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Abstract
Pyrrolizidine alkaloids (PAs) are secondary plant metabolites, which can be found as contaminant in various foods and herbal 
products. Several PAs can cause hepatotoxicity and liver cancer via damaging hepatic sinusoidal endothelial cells (HSECs) 
after hepatic metabolization. HSECs themselves do not express the required metabolic enzymes for activation of PAs. Here 
we applied a co-culture model to mimic the in vivo hepatic environment and to study PA-induced effects on not metabolically 
active neighbour cells. In this co-culture model, bioactivation of PA was enabled by metabolically capable human hepatoma 
cells HepG2, which excrete the toxic and mutagenic pyrrole metabolites. The human cervical epithelial HeLa cells tagged 
with H2B-GFP were utilized as non-metabolically active neighbours because they can be identified easily based on their 
green fluorescence in the co-culture. The PAs europine, riddelliine and lasiocarpine induced micronuclei in HepG2 cells, 
and in HeLa H2B-GFP cells co-cultured with HepG2 cells, but not in HeLa H2B-GFP cells cultured alone. Metabolic inhi-
bition of cytochrome P450 enzymes with ketoconazole abrogated micronucleus formation. The efflux transporter inhibitors 
verapamil and benzbromarone reduced micronucleus formation in the co-culture model. Furthermore, mitotic disturbances 
as an additional genotoxic mechanism of action were observed in HepG2 cells and in HeLa H2B-GFP cells co-cultured 
with HepG2 cells, but not in HeLa H2B-GFP cells cultured alone. Overall, we were able to show that PAs were activated by 
HepG2 cells and the metabolites induced genomic damage in co-cultured HeLa cells.

Keywords  Co-culture · Micronuclei · Mitotic disturbance · Cytochrome P450s · Membrane transporters · Pyrrolizidine 
alkaloids

Introduction

Pyrrolizidine alkaloids (PAs) are phytotoxins occurring nat-
urally in about 3% of all flowering plants worldwide (Euro-
pean Medicines Agency 2021; Edgar 2002). PAs have been 
found as cross-contaminants in various human consumption 
products such as spices, herbal teas and herbal medicines 
(Fu et al. 2007; Kakar et al. 2010; Risk-Assessment 2013; 
Zhu et al. 2018). Hundreds of PAs have been described up 

to now and it is assumed that about half of them are hepa-
totoxic (Fu et al. 2004; Hessel-Pras et al. 2020; Stegelmeier 
et al. 1999; Xiaobo He 2018).

PAs can be categorized based on their esterification at the 
necic acid moiety. Examples are the monoester europine, 
the cyclic diester riddelliine or the open diester lasiocarpine 
(Fig. 1). They require metabolic activation in liver hepato-
cytes by cytochrome P450 enzymes to form reactive pyrrolic 
metabolites, which can bind to cellular proteins to form pyr-
role–protein adducts and cause cytotoxicity (He et al. 2021b; 
Ma et al. 2019, 2021). These reactive pyrrolic metabolites 
can also bind to cellular DNA to form pyrrole–DNA adducts 
and induce genotoxicity (He et al. 2021a; Xia et al. 2013; 
Zhu et al. 2017) or conjugate with the reduced form of glu-
tathione to form pyrrole–GSH conjugates which are then 
excreted via the urinary or biliary way (Lin et al. 1998, 
2000) or may contribute further to genotoxicity.
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Human exposure to PAs has been considered as one 
of the primary causes of hepatic sinusoidal obstruction 
syndrome (HSOS), earlier known as hepatic veno-occlu-
sive disease (Xu et al. 2019). At an early stage, HSOS 
is characterized by primary hepatic sinusoidal endothe-
lial cell (HSEC) damage. HSECs are also the main target 
cells of PA-induced carcinogenicity (DeLeve et al. 2002, 
2003; Lu et al. 2019). However, the mechanism has not yet 
been fully elucidated because liver HSECs lack metabolic 
enzymes that are required to activate PAs.

Due to human health and safety concerns, several stud-
ies have been performed recently to investigate the muta-
genicity of PAs (Chain 2011; Chen et al. 2019, 2010; Risk-
Assessment 2013). For example, PAs of different ester 
types induced genotoxicity in HepG2 cells and differed in 
their potency with open diester PAs inducing significant 
micronucleus formation at the lowest concentration, fol-
lowed by cyclic diesters and then monoester PAs (Alle-
mang et al. 2018; Hadi et al. 2021; Louisse et al. 2019). 
In addition, DNA cross-linking activity of equimolar con-
centrations of PAs was significant for diester Pas, while 
monoester PAs only yielded a non-significant effect (Hadi 
et al. 2021).

The present study uses a co-culture cell model to inves-
tigate the mode of action of PAs further. For this, non-met-
abolically active HeLa H2B-GFP cells and metabolically 
active HepG2 cells were cultured together. HeLa H2B-GFP 
cells are human cervical epithelial cancer cells that express 
green fluorescent protein-fused histone H2B (H2B-GFP) 
and they have been widely used to visualize the dynamics 
of chromosomal abnormalities in living cells during vari-
ous processes (Huang et al. 2011; Kanda et al. 1998; Rei-
mann et al. 2020). HepG2 are human-derived hepatocarci-
noma cells which are known to express metabolic enzymes 

(Donato et  al. 2015; Hadi et  al. 2021). This co-culture 
system mimics the presumed in vivo situation where liver 
hepatocytes activate PAs, but the target cells for toxicity and 
mutagenicity are the metabolically inactive HSECs cells.

Materials and methods

Chemicals and reagents

PAs (europine (CAS# 570-19-4; assay 100%), riddelliine 
(CAS# 23,246-96-0; assay ≥ 98%) and lasiocarpine (CAS# 
303-34-4; assay 100%) were obtained from PhytoLab 
(Vestenbergsgreuth, Bayern, Germany); Cyclophospha-
mide (CAS# 6055–19-2; assay ≥ 97%) was from Alfa Aesar 
(Karlsruhe, Germany). Gel Green Nucleic Acid stain was 
obtained from Biotium (Darmstadt, Germany). Fluorescein 
diacetate (FDA; CAS# 596-09-8) was from Invitrogen (Ger-
many). Dimethylsulfoximide (DMSO; ≥ 99.8%), bisBenzi-
mide H33258 (CAS# 23,491–45-4; assay ≥ 98%), diazabi-
cyclo-octane (DABCO), ketoconazole (CAS# 65,277-42-1; 
assay ≥ 98%), quinidine (CAS# 56-54-2; assay ≥ 97%), vera-
pamil (CAS# 152-11-4; assay ≥ 99%), nelfinavir (CAS# 
159,989-65-8; assay ≥ 98%), benzbromarone (CAS# 
3562-84-3; assay ≥ 95%), vincristine (CAS# 2068-78-2; 
assay ≥ 97%), cytochalasin B (CAS# 14,930-96-2), ethidium 
bromide (CAS# 1239-45-8; assay ≥ 95%) and sodium fluo-
rescein (CAS# 518-47-8; assay ≥ 95%) were from Sigma-
Aldrich (Steinheim, Germany). Calcein-acetoxymethyl ester 
(Calcein-AM; CAS# 148,504-34-1; assay ≥ 95%) was from 
Cayman Chemical Company (Germany). Cell culture media 
and reagents were all from Sigma-Aldrich (Steinheim, Ger-
many), except foetal bovine serum, which was from Bio-
chrom (Berlin, Germany).

Fig. 1   Examples of pyrrolizidine alkaloids (PAs) based on their ester type. The chemical structures were created using ChemDraw 19.0 (version 
2019)
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Cell lines and co‑culture model

The human hepatoma cells HepG2 (doubling time 40 h) 
were cultured at 37 °C with 5% (v/v) CO2 in minimum 
essential medium (MEM) supplemented with 10% (v/v) 
foetal bovine serum, 1% (v/v) L-glutamine, 1% (v/v) antibi-
otics (50 U/mL penicillin and 50 mg/mL streptomycin) and 
1% (v/v) nonessential amino acids. Cells were sub-cultured 
twice per week.

