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Background: Leonurine is an active component of the traditional Chinese medicine Leonurus japonicus. This study aimed
to investigate the effects of overexpressed CYP450s on the metabolic activity of leonurine.
Material/Methods: BEAS-2B cells stably expressing CYP1A1, 1A2, 2A13, 2B6, and 3A4 were constructed. CYP450s expression
was identified using reverse-transcription PCR and Western blot assay. CCK-8 assay was used to evaluate
the effect of leonurine on cell activity. Leonurine was incubated in vitro with CYP1A1, 1A2, 2A13, 2B6, and
3A4 metabolic enzymes to evaluate the clearance rate of CYP450 enzymes for leonurine. UPLC-MS was used
to detect changes of drug concentration and discover the main metabolic enzymes affecting leonurine.
Results: BEAS-2B cells stably expressing CYP1A1, 1A2, 2A13, 2B6, and 3A4 were successfully constructed. According to
primary mass spectra and secondary mass spectra of leonurine, the main metabolic enzymes were 312.1550
[H+] and 181.0484. Compared to the control group, residue of leonurine in CYP2A13 group was significantly
reduced (F=5.307, p=0.024). Compared to the 0-min group, the clearance rate of leonurine in the CYP2A13-
treated group was significantly decreased at 120 min after treatment (F=7.273, p=0.007). CCK-8 results also
showed that activity of BEAS-2B cells that overexpress CYP2A13 gradually decreased with increased concen-
tration of leonurine. Although CYP2A13 demonstrated good metabolic activity for leonurine, we found that
CYP1A1, 1A2, 2B6, and 3A4 had no metabolic effects on leonurine.
Conclusions: Leonurine can be effectively activated through CYP2A13 enzyme metabolism, and further inhibits activity
of human lung epithelial cells (BEAS-2B). Therefore, CYP2A13 is a main metabolic enzyme for leonurine in
BEAS-2B cells.
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Background

Leonurine, one of the main active components of the tradi-
tional Chinese medicine Leonurus japonicus, has a wide range
of biological activities [1]. Leonurine has been widely applied
in treatment of gynecological diseases in the past [2]. Purified
leonurine (molecular structure formula: C,,H, CIN,O,) is a nitrog-
enous compound used in the form of a white crystalline pow-
der. Recent research shows that leonurine has obvious effects
on protecting nerves [3] and promoting growth of synapses,
as well as promoting neurite outgrowth and neurotrophic ac-
tivity [4], alleviating LPS-induced myocarditis [5], and prevent-
ing and treating non-alcoholic fatty liver disease [6]. Leonurine
is also toxic, mainly affecting the kidneys, liver, and reproduc-
tive system [7,8]. However, the toxicity of leonurine to the re-
spiratory system has been unclear.

Previous studies [9,10] showed that many kinds of traditional
Chinese medicine are toxic to the respiratory system, such
as total saponins of Cortex albiziae (isolated from stem bark
of Albizzia julibrissin Durazz), which can induce apoptosis of
mouse bronchial epithelial cells and results in oxidative dam-
age to lung tissues. The traditional Chinese medicine-induced
respiratory diseases mainly include drug-induced pulmonary
edema, drug-induced asthma, drug-induced pneumonia, and
drug-induced pulmonary vascular diseases [11]. Moreover, drug-
induced DNA damage and cell apoptosis can eventually lead to
cytotoxicity and other adverse effects in cells [12]. Therefore,
with the development of research on the pharmacological ef-
fects of leonurine on the respiratory system and with its in-
creased clinical use, there is an urgent need to assess the tox-
icity of leonurine to the respiratory system.

Drug activity is usually affected by pharmacokinetic and phar-
macodynamic factors. Cytochrome P450 (CYP450), as an enzyme
of phase | reaction, is a critical pharmacokinetic factor [13].
Recently, it has been found that CYP450 gene polymorphism
is closely related to cancer susceptibility [14]. Many carcino-
gens need activation by the CYP450 enzyme to exert tox-
icity. The carcinogenic aromatics in smog can be activated by
CYP1A1 [15], and aflatoxins are mainly metabolized by CYP1A2
and 3A4 enzyme [16]. However, a recent study [17] reported
that CYP1A1, 1A2, 2A13, 2B6, 3A4, and the other P450 met-
abolic enzymes are highly expressed in the respiratory sys-
tem. These P450 metabolic enzymes can oxidize, reduce, or
hydrolyze the related prototypes to produce a series of toxic
substances. However, the main metabolic enzymes for leon-
urine in the respiratory system have not been fully assessed.

