 2013). Thus, the effects of OCTN1, OCTN2 and
PMAT knockdown using specific siRNA (Table 2) on the uptake of each
alkaloid were investigated. siRNA of each target gene was investigated
at different concentrations, and 10 nM was enough to silence OCTN1,
OCTN2 and PMAT in hCMEC/D3 cells (Fig. 6). As expected, specific
siRNA targeting OCTN1, OCTN2 and PMAT had no significant in-
hibitory effect on the uptake of AC, MA and HA (Fig. 7), thus excluding
the major contribution of these well-known organic cation transporting
carriers.

3.7. Trans-stimulation study on cellular uptake

To exclude the possibility that the uptake of AC, MA and HA is at-
tributable to the binding to the cell membrane surface or intracellular
components, and to recognize the relevant transporter, the trans-sti-
mulation study was carried out. The uptake of AC, MA and HA was
markedly increased by pre-treating hCMEC/D3 cells for 30 min with
pyrilamine or diphenhydramine (Fig. 8), indicating that the uptake of
each Aconitum alkaloid into hCMEC/D3 cells is due to an antiporter
expressed at the plasma membrane that could transport pyrilamine and

diphenhydramine, further confirming that the involved antiporter is the
pyrilamine-sensitive proton-coupled organic cation antiporter.

3.8. In situ mouse brain perfusion study

The BBB transport properties of Aconitum alkaloids were finally
characterized using the in situ mouse brain perfusion method, in which
an artificial perfusate fluid replaced the blood. Since the transporter is
exposed to the drug directly at selected unbound concentrations, this
method could accurately investigate the BBB permeability (André et al.,
2009; Chapy et al., 2016). Firstly, the inhibitors of ABC transporters
were used to investigate the role of efflux transporters involved in
handling AC, MA and HA (Fig. 9). At mouse BBB, GF120918 (inhibitor
of P-gp/Bcrp) but not probenecid (inhibitor of Mrp2) led to a significant
increase in the brain uptake of AC, MA and HA, suggesting that P-gp/
Bcrp, rather than Mrp2, limited the brain distribution of AC, MA and
HA.

Then the effect of diphenhydramine, an inhibitor of the pyrilamine-
sensitive proton-coupled organic cation antiporter, on the brain trans-
port of AC, MA and HA was investigated (Fig. 10). When P-gp/Bcrp
activity was chemically inhibited by GF120918, diphenhydramine sig-
nificantly suppressed the brain uptake of AC, MA and HA, unveiling the
indispensable role of the influx transporter on the brain initial uptake of
AC, MA and HA.

Fig. 5. Effects of (A) extracellular pH and (B) intracellular pH on aconitine (AC), mesaconitine (MA) and hypaconitine (HA) uptake by hCMEC/D3 cells. (A) The
uptake of AC, MA and HA (each at 0.5 μM) was measured at buffer pH of 6.4, 7.4 and 8.4. (B) The cells were pre-incubated in the absence (Control and Acute) or
presence (Pre) of 30 mM NH4Cl for 30 min, followed by incubation with AC, MA and HA for 1 min in the absence (Control and Pre) or presence (Acute) of 30 mM
NH4Cl. Each column represents the mean ± SD of three determinations. **, P < 0.01; ***, P < 0.001 versus pH 7.4 or control.

Table 4
Inhibitory effects of selected compounds on AC, MA and HA uptake by hCMEC/D3 cells.

Compound Concentration Uptake of AC Uptake of MA Uptake of HA

(mmol/l) (% of control) (% of control) (% of control)

Control 100.0 ± 2.6 100.0 ± 2.8 100.0 ± 1.0
Pyrilamine 1 41.4 ± 2.1*** 46.1 ± 1.4*** 30.6 ± 1.5***
Quinidine 1 11.4 ± 2.0*** 19.6 ± 3.7*** 6.6 ± 1.4***
Verapamil 0.5 19.6 ± 2.2*** 27.8 ± 2.8*** 11.6 ± 1.0***
Diphenhydramine 1 24.2 ± 0.3*** 32.2 ± 0.9*** 17.4 ± 0.3***
Amantadine 1 56.3 ± 5.4*** 62.2 ± 6.0*** 44.2 ± 4.6***
TEA 1 87.8 ± 2.7* 92.1 ± 4.5 85.9 ± 3.5*
MPP+ 1 93.8 ± 7.1 107.1 ± 6.6 92.4 ± 8.0
Pyrimethamine 0.1 91.2 ± 3.9 106.5 ± 1.5 89.6 ± 9.0
L-carnitine 1 96.2 ± 2.8 107.3 ± 2.8 99.5 ± 2.3
Ergothioneine 0.5 111.9 ± 9.6* 111.1 ± 4.2* 110.1 ± 10.6

The uptake of AC, MA and HA (each at 0.5 μM) was measured at 37 °C for 1 min in the absence (Control) and presence of each selected compound. Each value
represents mean ± SD of three determinations. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control.
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4. Conclusion

This study elucidates the brain transport mechanism of the neuro-
toxic Aconitum alkaloids across the BBB. Characterization of the uptake
properties in hCMEC/D3 cells and in situ mouse brain perfusion models
demonstrate that the pyrilamine-sensitive proton-coupled organic ca-
tion antiporter plays an important role in the brain uptake of AC, MA
and HA, and might have a significant impact on the safety of Aconitum
species. Further studies are necessary to determine whether commonly
used cationic drugs or herbs containing cationic components may cause
transporter-medicated drug-drug interactions in clinical practice.
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Fig. 6. Gene silencing effects of (A) OCTN1, (B) OCTN2 and (C) PMAT siRNA after 72h transfection in hCMEC/D3 cells. Each column represents the mean ± SD of
three determinations. ***, P < 0.001 versus negative control (NC) group.

Fig. 7. Effects of OCTN1, OCTN2 and PMAT silence on AC, MA and HA uptake
by hCMEC/D3 cells. 72 h after the cells were transected with negative control
(NC), OCTN1, OCTN2 or PMAT siRNA, the uptake of aconitine (AC), mesaco-
nitine (MA) and hypaconitine (HA) (each at 0.5 μM) was measured at 37 °C for
1 min. Each column represents the mean ± SD of three determinations. No
statistical differences were observed.

Fig. 8. Trans-stimulation effects on aconitine (AC), mesaconitine (MA) and
hypaconitine (HA) uptake by hCMEC/D3 cells. After pre-incubation for 30 min
in the absence (Control) and presence of pyrilamine (0.5 mM) or diphenhy-
dramine (0.5 mM), the cells were washed and then incubated with AC, MA and
HA (each at 0.5 μM) for 1 min at 37 °C. Each column represents the mean ± SD
of three determinations. **, P < 0.01; ***, P < 0.001 versus control.
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