Human cervical cancer epithelial cells (HeLa; doubling 
time 20 h) that express green fluorescent protein-fused 
histone H2B (HeLa H2B-GFP) were obtained from Hen-
ning Hintzsche, University Bonn, Germany, and Noriaki 
Shimizu, Graduate School of Integrated Sciences for Life, 
Hiroshima University, Japan (Kanda et al. 1998; Reimann 
et al. 2004; Utani et al. 2010), and were cultured at 37 °C 
with 5% (v/v) CO2 in high-glucose Dulbecco’s modified 
Eagle’s medium without phenol red, but supplemented with 
10% (v/v) foetal bovine serum, 1% (v/v) L-glutamine, 1% 
(v/v) sodium pyruvate solution, 1% (v/v) HEPES sodium 
salt solution and 1% (v/v) antibiotics (50 U/mL penicil-
lin and 50 mg/mL streptomycin). Cells were sub-cultured 
thrice per week.

The co-culture model was set up such that overgrowth of 
the faster proliferating HeLa H2B-GFP cells over HepG2 
cells was prevented within the duration of the experiment. 
The applied conditions for co-culture were that HepG2 cells 
and HeLa H2B-GFP cells were both seeded together in a 
six-well plate at 40,000 HeLa H2B-GFP cells and 150,000 
HepG2 cells per well with 3 mL of HepG2 culture medium, 
and then incubated at 37 °C with 5% (v/v) CO2 overnight, to 
allow the cells to settle and attach to the plate.

Cytokinesis‑block micronucleus (CBMN) assay

The applied concentrations of the different ester type PAs 
lasiocarpine (10 µM; open diester PA type), riddelliine 
(100 µM; cyclic diester PA type) and europine (320 µM; 
monoester PA type) were based on our previously published 
study (Hadi et al. 2021) choosing concentrations at which 
significant induction of micronuclei were achieved. The 
study of genomic damage was performed in a six-well plate 
in which one well consisted of only HepG2 cells, one well 
of only HeLa H2B-GFP cells and further wells containing 
both cell types in co-culture. To achieve this, 190, 000 of 
HeLa H2B-GFP cells per 3ml, 150,000 of HepG2 cells per 
3ml and 40,000 HeLa H2B-GFP plus 150,000 HepG2 for 
the co-culture per 3ml were seeded and incubated overnight. 
As culture medium, the HepG2 cell medium was used for all 
cells. After 24 h, the culture medium was renewed, followed 
by treatment of the cells with solvent control (DMSO), lasio-
carpine, riddelliine or europine for 28 h. Then, the medium 
was discarded again, cells washed with PBS, followed by 

adding fresh medium with 3 µg/ml cytochalasin B for 20 h 
in HeLa H2B-GFP cells and co-culture, while the culture 
only containing HepG2 cells was incubated with cytocha-
lasin B for 44 h due to their longer doubling time compared 
to HeLa H2B-GFP cells. Thereafter, the cells were har-
vested and microscopic slides (76 × 26 × 1 mm; Marienfeld 
GmbH & Co.KG) were prepared by cytospin centrifugation 
(Cytospin3 centrifuge, Thermo Shandon). Then, the slides 
were fixed in − 20 °C methanol for at least 2 h, after which 
the slides with co-cultures and HeLa H2B-GFP cells were 
mounted without application of a dye with diazabicyclo-
octane (DABCO) to evaluate the micronucleus formation 
in HeLa H2B-GFP cells. The slides with only HepG2 cells 
were stained with 10 µL GelGreen Nucleic Acid solution 
(1:100 dilution in bi-distil water) for 6–7 min, washed with 
PBS and then mounted with DABCO. At this point, slides 
were coded and for each test sample micronuclei were scored 
in 1000 binucleated HeLa H2B-GFP cells in the co-culture 
and HeLa H2B-GFP cells, and in 1000 binucleated HepG2 
cells in the HepG2 cell culture, at 400-fold magnification 
with an Eclipse 55i fluorescence microscope using a fluo-
rescein isothiocyanate (FITC) filter (Nikon GmbH, Japan). 
The numbers of mononucleated cells (MN), binucleated 
cells (BN), trinucleated cells (TriN), and tetranucleated cells 
(TetraN) in 1000 cells were also scored. The cytokinesis-
block proliferation index (CBPI) was calculated from that 
as a criterion for determining the cytotoxic effect using the 
following formula:

Data of all micronucleus experiments are shown as aver-
age with standard deviation from at least three independent 
repeat experiments.

Application of inhibitors of metabolic enzymes 
and membrane transporters

The cytochrome P450-3A4 isoenzyme inhibitor ketocona-
zole (1 µM) was applied as a pretreatment for 24 h to the 
co-cultured cells (Araki et al. 2012; Novotna et al. 2014; 
Weemhoff et al. 2003; Westerink and Schoonen 2007). Then, 
the PAs lasiocarpine, riddelliine and europine were applied 
and the further procedure was followed as described above 
for the micronucleus assay. Since the analysis was limited to 
HeLa H2B-GFP cells in these experiments, cytochalasin B 
(at final concentration 3 µg/ml) exposure was 20 h.

Transmembrane transporters may enhance or decrease 
PA-mediated effects. In the co-culture model system, the 
efflux membrane transporters were inhibited based on pub-
lished effective concentrations of known inhibitors. The idea 
was that metabolites formed in hepatocytes may not reach 
HeLa H2B-GFP cells to the same extent. The multidrug 

CBPI =
(1 × MN) + (2 × BN) + (3 × TriN) + (4 × TetraN)

MN + BN + TriN + TetraN
.
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resistance protein 1 (MDR1) inhibitor verapamil (50 µM; 
(Muller 1995; Donmez et al. 2011; Louisa et al. 2016; Nobili 
2006)), and the multidrug resistance–associated protein 2 
(MRP2) inhibitor benzbromarone (10 µM; (Huisman 2010; 
Sinclair and Fox 1975)) were applied as a pretreatment 
for 24 h in the co-culture model. Then, the co-culture was 
exposed to PAs for 28 h, followed by 3 µg/ml cytochalasin 
B for 20 h. The procedure was as described for the micro-
nucleus assay except that 160 µM europine was used, which 
yielded a similar amount of micronuclei as the previously 
used 320 µM.

The activity of the transporter inhibitors was determined 
prior to these experiments by measuring intracellular accu-
mulation or retention of reference fluorescent substrates such 
as calcein-acetoxymethyl ester (calcein-AM) as reference 
substrate of MDR1 (Essodaigui et al. 1998) and calcein as a 
reference substrate of MRP2 efflux transporter (Bauer et al. 
2003; Evers et al. 2000). The activity of MDR1 and MRP2 
efflux transporters was significantly reduced to accumulate 
or retain the calcein fluorescence intensity (green fluores-
cence) by applying verapamil (50 µM) or benzbromarone 
(10 µM), respectively (performed in HepG2 cells; data not 
shown). Since ketoconazole (1 µM), which was used as 
an inhibitor of cytochrome P450-3A4 (Arzuk et al. 2020; 
Elsherbiny et al. 2008; Greenblatt 2014; Greenblatt 2016; 
Greenblatt and Greenblatt 2014; Kalgutkar et  al. 2009; 
Karthik Venkatakrishnan 2000; Li et al. 2014; Novotna et al. 
2014; Ohyama et al. 2000; Pelkonen et al. 2008; Vermeer 
et al. 2016; Zhang et al. 2017), had been reported to inhibit 
MDR1 efflux transporter with IC50 > 6 µM (Nikulin 2017; 
Vermeer et al. 2016), the cross-activity effect of ketocona-
zole (1 µM) with efflux transporter (MDR1) in HepG2 cells 
was also determined and no accumulation of the fluorescent 

substrates for efflux transporter was observed (performed in 
HepG2 cells; data not shown).

