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Abstract
Pyrrolizidine alkaloids (PAs) are important plant hepatotoxins, which occur as contaminants in plant-based foods, feeds 
and phytomedicines. Numerous studies demonstrated that the genotoxicity and cytotoxicity of PAs depend on their chemi-
cal structure, allowing for potency ranking and grouping. Organic cation transporter-1 (OCT1) was previously shown to be 
involved in the cellular uptake of the cyclic PA diesters monocrotaline, retrorsine and senescionine. However, little is known 
about the structure-dependent transport of PAs. Therefore, we investigated the impact of OCT1 on the uptake and toxicity 
of three structurally diverse PAs (heliotrine, lasiocarpine and riddelliine) differing in their degree and type of esterifica-
tion in metabolically competent human liver cell models and hamster fibroblasts. Human HepG2-CYP3A4 liver cells were 
exposed to the respective PA in the presence or absence of the OCT1-inhibitors d-THP and quinidine, revealing a strongly 
attenuated cytotoxicity upon OCT1 inhibition. The same experiments were repeated in V79-CYP3A4 hamster fibroblasts, 
confirming that OCT1 inhibition prevents the cytotoxic effects of all tested PAs. Interestingly, OCT1 protein levels were 
much lower in V79-CYP3A4 than in HepG2-CYP3A4 cells, which correlated with their lower susceptibility to PA-induced 
cytotoxicity. The cytoprotective effect of OCT1 inhibiton was also demonstrated in primary human hepatocytes following 
PA exposure. Our experiments further showed that the genotoxic effects triggered by the three PAs are blocked by OCT1 
inhibition as evidenced by strongly reduced γH2AX and p53 levels. Consistently, inhibition of OCT1-mediated uptake sup-
pressed the activation of the DNA damage response (DDR) as revealed by decreased phosphorylation of checkpoint kinases 
upon PA treatment. In conclusion, we demonstrated that PAs, independent of their degree of esterification, are substrates for 
OCT1-mediated uptake into human liver cells. We further provided evidence that OCT1 inhibition prevents PA-triggered 
genotoxicity, DDR activation and subsequent cytotoxicity. These findings highlight the crucial role of OCT1 together with 
CYP3A4-dependent metabolic activation for PA toxicity.
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γH2AX · p53

Introduction

Pyrrolizidine alkaloids (PAs) are phytotoxins with a high 
structural diversity formed in 3% of all flowering plant spe-
cies worldwide (Chen et al. 2010). PAs are frequently found 
as contaminants in plant-based food like herbal teas or spices 
(Chen et al. 2010; Fu et al. 2004). Several cases of acute 
and subacute PA intoxications were reported previously in 
humans or animals due to consumption of contaminated 
food or PA producing plants, which were characterized by 
hepatomegaly, ascites, hepatic sinusoidal obstruction syn-
drome (HSOS) and acute liver failure (Moreira et al. 2018; 
Teschke et al. 2021). More recently, exposure to PAs has 
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also been linked to human liver cancer formation in Asian 
countries (He et al. 2021a).

Chemically, PAs are composed of the necine base 
1-hydroxymethylpyrrolizidine, which can be esterified with 
one or two necine acids, resulting in the formation of PA 
monoesters, open-chained diesters or cyclic diesters (He 
et al. 2021b; Schrenk et al. 2020). PAs with a 1,2-unsatu-
rated necine base are known to be hepatotoxic, genotoxic 
and possibly carcinogenic, which is attributable to their 
bioactivation by cytochrome P450 (CYP) monooxygenases 
(mostly CYP3A4, but also CYP2B subfamilies) in the liver 
(Chen et al. 2010; Edgar et al. 2015; Prakash et al. 1999). 
This biotransformation step gives rise to dehydro-pyr-
rolizidine derivatives (dehydro-PAs) and, upon hydrolysis, 
to (±)-6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-pyr-
rolizine (DHP), which both react with DNA and proteins 
(Edgar 2014; Fu 2017). A plethora of studies performed in 
different liver cell models including human primary hepato-
cytes demonstrated a structure–toxicity relationship for PAs, 
supporting the concept of grouping PAs into potency classes 
(Allemang et al. 2018; Gao et al. 2020; Haas et al. 2023; 
Hadi et al. 2021; Lester et al. 2019; Louisse et al. 2019; 
Merz and Schrenk 2016; Rutz et al. 2020).