To determine the main metabolic enzyme targeting leonurine
in lung tissues, we must clarify the metabolic activity of leon-
urine and prevent occurrence of adverse reactions. Therefore,
the present study explored the effect of highly-expressed
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CYP450 enzymes in human lung epithelial cells (BEAS-2B) on
the metabolic activity of leonurine. This study aimed to pro-
vide a theoretical basis for evaluating the toxicity of leonurine
in the respiratory system.

Material and Methods

Cell and plasmid synthesis

In this study, CYP1A1, 1A2, 2A13, 2B6, and 3A4 gene-express-
ing lentivirus plasmids pYr-Lvsh-CYP450s were synthesized
by MiaolLing Bio. Sci. Tech. Co. (Wuhan, China). The relat-
ed lentivirus expression plasmids (pMD2G and psPAX) were
purchased from Miaoling Bio. Sci. Tech. Co. (Wuhan, China).
After sequencing and identification, the Lentivirus Expression
System plasmids of CYP450, including pYr-Lvsh-CYP1A1, pYr-
Lvsh-1A2, pYr-Lvsh-2A13, pYr-Lvsh-2B6, and pYr-Lvsh-3A4,
were successfully constructed.

Construction of lentivirus vector

Human lung epithelial cells (BEAS-2B) and 293T cells (ATCC
Cell Bank, Manassas, VA, USA) were cultured in DMEM com-
plete medium (Gibco BRL. Co., Grand Island, New York, USA) at
37°C and 5% CO,. The 293T cells at logarithmic growth stage
were digested and sub-cultured into a cell plate and cultured
to 80% confluence. A total of 3 ug pMD2G, 6 ug psPAX, 7.5 pg
vector plasmids, 25 pl Lipofectamine 2000 Transfection Reagent
(Invitrogen/Life Technologies, Carlsbad, CA, USA), and 150 pl
OPTI-MEM (Gibco BRL. Co.) were mixed together. The mixture
was rested at room temperature for 15 min, then we add-
ed it dropwise to cell plates and mixed it. After 6-h culture,
the DMEM was replaced with fresh DMEM containing 10% fe-
tal bovine serum (FBS, Gibco BRL. Co.).

Lentivirus infection

When BEAS-2B cells reached 80-90% confluence, the collect-
ed lentivirus solution was added to cell plates. The cells were
transfected with the above synthesized lentivirus vectors and
cultured for 24 h. This transfection was repeated 3 times.
Finally, BEAS-2B cells were purified and screened using puro-
mycin (Sigma-Aldrich, St. Louis, MO, USA).

Western blot analysis showed that CYP450s expressed
BEAS-2B

Cells were washed twice with phosphate-buffered saline (PBS,
Sangon Biotech. Co., Shanghai, China), lysed using Tris lysate
(Tiangen Biotech Co., Beijing, China) for 1 min, and then cracked
by ultrasound. After centrifugation at 10 000 rpm, the super-
natant was harvested and stored at —20°C. The concentration
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Table 1. Primers for CYP450s amplification for PCR assay.
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Enzyme genes Sequences (5°-3’)

Forward

QPIAL  cseesessoscosessoossocssoosseessesooseoasenseoooss
Reverse
Forward

QPIAR2 W ceeesessoscoscssoossocsssooscesseoossoossenssoooss
Reverse
Forward

QP21 cseessseessosessoossocsssooscessesossooseenesoooss
Reverse
Forward

CYP2B6 e
Reverse
Forward

CYP3A4 e
Reverse

GATTCCTTTTCCCAATCTCCATGTC

TCAGGCTCCACTTACGGTGC

of harvested protein was measured using a BCA protein assay
kit (Cat. No. PO011, Beyotime Biotech, Shanghai, China). Then,
the proteins were loaded onto SDS-PAGE gel and transferred
onto PVDF membranes (Amersham Biosciences, Piscataway,
NJ, USA). The PVDF membranes were blocked with 5% FBS for
1 h and then incubated with rabbit anti-human 1A1 antibody
(Cat. No. AB10088), rabbit anti-human 1A2 antibody (Cat. No.
AB1248), rabbit anti-human 2A13 (Cat. No. ABN201), rabbit
anti-human 2B6 (Cat. No. AB1267), rabbit anti-human 3A4
antibody (Cat. No. MAB10041), and rabbit anti-human GAPDH
antibody (Cat. No. MAB374) overnight at 4°C. Then, PVDF mem-
branes were incubated using HRP-labeled goat anti-rabbit IgG
(Cat. No. AP307P) at room temperature for 2 h. All of the above
antibodies were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The protein bands were imaged with electrochemilumi-
nescence (ECL, Amersham Biosciences) and analyzed using the
UVP gel image scanning system (version: Labworks 4.6, Bio-
Rad Laboratories, Hercules, CA, USA).