Analysis of mitotic figures

The characterization of mitotic cells in fixed cell prepara-
tions was performed as described in Baudoin and Cimini 
(2018). The analysis regarding the numbers of cells in each 
of the mitotic stages as well as disturbed arrangements in 
each of the stages was performed using HepG2 cells cultured 
alone, HeLa H2B-GFP cells cultured alone, and the HeLa 
H2B-GFP cells of the co-culture similar to the procedure 
described for micronucleus experiments, except without 
the incubation with cytochalasin B. Cells were treated and 
incubated with lasiocarpine (10 µM), riddelliine (100 µM) 
and europine (160 µM), concentrations which induced a 
similar amount of micronuclei for each of the PA, vincris-
tine (10 ng/ml; positive control for mitotic disturbance) and 
solvent controls for 28 h. Thereafter, cells were harvested 
and the microscopic slides prepared as described for micro-
nucleus analysis. The mitotic index (MI; % cells in mitosis) 
was assessed by counting and adding up the number of cells 
in the mitotic stages prophase, metaphase, anaphase and 
telophase in 1000 cells.

Disturbed mitoses were defined as mitotic figures devi-
ating from the typical appearance of mitoses and were 
assessed in 300 mitotic cells per slide. We classified the 
mitotic disturbances into the following categories (Figs. 2, 
3):

Metaphase: no metaphase plate arrangement, non-con-
gression of individual chromosomes to the metaphase plate, 
multipolar (tripolar and more than tripolar) arrangement of 
chromosomes and elongated chromosomes/chromatids.

Fig. 2   Representative images of metaphase mitotic disturbances in 
HeLa H2B-GFP cells (a, b, c, d) and HepG2 cells (e, f, g, h). The 
cells in co-culture and HeLa H2B-GFP cells were mounted with 
DABCO without staining, while HepG2 cells were stained with Gel-

Green and mounted with DABCO. The classified metaphase distur-
bances are: no spindle formation (a, e); elongated chromosomes/chro-
matids (b, f); non-congression (c, g); and multipolar metaphase (d, h)
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Anaphase: bridges, lagging chromosome(s), combination 
of bridges and lagging chromosome, and multipolar (tripolar 
and more than tripolar) arrangement of chromosomes.

Telophase: same analysis as for anaphase cells.
If a cell harboured more than one type of disturbance, 

it was added to each category (e.g. multipolar, lagging 
chromosome(s) and bridges).

Typical sample images of mitotic disturbances are shown 
in Figs. 2 and 3.

Statistical analysis

All data are expressed as mean ± standard deviation (SD). 
One-way ANOVA test and independent sample T test (Stu-
dent’s T test) were used for the comparison among various 
groups and between two groups, respectively. All statistics 
were performed using either GraphPad Prism version 9.4.0 
(GraphPad Software, Inc., USA) or EXCEL version 16. 
Graphs were created using GraphPad Prism version 9.4.0 
(GraphPad Software, Inc., USA). Statistical significance was 
set at p value < 0.05.

Results

Induction of micronuclei by selected PAs

For the co-culture, seeding of 40,000 of HeLa H2B-GFP 
cells and 150,000 of HepG2 cells yielded a suitable co-cul-
ture cell ratio between the two cell lines corresponding to 
32.24% HeLa H2B-GFP cells and 67.76% HepG2 cells at 
the time of harvest (Fig. 4).

The quantification of PA-induced micronucleus formation 
is shown in Fig. 5. There was significant induction of micro-
nucleus formation in HeLa H2B-GFP cells in the co-culture 

treated with PAs compared to the solvent control. In the 
culture of only HeLa H2B-GFP, there was no micronucleus 
formation associated with treatment with PAs, while micro-
nucleus induction was achieved with PAs in cultures of only 
HepG2 cells.

Inhibitors of metabolism and membrane 
transporters in the co‑culture

Further mechanistic investigation was done in the co-culture 
model using ketoconazole for cytochrome P450-3A4 iso-
enzyme inhibition. As shown in Fig. 6, ketoconazole sig-
nificantly reduced lasiocarpine-, riddelliine- and europine-
induced micronucleus formation.

Fig. 3   Representative images 
of anaphase–telophase mitotic 
disturbances in HeLa H2B-
GFP cells (a, b, c) and HepG2 
cells (d, e, f). The HeLa 
H2B-GFP cells in co-culture 
and HeLa H2B-GFP cells 
were mounted with DABCO 
without staining, while the 
slides with only HepG2 cells 
were stained with GelGreen and 
then mounted with DABCO. 
The classified anaphase–telo-
phase disturbances are: bridges 
(a, d); lagging or separate 
chromosome(s)/chromatid(s) (b, 
e); and multipolar anaphase–
telophase (c, f)

Fig. 4   Representative image of the co-culture cell ratio at the time 
of cell harvest achieved by seeding 40,000 of HeLa H2B-GFP cells 
(green) and 150,000 of HepG2 cells (blue). Images were taken 
at × 200-fold magnifications and are shown as overlay of UV excita-
tion and FITC filter. Cells were stained with bisBenzimide (Hoechst 
33,342) dye (blue) and viewed under Eclipse 55i florescence micro-
scope
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Impairing the efflux of metabolites from HepG2 cells 
should reduce their amount available for uptake into HeLa 
H2B-GFP cells. Therefore, efflux transporter chemical 
inhibitors were applied in the co-culture model and the 
micronucleus formation was determined (Fig. 7). Both, 
the inhibitor of MDR1 efflux transporter, verapamil, and 
the inhibitor of MRP2 efflux transporter, benzbromarone, 
as well as their combination, significantly reduced lasio-
carpine-, riddelliine- and europine-induced micronucleus 

formation in HeLa H2B-GFP cells within the co-culture 
with HepG2 cells.

Analysis of mitotic figures

The microscopic examination of mitotic figures after PA 
treatment of the co-culture, HepG2 and HeLa H2B-GFP 
cells was expressed as mitotic index as shown in Fig. 8. 
Lasiocarpine (10 µM) significantly increased the mitotic 
index when compared to the solvent control in co-culture 

Fig. 5   Micronucleus induction (columns) and proliferation index 
(CBPI; line) in HeLa H2B-GFP cells, co-culture and HepG2 cells 
after treatment with the indicated pyrrolizidine alkaloids. a Lasio-
carpine, b riddelliine and c europine. *p < 0.05 compared to solvent 
control in HeLa H2B-GFP cells (DMSO; HeLa H2B-GFP). #p < 0.05 
compared to solvent control in co-culture (DMSO; combination of 

HepG2 + HeLa H2B-GFP). Δp < 0.05 compared to solvent control 
in HepG2 cells (DMSO; HepG2). Las 10  lasiocarpine 10 µM (open 
diester PA); Rid 100 riddelliine 100 µM (cyclic diester PA), Ep 320 
europine 320 µM (monoester PA), DMSO dimethyl sulphoxide (sol-
vent control), MNi micronucleus, BNCs binucleated cells, CBPI 
cytokinesis-block proliferation index; n = 3

Fig. 6   Micronucleus frequency (columns) and proliferation index 
(CBPI; line) in the co-culture model consisting of HeLa H2B-GFP 
and HepG2 cells. Cells were pretreated with ketoconazole for 24 h, 
then treated with PAs for 28 h and compared with the standard proto-
col without ketoconazole pretreatment. *p < 0.05 compared with sol-
vent control (DMSO), ∇p < 0.05 compared with the respective dose 
without inhibitor pretreatment. MNi micronucleus, BNCs binucleated 
cells, CBPI cytokinesis-block proliferation index, CPA 500 cyclo-
phosphamide 500 µM (positive control), Las 10 lasiocarpine 10 µM, 
Rid 100 riddelliine 100 µM, Ep 320 europine 320 µM; n = 3

Fig. 7   Micronucleus frequency (columns) and proliferation index 
(CBPI; line) in the co-culture model consisting of HeLa H2B-GFP 
and HepG2 cells. MDR1 efflux transporter inhibitor verapamil, 
MRP2 efflux transporter inhibitor benzbromarone and the combina-
tion of verapamil and benzbromarone were applied for 24  h. Then, 
cells were treated with PAs of different ester types for 28  h and 
compared with their standard protocol without inhibitor pretreat-
ment. *p < 0.05 compared with solvent control (DMSO), ∆p < 0.05 
compared with the respective dose without inhibitor pretreatment. 
MNi micronucleus, BNCs binucleated cells, CBPI cytokinesis-block 
proliferation index, Las 10 lasiocarpine 10  µM, Rid 100 riddelliine 
100 µM, Ep 160 europine 160 µM; n = 3
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and HepG2 only, but did not alter the mitotic index in HeLa 
H2B-GFP cells if cultured alone. Riddelliine (100 µM) did 
not cause significant alterations in the mitotic index. Euro-
pine (160 µM) significantly decreased the mitotic index in 
co-culture and HepG2 cells, but caused no change in HeLa 
H2B-GFP. In summary, there was no difference in the total 
mitotic index in HeLa H2B-GFP cultured alone and treated 
with PAs. Our results indicate that PAs require metabolic 
activation to affect the mitotic processes, as disturbances 
were observed in HeLa H2B-GFP cells of the co-culture and 
in HepG2 cells cultured alone, but not in HeLa H2B-GFP 
cells cultured alone.