RT-PCR showed that CYP450s expressed BEAS-2B

The total RNAs were extracted using Trizol reagent (Invitrogen/
Life Technologies), and then reverse-transcribed into cDNA.
The synthesized cDNAs were used as the template for PCR am-
plification. The PCR amplification procedure was: pre-denatur-
ation at 95°C for 5 min, denaturation at 94°C for 30 s, anneal-
ing at 55°C for 1 min, with 40 cycles, and then extension at
72°C for 10 min. GAPDH was used as an internal reference gene
and identified using 1% agarose gel electrophoresis (Beyotime
Biotech). Premiers for PCR assay are listed in Table 1. The 2724%
method [18] was used to analyze the RT-PCR findings.

Cell Counting Kit 8 (CCK-8) assay

The leonurine standard solution was prepared as follows: a to-
tal of 10 mg leonurine standard was weighed and dissolved in

double-distilled water to prepare the leonurine standard solu-
tion at a final concentration of 1000 pg/ml. Then, the solution
was diluted into 100 pg/ml and 10 pg/ml standard solutions.

The cells at logarithmic growth stage were inoculated into
96-well plates at a density of 1x10* cells/ml. Then, 200 pl of
cells was added into each well and cultured in an incubator
for 24 h. Cells were divided into 6 groups: B-2B, B-1A1, B-1A2,
B-2A13, B-2B6, and B-3A4. Each group was incubated in ad-
vance with the standard prepared leonurine. The final concen-
tration of leonurine in each group was adjusted to 0 pg/ml,
1 pg/ml, 10 pg/ml, 100 pg/ml, respectively. About 24 h after
cell culture, 20 pl CCK-8 was added into each well and placed
into the incubator for 1 h. The optical density (OD) value of
each pore at 450 nm was determined using a microplate reader
(Model: 680, Bio-Rad Laboratories, Hercules, CA, USA). In this
study, the “cell viability” was defined as the ratios of the OD
values in 1 pg/ml, 10 pg/ml, and 100 pg/ml leonurine-treated
cells to the OD value in the 0 pg/ml leonurine-treated cells in
every group (B-2B, B-1A1, B-1A2, B-2A13, B-2B6, and B-3A4).

Metabolism in vitro

Five P450 recombinant enzymes — CYP1A1, 1A2, 2A13, 2B6,
and 3A4 - were metabolized in vitro. The incubation system
was as follows: leonurine (final concentration 0.06 mg/ml,
MedChemExpress, Princeton, NJ, USA), recombinase (final con-
centration 0.06 mg/ml, Sigma-Aldrich), Tris-HCl (final concen-
tration 50 mmol/|, Beyotime Biotech), MgClI2 (final concentra-
tion 5 mmol/l, Sigma-Aldrich), and EDTA (final concentration
1 mmol/|, Sigma-Aldrich). Then, NADPH was added to initiate
the reaction and continue incubation at 37°C. For the 0-min
group, the reaction was terminated using methanol directly.
For the 120-min group, methanol was added after the incu-
bation for 120 min to stop the reaction.
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1500 bp

crpasos [ = |

B-28 B-1A1 B-2B B-1A2 B-2B B-1A13 B-2B B-2B6 B-2B B-3A4

Figure 1. mRNA and protein identification of BEAS-2B cell line. (A) PCR assay validation of cell lines. (B) Western blot verification of cell

lines.

UPLC-HRMS analysis

The leonurine samples were analyzed using UPLC-HRMS anal-
ysis as previously described [19]. Briefly, the LC-MS/MS sys-
tem (Model: TSQ800, Thermo Fisher Scientific, USA) was used,
following the manufacturer’s protocols. Leonurine was carried
out in positive ionization mode. The source temperature was
adjusted to 320°C. The ion source voltage was adjusted to
3200 V. Flows of nebulizer, curtain, and collision nitrogen were
optimized to maximize the signal intensity ratio. The transi-
tion ranging from m/z (312.1553) to m/z (181.0484) (40% col-
lision-energy) was monitored for leonurine. The time window
for the UPLC-HRMS mode was defined as 0-7 min.

Statistical analysis

Measurement data were recorded as meantstandard devia-
tion (SD) and analyzed using SPSS software 20.0 (SPSS, Inc.,
Chicago, IL, USA). The Tukey’s post hoc test-validated ANOVA
was used to compare data among groups. p<0.05 was defined
as a significant difference.

Results

Stable CYP450-expressing cell line was successfully
constructed

The PCR results showed that there were bands at 1500 bp in
each CYP450-expressing cell line (Figure 1A), which indicates
that CYP1A1, 1A2, 2A13, 2B6, and 3A4 were stably overex-
pressed in BEAS-2B cells. Western blot assay also showed that
CYP1A1, 1A2, 2A13, 2B6, and 3A4 protein expressions in each
experimental group were significantly higher compared to that
in each control group (Figure 1B, F=5.307, p=0.024), indicat-
ing that CYP450 was successfully expressed in BEAS-2B cells.
The above PCR assay and Western blot assay suggest that the
stable CYP450-expressing cell line was successfully constructed.

A
+p ESI full ms [1000.0000—1500.0000]
312.15501
100
J 0 H [M2C+H]*
#] Aoyt
£ HO NH
g 60 -0 {
=
= 407 (14H21N305 [MBC+H]*
& =311
20 4 313.15520
0 A A AR e =~ i S M
309 310 3t 312 313

B +p ESI full ms?312.1554@hcd40.00 [50.0000-660.0000]
0- 181.04840

80 |

60

40

Relative abundance

20 182.05173
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——

Figure 2. Chromatogram and mass spectrum of leonurine.
(A) Primary mass spectrum (resolution R=70000).
(B) Secondary mass spectrum (resolution R=13500).

Primary and secondary mass spectra of leonurine

After incubation with CYP1A1, 1A2, 2A13, 2B6, and 3A4 en-
zymes, the main metabolic enzymes for leonurine were screened
(Figure 2). According to the primary mass spectra (Figure 2A)
and secondary mass spectra (Figure 2B) of leonurine, the main
metabolic enzymes were 312.1550 [H +] and 181.0484.
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Figure 4. Clearance rate of leonurine in BEAS-2B cells
undergoing CYP450 enzyme treatments. ** p<0.01 vs.
Control group.

Figure 3. Chromatogram of leonurine standard solution and
reaction in CYP450 enzyme system after 120 min.

CYP2A13 decreased the concentration of leonurine

The results of metabolic removal rate showed that, compared
to the control group, the concentration of leonurine in CYP2A13
group was significantly lower (Figures 2, 3). However, there
were no significant changes in the other groups (Figure 3).
These results suggest that CYP2A13 is the main metabolic en-
zyme for leonurine in BEAS-2B cells.

CYP2A13 demonstrated higher clearance rate of leonurine

In this study, the clearance rates of leonurine in different CYP450s
enzymes-treated groups were determined. The results showed
that, compared to the 0-min group, the clearance rate of leon-
urine in the CYP2A13-treated group was significantly lower at
120 min after treatment (Figure 4, F=7.273, p=0.007). However,
there were no significant differences in the clearance of leon-
urine in the other CYP450s-treated groups at 120 min after treat-
ment compared to that at 0 min (Figure 4, F=2.607, p=0.075).

CYP2A13 induced the cytotoxicity of leonurine

The cytotoxicity of BEAS-2B cells treated with different dosag-
es of leonurine was measured using CCK-8 assay. The results
indicated that after increasing the concentration of leonurine,
there were no significant effects of leonurine on cytotoxicity to
BEAS-2B cells in the 1A1 group (F=1.015, p=0.594), 1A2 group
(F=0.892, p=0.603), 2B6 group (F=0.791, p=0.714), and 3A4
group (F=1.203, p=0.591) (Figure 5). However, different dos-
ages of CYP2A13 treatment (10 pg/ml and 100 pg/ml) signifi-
cantly reduced the cell viability of leonurine compared to that
in the control group (Figure 5, F=5.291, p=0.029). Therefore,
the CYP2A13 treatment can by cytotoxic to BEAS-2B cells.

1.6
1.4
1.2+
= 104
=
£ 08
K - Control
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® 1A2
04 m a1
02 = 2B6
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0 1 10 100
Concentration (pg/ml)

Figure 5. Determination of cytotoxicity in BEAS-2B cells
undergoing CYP450 enzyme treatments. * p<0.05 vs.
Control group.