The most common chromosomal abnormalities associ-
ated with PAs were non-congression, no metaphase-plate 
formation, bridges, lagging chromosomes and multipolar 
metaphases, as shown in Fig. 9. The only clear difference 
between the three used PAs was that the monoester europine 
induced less ana-/telophase bridges than the two diesters.

Discussion

The human hepatoma cell line HepG2 cells has been shown 
to serve as valuable replacements of primary liver cells to 
study metabolism- and transport-related cellular effects 
(Gerets et al. 2012). For example, the in vitro study by 
Louisa et al. (2016) showed that HepG2 cells are sensitive 
to drug inhibitions of membrane transporters. This enabled 
us to investigate the effects of inhibitors of metabolism and 
transporters on the genotoxicity of PAs. In vivo, sinusoidal 
liver epithelial cells (HSECs) are a very important target for 
PA-induced toxicity and carcinogenicity, but PAs need to be 
activated before reaching these cells, because the HSECs 

are thought to lack cytochrome P450 enzymes for metabolic 
activation of PA (Chojkier 2003; Edgar et al. 2015; Field 
et al. 2015; Fu et al. 2004; Gao et al. 2015; Lin et al. 2011; 
Ruan et al. 2015; Yang et al. 2017). To see whether the PA 
metabolites formed in hepatocytes may be able to move 
to the HSEC target cells, we applied a co-culture of HeLa 
H2B-GFP cells representing metabolically inactive cells 
and HepG2 cells representing a hepatocyte-like cell type 
mimicking the events in vitro. Three PAs of different ester 
types, the open diester lasiocarpine, the cyclic diester rid-
delliine and the monoester europine induced micronucleus 
formation significantly in HeLa H2B-GFP in the co-culture, 
but not if cultured alone. Thus, it can be postulated that the 
PAs were metabolized by cytochrome P450s in HepG2 cells 
in the co-culture and then the PA metabolites moved out 
of the HepG2 cells to react and induce micronucleus for-
mation in non-metabolically active HeLa H2B-GFP cells. 
The cytochrome P450-3A4 inhibitor ketoconazole reduced 
the micronucleus induction in HeLa H2B-GFP cells in the 
co-culture, probably due to inhibition of metabolism in the 
HepG2 cells. This is in agreement with a recent publication 
by Ebmeyer et al. (2019), who found that lasciocarpine was 
only genotoxic in metabolically incompetent V79 hamster 
cells if they had been genetically engineered to harbour 
human CYP450-3A4. In agreement with our findings, but 
not investigating genotoxicity, Lu et al. (2019) found in a 
two-layer Transwell co-culture model that PAs were metabo-
lized by HepaRG human hepatocyte cells and the generated 
metabolites reacted with HSECs; the three investigated PAs, 
retrorsine, monocrotaline and clivorine, induced concentra-
tion-dependent cytotoxicity in HSEC (Lu et al. 2019).

In addition to passive diffusion, membrane transporters 
have a significant role in facilitating or preventing xenobiotic 
movements (Ho and Kim 2005). They are classified as influx 
and efflux transporters, which are typically located either at 
the basolateral or apical membrane in polarized cells such 
as liver cells (Giacomini and Sugiyama 2015). Therefore, 
we next used membrane transporter inhibitors, and in the 
context of the co-culture model the logical choice was to 
use inhibitors for efflux transporters of presumable metabo-
lites from HepG2 cells. To inhibit influx transporters would 
disable PAs from entering the HepG2 cells which would 
be indistinguishable from inhibition of influx of metabo-
lites into HeLa H2B-GFP cells or an inhibition of metabolic 
enzymes in HepG2 cells. Regarding efflux transporters, it 
was reported that HepG2 cells express MDR1 (Louisa et al. 
2016) and MRP2 (Tocchetti et al. 2018) transporters. Vera-
pamil is a calcium channel blocker and is a specific first-
generation MDR1 efflux transporter inhibitor (Donmez et al. 
2011; Nobili 2006). Benzbromarone, which is an anti-gout 
agent, has been shown to inhibit efflux transporter MRP2 
(Huang et al. 2018; Jemnitz et al. 2010; Kidron et al. 2012; 
M. T. Huisman 2010), also in HepG2 cells (Sinclair and 

Fig. 8   Mitotic index in co-culture, HepG2 and HeLa H2B-GFP cells. 
Results are presented as mean ± SD of three replicates within the 
same experiment and *p < 0.05 compared to PBS as solvent control; 
#p < 0.05 compared to DMSO as solvent control; ∇p < 0.05 signifi-
cant decrease effect against DMSO as solvent control. PBS solvent 
control used for vincristine, DMSO solvent control used for PAs, Vin 
10  ng/ml vincristine 10  ng/ml, Las 10  µM lasiocarpine 10  µM, Rid 
100 µM  riddelliine 100 µM, Ep 160 µM  europine 160 µM
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Fox 1975). Both efflux membrane transporter inhibitors 
decreased lasiocarpine-, ridelliine- and europine-induced 
micronucleus formation in HeLa H2B-GFP cell in the co-
culture. This confirms that membrane transporters mediate 
cellular PA uptake and elimination at least partially, possibly 
in addition to passive diffusion.

During micronucleus experiments, the disturbance of 
mitotic figures became apparent and was then investigated 
in separate experiments. All three PAs caused a variety of 

mitotic disturbances like non-congression of chromosomes 
to the metaphase plate, missing metaphase alignment typical 
for disturbed spindle formation, lagging chromosomes left at 
the metaphase plate location after separation of the daughter 
chromosomes, and multipolar metaphases. A well-known 
mechanism for mitotic disturbance is the inhibition of spin-
dle formation or disassembly. It would be conceivable that 
PAs react with the tubulin molecule, which harbours many 
accessible cysteine residues (Mohan et al. 2018; Weber 

Fig. 9   Categories of mitotic disturbances induced by PAs in 300 
mitotic cells; HeLa H2B-GFP analysed after co-culture or cultured 
alone, and HepG2 cells cultured alone. a Total mitotic disturbance, 
b Non-congression at metaphase, c combination of no-metaphase 
plate formation and elongated chromosomes at metaphase, d multipo-
lar metaphase, anaphase and telophase, e lagging chromosome(s)/
chromatid(s) at anaphase and telophase and f bridges at anaphase and 

telophase. Results are presented as mean ± SD in three (3) replicates 
of the same experiment and *p < 0.05 against PBS solvent control; 
#p < 0.05 against DMSO solvent control. PBS solvent control used for 
vincristine, DMSO solvent control used for Pas, Vin 10 ng/ml vincris-
tine 10 ng/ml, Las 10 µM lasiocarpine 10 µM, Rid 100 µM riddelliine 
100 µM, Ep 160 µM  europine 160 µM
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2015). However, known spindle disturbing substances usu-
ally lead to an arrest in metaphase of mitosis (detectable as 
elevated mitotic index), such as that seen with the positive 
control and spindle formation inhibitor vincristine, which 
was only observed to a small extent for lasiocarpine, and 
not for riddelliine or europine. Therefore, other mechanisms 
for mitotic disturbance may have to be identified. In a tran-
scriptomics approach, it was recently shown that five PAs 
(lasiocarpine, riddelliine, lycopsamine, echimidine, and 
monocrotaline) interfered with cell cycle regulation and 
DNA damage repair. Furthermore, using microscopic meth-
ods, the authors reported chromosome congression defects 
indicating disturbance of mitosis, which is in agreement with 
our findings (Abdelfatah et al. 2022).