Discussion

In recent years, clinical use of leonurine has increased, but its
toxicity to the respiratory system has not been fully studied.
A previous study [20] found that respiratory system damage
is mainly caused by air pollution, but ignored the toxicity of
drugs. The current high incidence of respiratory diseases sug-
gests that the respiratory toxicity caused by drugs might play
an important role [21]. A previous study [22] reported that leon-
urine can significantly inhibit the proliferation of lung cancer
H292 cells by inducing cell cycle arrest in GO/G1 cells. The ac-
tivation of leonurine mainly depends on binding of glucuronic
acid molecules [23]; therefore, it is crucial to determine the met-
abolic enzymes for leonurine. Our results showed that CYP2A13
was the main metabolic enzyme for leonurine in human lung
epithelial cells. CCK-8 results also showed that cell activity in
the CYP2A13 metabolic enzyme group was significantly inhib-
ited, but there was no significant difference among the other
groups. These results suggest that leonurine is metabolized
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and activated by CYP2A13 in the respiratory system, finally
leading to cytotoxicity.

Human cytochrome P4502A13 (CYP2A13) is a member of the
cytochrome P450 family and acts as an enzyme for metabo-
lism of exogenous chemicals in the human body [24]. CYP2A13
is usually found in the respiratory system and demonstrates
metabolic effects on 5-hydroxymethylfurfural (5-HMF), nico-
tine, coumarin, and aflatoxin [25]. In recent years, it has re-
ported that the CYP450 gene is altered in cancer patients.
Stowikowski et al. [26] reported that CYP1B1 expression in
lung cancer patients is significantly inhibited. It has also been
shown that CYP2A13 is significantly increased in patients with
non-small cell lung cancer [27]. The present results showed that
leonurine was metabolized to a toxic metabolite by CYP2A13,
which further induced cytotoxicity. However, the specific mech-
anism underlying this cytotoxicity was not defined in the pres-
ent study. A previous study [28] also reported that CYP2A13
induces lung cancer [28]. Therefore, leonurine could be used
as a therapeutic drug for controlling respiratory system-asso-
ciated diseases.

To explore the main metabolic enzymes for leonurine in the
respiratory system, we selected the human normal pulmonary
epithelial cell line BEAS-2B. Our preliminary experiments proved
that CYP450s are not detected in BEAS-2B cells. Therefore,
the CYP metabolic enzyme gene was stably transfected by mo-
lecular biological means to construct a cell model in this study,
and the successful construction of the cell line was also dem-
onstrated by the high protein and mRNA levels.

According to a previous study [29], cell activity is related to tumor
development. Changes in cell activity can reflect cell damage,
and even affect the imbalance of tumor-suppressor genes and
oncogenes. Therefore, CCK-8 assay was used to detect cell ac-
tivity to preliminarily assess the cytotoxicity of leonurine to cells
after CYP2A13 metabolic activation. Compared with CYP2A13,
leonurine demonstrated little effect on the cell activity of the
other groups. However, the activity of CYP2A13 cells rapidly de-
creased in a dose-dependent manner, which is consistent with
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the high metabolic activation rate of leonurine in our in vitro
incubation experiment. CYP2A13 also demonstrated a higher
clearance rate of leonurine and induced higher leonurine cyto-
toxicity. All the above results suggest that CYP2A13 is a main
metabolic enzyme for leonurine, while activated leonurine might
have a cytostatic effect on CYP2A13 expressed cells.

Although this study produced some interesting findings, there
are also a few limitations. First, the kind of reaction catalyzed
by CYP2A13 on leonurine was not analyzed in this study.
Second, this study only investigated the effects of CYP2A13
on leonurine in human BEAS-2B cells in vitro, but not in vivo.
Also, whether the toxic activity of leonurine is biologically pos-
sible in the human respiratory system was not determined.
Therefore, the optimal concentration (toxic activity) reached
by leonurine in the human respiratory system has not been
clarified, which is important for the further clinical use of leon-
urine. Third, this study did not investigate the effects of leon-
urine on cancer and associated mechanisms. In subsequent re-
search, we plan to further assess the effects of leonurine and
to perform relevant epidemiological investigations.

Conclusions

In this study, BEAS-2B cells overexpressing CYP450s enzymes
were constructed. We screened the main metabolic enzymes
for leonurine in human lung epithelial cells through cell activi-
ty experiments and in vitro incubation experiments. This study
confirmed that leonurine can be effectively activated in hu-
man lung epithelial cells through CYP2A13, and it can cause
cytotoxicity to BEAS-2B cells. Therefore, CYP2A13 is the main
metabolic enzyme of leonurine in human lung epithelial cells.
The present findings may provide a theoretical basis for in-
vestigations of the toxicity and functions of the CYP2A13 gene
and leonurine in the respiratory system.
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