The only clear difference between the PAs used here was 
that the monoester europine induced less ana-/telophase 
bridge formation than the diesters at concentrations which 
caused a similar number of micronuclei. Different mecha-
nisms for the formation of chromatin bridges have been sug-
gested. One of them is that chromatin bridges between sister 
chromatids may reveal the presence of cross-links between 
DNA strands. Due to the presence of a strong mechanical 
traction during anaphase, covalently bound chromatids can 
give rise to such anaphase chromatin bridges (Botta and 
Gustavino 1997; Rizzoni et al. 1993). In our previous study, 
we found that diester PAs induced DNA cross-links, but 
the monoester europine did not (Hadi et al. 2021). Thus, 
the mechanism of mitotic disturbance may be different for 
monoesters and diesters. A study investigating the fate of 
anaphase bridges in cultured oral squamous cell carcinoma 
cells in real time revealed that chromosomes in bridges typi-
cally resolve by breaking into multiple fragments. Often, 
these fragments give rise to micronuclei (MN) at the end of 
mitosis (Hoffelder et al. 2004). However, since the induced 
micronucleus frequency was similar for the three PAs under 
the applied conditions, bridge formation may only contribute 
a small number of micronuclei to the overall frequency. Sup-
port for a difference between monoester and open or cyclic 
diester PAs comes from a study in which effective metabolic 
degradation by human liver microsomes was observed for 
diesters, but not for monoesters (Geburek et al. 2020) and a 
paper in which the cyclic diester riddelliine was described 
as a more potent DNA cross-linker than heliosupine, which 
is an open diester (Hincks et al. 1991).

Concentrations applied here are orders of magnitude 
higher than the average human exposure. However, meta-
bolic activation may be more efficient in vivo and accu-
mulation of mutagenic adducts in the liver may occur. The 
elucidation of mechanisms of action is therefore relevant for 
human risk assessment.

In conclusion, the co-culture of HepG2 cells with HeLa 
H2B-GFP cells helped to further support the role of meta-
bolic activation, to show that metabolites can reach another, 

metabolically inactive cell type in the vicinity of the meta-
bolically active cells, and that efflux transporters enable or 
support the movement of metabolites. Regarding the mode 
of action, in addition to the reactive intermediates forming 
DNA adducts, which then lead to mutations, we describe 
that mitotic disturbances are induced to a large extent. 
Mitotic disturbances may lead to or contribute to the micro-
nucleus formation caused by PAs.

Acknowledgements  We honour the memory of Henrietta Lacks from 
whose tumour cells the HeLa cell line was established in 1951.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The financial support and scientific input of Steigerwald Arz-
neimittelwerk GmbH, Bayer Consumer Health, Darmstadt, Germany 
and of PhytoLab GmbH & Co. KG, Vestenbergsgreuth, Germany, is 
highly appreciated. The author Naji Said Aboud Hadi was supported 
by a DAAD/NRF fellowship under the Kenyan–German Postgraduate 
Training Programme (ID no. 57343411).

Data availability  Available upon request.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdelfatah S, Naß J, Knorz C, Klauck SM, Küpper J-H, Efferth T 
(2022) Pyrrolizidine alkaloids cause cell cycle and DNA dam-
age repair defects as analyzed by transcriptomics in cytochrome 
P450 3A4-overexpressing HepG2 clone 9 cells. Cell Biol Toxicol 
38(2):325–345

Allemang A, Mahony C, Lester C, Pfuhler S (2018) Relative potency 
of fifteen pyrrolizidine alkaloids to induce DNA damage as meas-
ured by micronucleus induction in HepaRG human liver cells. 
Food Chem Toxicol 121:72–81

Araki N, Tsuruoka S, Hasegawa G et al (2012) Inhibition of CYP3A4 
by 6’,7’-dihydroxybergamottin in human CYP3A4 over-expressed 
hepG2 cells. J Pharm Pharmacol 64(12):1715–1721. https://​doi.​
org/​10.​1111/j.​2042-​7158.​2012.​01562.x

Arzuk E, Karakuş F, Orhan H (2020) Bioactivation of clozapine by 
mitochondria of the murine heart: Possible cause of cardiotoxic-
ity. Toxicology 447:152628. https://​doi.​org/​10.​1016/j.​tox.​2020.​
152628

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.2042-7158.2012.01562.x
https://doi.org/10.1111/j.2042-7158.2012.01562.x
https://doi.org/10.1016/j.tox.2020.152628
https://doi.org/10.1016/j.tox.2020.152628


304	 Archives of Toxicology (2023) 97:295–306

1 3

Baudoin NC, Cimini D (2018) A guide to classifying mitotic stages 
and mitotic defects in fixed cells. Chromosoma 127(2):215–227. 
https://​doi.​org/​10.​1007/​s00412-​018-​0660-2

Bauer B, Miller DS, Fricker G (2003) Compound profiling for P-gly-
coprotein at the blood-brain barrier using a microplate screening 
system. Pharm Res 20(8):1170–1176. https://​doi.​org/​10.​1023/a:​
10250​40712​857

Botta R, Gustavino B (1997) Relationship between chromatin bridges 
in anaphase and chromosomal aberrations induced by TMP + 
UVA (365 nm) in CHO cells. Mutat Res 374(2):253–259. https://​
doi.​org/​10.​1016/​s0027-​5107(96)​00240-0

Chain EPoCitF, (2011) Scientific opinion on pyrrolizidine alkaloids in 
food and feed. EFSA J 9(11):2406

Chen T, Mei N, Fu PP (2010) Genotoxicity of pyrrolizidine alkaloids. 
J Appl Toxicol 30(3):183–196

Chen L, Mulder PP, Peijnenburg A, Rietjens IM (2019) Risk assess-
ment of intake of pyrrolizidine alkaloids from herbal teas and 
medicines following realistic exposure scenarios. Food Chem 
Toxicol 130:142–153

Chojkier M (2003) Hepatic sinusoidal-obstruction syndrome: toxicity 
of pyrrolizidine alkaloids. J Hepatol 39(3):437–446. https://​doi.​
org/​10.​1016/​s0168-​8278(03)​00231-9

Deleve LD, Shulman HM, McDonald GB (2002) Toxic injury to 
hepatic sinusoids: sinusoidal obstruction syndrome (veno-occlu-
sive disease). Semin Liver Dis 22(1):27–42. https://​doi.​org/​10.​
1055/s-​2002-​23204

Deleve LD, Wang X, Tsai J, Kanel G, Strasberg S, Tokes ZA (2003) 
Sinusoidal obstruction syndrome (veno-occlusive disease) in the 
rat is prevented by matrix metalloproteinase inhibition. Gastroen-
terology 125(3):882–890. https://​doi.​org/​10.​1016/​s0016-​5085(03)​
01056-4

Donato MT, Tolosa L, Gómez-Lechón MJ (2015) Culture and func-
tional characterization of human hepatoma HepG2 cells protocols 
in in vitro hepatocyte research. Springer, pp 77–93

Donmez Y, Akhmetova L, Iseri OD, Kars MD, Gunduz U (2011) Effect 
of MDR modulators verapamil and promethazine on gene expres-
sion levels of MDR1 and MRP1 in doxorubicin-resistant MCF-7 
cells. Cancer Chemother Pharmacol 67(4):823–828. https://​doi.​
org/​10.​1007/​s00280-​010-​1385-y

Ebmeyer J, Braeuning A, Glatt H, These A, Hessel-Pras S, Lampen A 
(2019) Human CYP3A4-mediated toxification of the pyrrolizidine 
alkaloid lasiocarpine. Food Chem Toxicol 130:79–88. https://​doi.​
org/​10.​1016/j.​fct.​2019.​05.​019

Edgar JA, Molyneux RJ, Colegate SM (2015) Pyrrolizidine alkaloids: 
potential role in the etiology of cancers, pulmonary hyperten-
sion, congenital anomalies, and liver disease. Chem Res Toxicol 
28(1):4–20. https://​doi.​org/​10.​1021/​tx500​403t

Elsherbiny ME, El-Kadi AO, Brocks DR (2008) The metabolism of 
amiodarone by various CYP isoenzymes of human and rat, and 
the inhibitory influence of ketoconazole. J Pharm Pharm Sci 
11(1):147–159. https://​doi.​org/​10.​18433/​j3sg66

Essodaigui M, Broxterman HJ, Garnier-Suillerot A (1998) Kinetic 
analysis of calcein and calcein-acetoxymethylester efflux medi-
ated by the multidrug resistance protein and P-glycoprotein. Bio-
chemistry 37(8):2243–2250. https://​doi.​org/​10.​1021/​bi971​8043

European Medicines Agency (2021) Public statement on the use of 
herbal medicinal products containing toxic, unsaturated pyr-
rolizidine alkaloids (PAs) including recommendations regarding 
contamination of herbal medicinal products with PAs. In. https://​
www.​ema.​europa.​eu/​en/​docum​ents/​public-​state​ment/​public-​
state​ment-​use-​herbal-​medic​inal-​produ​cts-​conta​ining-​toxic-​unsat​
urated-​pyrro​lizid​ine-​alkal​oids_​en-0.​pdf

Evers R, Kool M, Smith AJ, van Deemter L, de Haas M, Borst P 
(2000) Inhibitory effect of the reversal agents V-104, GF120918 
and Pluronic L61 on MDR1 Pgp-, MRP1- and MRP2-mediated 

transport. Br J Cancer 83(3):366–374. https://​doi.​org/​10.​1054/​
bjoc.​2000.​1260

Field RA, Stegelmeier BL, Colegate SM, Brown AW, Green BT (2015) 
An in vitro comparison of the cytotoxic potential of selected dehy-
dropyrrolizidine alkaloids and some N-oxides. Toxicon 97:36–45. 
https://​doi.​org/​10.​1016/j.​toxic​on.​2015.​02.​001

Fu PP, Xia Q, Lin G, Chou MW (2004) Pyrrolizidine alkaloids–geno-
toxicity, metabolism enzymes, metabolic activation, and mecha-
nisms. Drug Metab Rev 36(1):1–55. https://​doi.​org/​10.​1081/​
dmr-​12002​8426

Fu PP, Xia Q, Chou MW, Lin G (2007) Detection, hepatotoxicity, and 
tumorigenicity of pyrrolizidine alkaloids in Chinese herbal plants 
and herbal dietary supplements. J Food Drug Anal. https://​doi.​org/​
10.​38212/​2224-​6614.​2392

Gao H, Ruan JQ, Chen J et al (2015) Blood pyrrole-protein adducts 
as a diagnostic and prognostic index in pyrrolizidine alkaloid-
hepatic sinusoidal obstruction syndrome. Drug Des Devel Ther 
9:4861–4868. https://​doi.​org/​10.​2147/​DDDT.​S87858

Geburek I, Preiss-Weigert A, Lahrssen-Wiederholt M, Schrenk D, 
These A (2020) In vitro metabolism of pyrrolizidine alkaloids–
Metabolic degradation and GSH conjugate formation of different 
structure types. Food Chem Toxicol 135:110868

Gerets HH, Tilmant K, Gerin B et al (2012) Characterization of pri-
mary human hepatocytes, HepG2 cells, and HepaRG cells at the 
mRNA level and CYP activity in response to inducers and their 
predictivity for the detection of human hepatotoxins. Cell Biol 
Toxicol 28(2):69–87. https://​doi.​org/​10.​1007/​s10565-​011-​9208-4

Giacomini KM, Sugiyama Y (2015) Membrane transporters and drug 
response. Brunton LL, Chabner BA, Knollmann BC (Eds.), Good-
man & Gilman's: The Pharmacological Basis of Therapeutics, 
12e. McGraw Hill. https://​acces​smedi​cine.​mhmed​ical.​com/​conte​
nt.​aspx?​bookid=​1613&​secti​onid=​10215​7524

Greenblatt DJ (2014) The ketoconazole legacy. Clin Pharmacol Drug 
Dev 3(1):1–3. https://​doi.​org/​10.​1002/​cpdd.​100

Greenblatt DJ (2016) Evidence-based choice of ritonavir as index 
CYP3A inhibitor in drug-drug interaction studies. J Clin Phar-
macol 56(2):152–156. https://​doi.​org/​10.​1002/​jcph.​609

Greenblatt HK, Greenblatt DJ (2014) Liver injury associated with keto-
conazole: review of the published evidence. J Clin Pharmacol 
54(12):1321–1329. https://​doi.​org/​10.​1002/​jcph.​400

Hadi NSA, Bankoglu EE, Schott L et al (2021) Genotoxicity of selected 
pyrrolizidine alkaloids in human hepatoma cell lines HepG2 and 
Huh6. Mutat Res 861–862:503305. https://​doi.​org/​10.​1016/j.​
mrgen​tox.​2020.​503305

He Y, Shi M, Wu X et al (2021a) Mutational signature analysis reveals 
widespread contribution of pyrrolizidine alkaloid exposure to 
human liver cancer. Hepatology 74(1):264–280

He Y, Zhu L, Ma J, Lin G (2021b) Metabolism-mediated cytotox-
icity and genotoxicity of pyrrolizidine alkaloids. Arch Toxicol 
95(6):1917–1942

Hessel-Pras S, Braeuning A, Guenther G et al (2020) The pyrrolizidine 
alkaloid senecionine induces CYP-dependent destruction of sinu-
soidal endothelial cells and cholestasis in mice. Arch Toxicol 
94(1):219–229

Hincks JR, Kim H-Y, Segall H, Molyneux RJ, Stermitz FR, Coulombe 
RA Jr (1991) DNA cross-linking in mammalian cells by pyr-
rolizidine alkaloids: structure-activity relationships. Toxicol Appl 
Pharmacol 111(1):90–98

Ho RH, Kim RB (2005) Transporters and drug therapy: implications 
for drug disposition and disease. Clin Pharmacol Ther 78(3):260–
277. https://​doi.​org/​10.​1016/j.​clpt.​2005.​05.​011

Hoffelder DR, Luo L, Burke NA, Watkins SC, Gollin SM, Saunders 
WS (2004) Resolution of anaphase bridges in cancer cells. Chro-
mosoma 112(8):389–397

Huang Y, Fenech M, Shi Q (2011) Micronucleus formation detected 
by live-cell imaging. Mutagenesis 26(1):133–138

https://doi.org/10.1007/s00412-018-0660-2
https://doi.org/10.1023/a:1025040712857
https://doi.org/10.1023/a:1025040712857
https://doi.org/10.1016/s0027-5107(96)00240-0
https://doi.org/10.1016/s0027-5107(96)00240-0
https://doi.org/10.1016/s0168-8278(03)00231-9
https://doi.org/10.1016/s0168-8278(03)00231-9
https://doi.org/10.1055/s-2002-23204
https://doi.org/10.1055/s-2002-23204
https://doi.org/10.1016/s0016-5085(03)01056-4
https://doi.org/10.1016/s0016-5085(03)01056-4
https://doi.org/10.1007/s00280-010-1385-y
https://doi.org/10.1007/s00280-010-1385-y
https://doi.org/10.1016/j.fct.2019.05.019
https://doi.org/10.1016/j.fct.2019.05.019
https://doi.org/10.1021/tx500403t
https://doi.org/10.18433/j3sg66
https://doi.org/10.1021/bi9718043
https://www.ema.europa.eu/en/documents/public-statement/public-statement-use-herbal-medicinal-products-containing-toxic-unsaturated-pyrrolizidine-alkaloids_en-0.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-use-herbal-medicinal-products-containing-toxic-unsaturated-pyrrolizidine-alkaloids_en-0.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-use-herbal-medicinal-products-containing-toxic-unsaturated-pyrrolizidine-alkaloids_en-0.pdf
https://www.ema.europa.eu/en/documents/public-statement/public-statement-use-herbal-medicinal-products-containing-toxic-unsaturated-pyrrolizidine-alkaloids_en-0.pdf
https://doi.org/10.1054/bjoc.2000.1260
https://doi.org/10.1054/bjoc.2000.1260
https://doi.org/10.1016/j.toxicon.2015.02.001
https://doi.org/10.1081/dmr-120028426
https://doi.org/10.1081/dmr-120028426
https://doi.org/10.38212/2224-6614.2392
https://doi.org/10.38212/2224-6614.2392
https://doi.org/10.2147/DDDT.S87858
https://doi.org/10.1007/s10565-011-9208-4
https://accessmedicine.mhmedical.com/content.aspx?bookid=1613&sectionid=102157524
https://accessmedicine.mhmedical.com/content.aspx?bookid=1613&sectionid=102157524
https://doi.org/10.1002/cpdd.100
https://doi.org/10.1002/jcph.609
https://doi.org/10.1002/jcph.400
https://doi.org/10.1016/j.mrgentox.2020.503305
https://doi.org/10.1016/j.mrgentox.2020.503305
https://doi.org/10.1016/j.clpt.2005.05.011


305Archives of Toxicology (2023) 97:295–306	

1 3

Huang J, Guo L, Tan R et al (2018) Interactions between emodin and 
efflux transporters on rat enterocyte by a validated ussing chamber 
technique. Front Pharmacol 9:646. https://​doi.​org/​10.​3389/​fphar.​
2018.​00646

Huisman MTJS, Monbaliu J, Martens M, Sekar V, Raoof A (2010) 
in_vitro_studies_investigating_the_mechanism_of_interaction_
between_tmc435_and_hepatic_transporters_2010.pdf. Poster 
presented at the 61st AASLD Meeting, Boston, MA, USA

Jemnitz K, Veres Z, Tugyi R, Vereczkey L (2010) Biliary efflux trans-
porters involved in the clearance of rosuvastatin in sandwich cul-
ture of primary rat hepatocytes. Toxicol in Vitro 24(2):605–610. 
https://​doi.​org/​10.​1016/j.​tiv.​2009.​10.​009

John A, Edgar ER, Molyneux RJ (2002) Honey from plants containing 
pyrrolizidine alkaloids: a potential threat to health. J Agric Food 
Chem 50:2719–2730

Kakar F, Akbarian Z, Leslie T et al (2010) An outbreak of hepatic 
veno-occlusive disease in Western Afghanistan associated with 
exposure to wheat flour contaminated with pyrrolizidine alkaloids. 
J Toxicol 2010:1–7

Kalgutkar AS, Frederick KS, Chupka J et  al (2009) N-(3,4-
dimethoxyphenethyl)-4-(6,7-dimethoxy-3,4-dihydroisoquinolin-
2[1H]-yl)-6,7-dimethoxyquinazolin-2-amine (CP-100,356) as a 
“chemical knock-out equivalent” to assess the impact of efflux 
transporters on oral drug absorption in the rat. J Pharm Sci 
98(12):4914–4927. https://​doi.​org/​10.​1002/​jps.​21756

Kanda T, Sullivan KF, Wahl GM (1998) Histone–GFP fusion pro-
tein enables sensitive analysis of chromosome dynamics in living 
mammalian cells. Curr Biol 8(7):377–385

Kidron H, Wissel G, Manevski N et al (2012) Impact of probe com-
pound in MRP2 vesicular transport assays. Eur J Pharm Sci 46(1–
2):100–105. https://​doi.​org/​10.​1016/j.​ejps.​2012.​02.​016

Li L, Tu M, Yang X et al (2014) The contribution of human OCT1, 
OCT3, and CYP3A4 to nitidine chloride-induced hepatocellular 
toxicity. Drug Metab Dispos 42(7):1227–1234. https://​doi.​org/​10.​
1124/​dmd.​113.​056689

Lin G, Cui Y-Y, Hawes EM (1998) Microsomal formation of a pyr-
rolic alcohol glutathione conjugate of clivorine: firm evidence 
for the formation of a pyrrolic metabolite of an otonecine-type 
pyrrolizidine alkaloid. Drug Metab Dispos 26(2):181–184

Lin G, Cui Y-Y, Hawes EM (2000) Characterization of rat liver micro-
somal metabolites of clivorine, an hepatotoxic otonecine-type pyr-
rolizidine alkaloid. Drug Metab Dispos 28(12):1475–1483

Lin G, Wang JY, Li N et al (2011) Hepatic sinusoidal obstruction syn-
drome associated with consumption of Gynura segetum. J Hepatol 
54(4):666–673. https://​doi.​org/​10.​1016/j.​jhep.​2010.​07.​031

Louisa M, Suyatna FD, Wanandi SI, Asih PB, Syafruddin D (2016) 
Differential expression of several drug transporter genes in HepG2 
and Huh-7 cell lines. Adv Biomed Res 5:104. https://​doi.​org/​10.​
4103/​2277-​9175.​183664

Louisse J, Rijkers D, Stoopen G et al (2019) Determination of geno-
toxic potencies of pyrrolizidine alkaloids in HepaRG cells using 
the gammaH2AX assay. Food Chem Toxicol 131:110532. https://​
doi.​org/​10.​1016/j.​fct.​2019.​05.​040

Lu Y, Ma J, Lin G (2019) Development of a two-layer transwell 
co-culture model for the in vitro investigation of pyrrolizidine 
alkaloid-induced hepatic sinusoidal damage. Food Chem Toxicol 
129:391–398. https://​doi.​org/​10.​1016/j.​fct.​2019.​04.​057

Ma J, Ruan J, Chen X et al (2019) Pyrrole–hemoglobin adducts, a more 
feasible potential biomarker of pyrrolizidine alkaloid exposure. 
Chem Res Toxicol 32(6):1027–1039

Ma J, Zhang W, He Y et al (2021) Clinical application of pyrrole–
hemoglobin adducts as a biomarker of pyrrolizidine alkaloid 
exposure in humans. Arch Toxicol 95(2):759–765

Mohan L, Raghav D, Ashraf SM, Sebastian J, Rathinasamy K (2018) 
Indirubin, a bis-indole alkaloid binds to tubulin and exhibits 

antimitotic activity against HeLa cells in synergism with vinblas-
tine. Biomed Pharmacother 105:506–517

Muller CFG, Ferrandis E, Cornil-Scharwtz I, Bailly JD, Bordier C, 
Benard J, Sikic BI, Laurent G (1995) Evidence for transcrip-
tional control of human MDR l gene expression by verapamil in 
Multidrug-resistant leukimic cells by MULLER 1995.pdf. Mol 
Pharmacol 47:51–56

Nikulin SV, Tonevitsky EA, Poloznikova AA (2017) Effect of keto-
conazole on the transport and metabolism of drugs in the human 
liver cell model. Russ Chem Bull 66(1):150–155

Nobili SIL, Giglioni B, Mini E (2006) Pharmacological Strategies for 
overcoming multidrug resistance by nobili2006.pdf. Curr Drug 
Targets 7:861–879

Novotna A, Krasulova K, Bartonkova I et al (2014) Dual effects of 
ketoconazole cis-enantiomers on CYP3A4 in human hepatocytes 
and HepG2 Cells. PLoS ONE 9(10):e111286. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01112​86

Ohyama K, Nakajima M, Nakamura S, Shimada N, Yamazaki H, Yokoi 
T (2000) A significant role of human cytochrome P450 2C8 in 
Amiodarone <em>N</em>-Deethylation: an approach to predict 
the contribution with relative activity factor. Drug Metab Dispos 
28(11):1303–1310

Pelkonen O, Turpeinen M, Hakkola J, Honkakoski P, Hukkanen J, 
Raunio H (2008) Inhibition and induction of human cytochrome 
P450 enzymes: current status. Arch Toxicol 82(10):667–715. 
https://​doi.​org/​10.​1007/​s00204-​008-​0332-8

Reimann A, Nurhayati N, Backenkohler A, Ober D (2004) Repeated 
evolution of the pyrrolizidine alkaloid-mediated defense system 
in separate angiosperm lineages. Plant Cell 16(10):2772–2784. 
https://​doi.​org/​10.​1105/​tpc.​104.​023176

Reimann H, Stopper H, Hintzsche H (2020) Long-term fate of 
etoposide-induced micronuclei and micronucleated cells in 
Hela-H2B-GFP cells. Arch Toxicol 94(10):3553–3561

Risk-Assessment FIf (2013) Pyrrolizidine alkaloids in herbal teas 
and teas. BfR Berlin (germany) 018:1–29

Rizzoni M, Cundari E, Perticone P, Gustavino B (1993) Chromatin 
bridges between sister chromatids induced in late G2 mito-
sis in CHO cells by trimethylpsoralen+ UVA. Exp Cell Res 
209(1):149–155

Ruan J, Gao H, Li N et al (2015) Blood pyrrole-protein adducts–
A biomarker of pyrrolizidine alkaloid-induced liver injury in 
humans. J Environ Sci Health C Environ Carcinog Ecotoxicol 
Rev 33(4):404–421. https://​doi.​org/​10.​1080/​10590​501.​2015.​
10968​82

Sinclair DS, Fox IH (1975) The pharmacology of hypouricemic effect 
of benzbromarone. J Rheumatol 2(4):437–445

Stegelmeier B, Edgar J, Colegate S et al (1999) Pyrrolizidine alkaloid 
plants, metabolism and toxicity. J Nat Toxins 8(1):95–116

Tocchetti GN, Dominguez CJ, Zecchinati F et al (2018) Inhibition of 
multidrug resistance-associated protein 2 (MRP2) activity by the 
contraceptive nomegestrol acetate in HepG2 and Caco-2 cells. 
Eur J Pharm Sci 122:205–213. https://​doi.​org/​10.​1016/j.​ejps.​2018.​
07.​017

Utani K-i, Kohno Y, Okamoto A, Shimizu N (2010) Emergence of 
micronuclei and their effects on the fate of cells under replication 
stress. PLoS ONE 5(4):e10089

Venkatakrishnan K, von Moltke LL, Greenblatt DJ (2000) Effects of 
the antifungal agents on oxidative drug metabolism by venka-
takrishnan2000pdf. Clin Pharmacokinet 38(2):111–180

Vermeer LM, Isringhausen CD, Ogilvie BW, Buckley DB (2016) 
Evaluation of ketoconazole and its alternative clinical CYP3A4/5 
inhibitors as inhibitors of drug transporters: the in vitro effects 
of ketoconazole, ritonavir, clarithromycin, and itraconazole on 
13 clinically-relevant drug transporters. Drug Metab Dispos 
44(3):453–459. https://​doi.​org/​10.​1124/​dmd.​115.​067744

https://doi.org/10.3389/fphar.2018.00646
https://doi.org/10.3389/fphar.2018.00646
https://doi.org/10.1016/j.tiv.2009.10.009
https://doi.org/10.1002/jps.21756
https://doi.org/10.1016/j.ejps.2012.02.016
https://doi.org/10.1124/dmd.113.056689
https://doi.org/10.1124/dmd.113.056689
https://doi.org/10.1016/j.jhep.2010.07.031
https://doi.org/10.4103/2277-9175.183664
https://doi.org/10.4103/2277-9175.183664
https://doi.org/10.1016/j.fct.2019.05.040
https://doi.org/10.1016/j.fct.2019.05.040
https://doi.org/10.1016/j.fct.2019.04.057
https://doi.org/10.1371/journal.pone.0111286
https://doi.org/10.1371/journal.pone.0111286
https://doi.org/10.1007/s00204-008-0332-8
https://doi.org/10.1105/tpc.104.023176
https://doi.org/10.1080/10590501.2015.1096882
https://doi.org/10.1080/10590501.2015.1096882
https://doi.org/10.1016/j.ejps.2018.07.017
https://doi.org/10.1016/j.ejps.2018.07.017
https://doi.org/10.1124/dmd.115.067744


306	 Archives of Toxicology (2023) 97:295–306

1 3

Weber GF (2015) DNA damaging drugs Molecular therapies of cancer. 
Springer, pp 9–112

Weemhoff JL, von Moltke LL, Richert C, Hesse LM, Harmatz JS, 
Greenblatt DJ (2003) Apparent mechanism-based inhibition 
of human CYP3A in-vitro by lopinavir. J Pharm Pharmacol 
55(3):381–386. https://​doi.​org/​10.​1211/​00223​57027​39

Westerink WM, Schoonen WG (2007) Cytochrome P450 enzyme levels 
in HepG2 cells and cryopreserved primary human hepatocytes and 
their induction in HepG2 cells. Toxicol Vitro 21(8):1581–1591. 
https://​doi.​org/​10.​1016/j.​tiv.​2007.​05.​014

Xia Q, Zhao Y, Von Tungeln LS et al (2013) Pyrrolizidine alkaloid-
derived DNA adducts as a common biological biomarker of pyr-
rolizidine alkaloid-induced tumorigenicity. Chem Res Toxicol 
26(9):1384–1396

Xiaobo He QX, Qiangen Wu, Tolleson WH, Lin Ge, Fu PP (2018) 
Primary and Secondary pyrrolic metabolites of pyrrolizidine alka-
loids form DNA adducts in human A549 cells. Toxicol Vitro. 
https://​doi.​org/​10.​1016/j.​tiv.​2018.​10.​009

Xu J, Wang W, Yang X, Xiong A, Yang L, Wang Z (2019) Pyrrolizidine 
alkaloids: an update on their metabolism and hepatotoxicity mech-
anism. Liver Research 3(3–4):176–184

Yang M, Ruan J, Gao H et al (2017) First evidence of pyrrolizidine 
alkaloid N-oxide-induced hepatic sinusoidal obstruction syn-
drome in humans. Arch Toxicol 91(12):3913–3925. https://​doi.​
org/​10.​1007/​s00204-​017-​2013-y

Zhang H, Ya G, Rui H (2017) Inhibitory effects of triptolide on human 
liver cytochrome P450 enzymes and P-Glycoprotein. Eur J Drug 
Metab Pharmacokinet 42(1):89–98. https://​doi.​org/​10.​1007/​
s13318-​016-​0323-8

Zhu L, Xue J, Xia Q, Fu PP, Lin G (2017) The long persistence of pyr-
rolizidine alkaloid-derived DNA adducts in vivo: kinetic study 
following single and multiple exposures in male ICR mice. Arch 
Toxicol 91(2):949–965

Zhu L, Wang Z, Wong L et al (2018) Contamination of hepatotoxic 
pyrrolizidine alkaloids in retail honey in China. Food Control 
85:484–494

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1211/002235702739
https://doi.org/10.1016/j.tiv.2007.05.014
https://doi.org/10.1016/j.tiv.2018.10.009
https://doi.org/10.1007/s00204-017-2013-y
https://doi.org/10.1007/s00204-017-2013-y
https://doi.org/10.1007/s13318-016-0323-8
https://doi.org/10.1007/s13318-016-0323-8

	Genotoxicity of pyrrolizidine alkaloids in metabolically inactive human cervical cancer HeLa cells co-cultured with human hepatoma HepG2 cells
	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Cell lines and co-culture model
	Cytokinesis-block micronucleus (CBMN) assay
	Application of inhibitors of metabolic enzymes and membrane transporters
	Analysis of mitotic figures
	Statistical analysis

	Results
	Induction of micronuclei by selected PAs
	Inhibitors of metabolism and membrane transporters in the co-culture
	Analysis of mitotic figures

	Discussion
	Acknowledgements 
	References