An important process for their hepatotoxic mode of action 
is the uptake of PAs into hepatocytes as well as the efflux 
of PAs or their metabolites. Hepatocytes express an array 
of influx and efflux transporters belonging to the solute car-
rier (SLC) and ATP-binding cassette (ABC) superfamily, 
respectively (Nigam 2015). The SLC22A family comprise 
the organic cation transporters (OCTs), which mediate the 
uptake of cationic compounds such as nutrients, endogenous 
substrates and active pharmaceutical ingredients into cells 
(Koepsell 2021). The main members are OCT1 (SLC22A1), 
OCT2 (SLC22A2) and OCT3 (SLC22A3), which share 
common substrates and can therefore substitute for each 
other (Brosseau and Ramotar 2019). However, these influx 
transporters differ in the tissue-specific expression levels. 
OCT1 is mainly expressed in hepatocytes, whereas OCT2 
is primarily found in renal tubular cells. OCT3 expression 
is detected in many tissues (Brosseau and Ramotar 2019; 
Koepsell 2021). The OCT substrates include the prototypical 
chemical compound 1-methyl-4-phenyl-pyridinium (Koep-
sell 2013), endogenous compounds such as acetylcholine 
and catecholamine (Breidert et al. 1998; Nakata et al. 2013) 
as well as pharmaceuticals including metformin and imatinib 
(Chen et al. 2014; White et al. 2006). First evidence for the 
involvement of OCT1 in the uptake of PAs was obtained in 
a study with the cyclic PA diester monocrotaline, which was 
shown to be taken up into genetically engineered MDCK 
cells with human OCT1 expression and into primary rat 
hepatocytes (Tu et al. 2013). This was subsequently con-
firmed for retrorsine, which also belongs to the group of 
cyclic PA diesters (Tu et al. 2014). Two more recent studies 

performed in human HepaRG hepatoma cells revealed that 
both OCT1 and Na+/taurocholate co-transporting polypep-
tide (SLC10A1) are involved in the hepatocellular uptake 
of retrorsine and senescionine, which are both cyclic PA 
diesters (Enge et al. 2021, 2022).

Up to now little information is available on the impact 
of the chemical structure (PA monoester vs. open-chained 
diester vs. cyclic diester) on the OCT1-mediated uptake 
into hepatocytes. Therefore, we selected three structurally 
diverse PAs (heliotrine, lasiocarpine and riddelliine) and 
analyzed their toxicity in human HepG2-CYP3A4 liver cells, 
primary human hepatocytes (PHH) and V79-CYP3A4 Chi-
nese hamster fibroblasts. The impact of OCT1 was studied 
using the pharmacological inhibitors d-tetrahydropalmatine 
(d-THP) and quinidine. First, the cytotoxicity of the three 
PAs was investigated using the resazurin reduction assay in 
the absence or presence of OCT1 inhibitors. Subsequently, 
the genotoxic effects of the three selected PAs were deter-
mined with and without OCT1 inhibition using western blot 
analysis of the DNA damage markers γH2AX and p53. Fur-
thermore, the DNA damage response markers pCHK1 and 
pCHK2 were assessed upon PA exposure in the absence or 
presence of OCT1 inhibitors.

Results

PA triggered cytotoxicity is rescued 
by pharmacological OCT1 inhibitors in human liver 
cells

To study the role of OCT1 in the hepatocellular uptake of 
the selected PAs (SI Fig. 1), we used quinidine and d-THP 
as established OCT1 inhibitors (Ingoglia et al. 2015; Tu 
et al. 2013). First, the cytotoxicity of these pharmacological 
OCT inhibitors was assessed in wild-type HepG2 cells and 
genetically engineered HepG2 cells with CYP3A4 overex-
pression (SI Fig. 2). To this end, the cells were exposed to 
increasing OCT inhibitor concentrations (0–1000 µM) for 
24 h and viability was determined by the resazurin reduction 
assay. Solvent served as negative control and 0.1% saponine 
was included as technical positive control (not shown). In 
general, little differences were observed between the two 
HepG2 cell models. While concentrations up to 100 µM had 
no effects (quinidine) or little effects (d-THP) on cell viabil-
ity, both inhibitors displayed strong cytotoxicity at 500 µM 
(SI Fig. 3A). Therefore, 100 µM was selected as final con-
centration for the subsequent cytotoxicity studies with the 
different PAs.

We first determined the cytotoxicity of the open diester 
lasiocarpine in HepG2-CYP3A4 cells, which were incubated 
with increasing PA concentrations (0–40 µM) for 24 h in the 
absence or presence of the OCT inhibitors (100 µM each). 
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As expected, lasiocarpine caused a concentration-dependent 
decrease in cell viability, with a reduction below 50% at a 
concentration of 40 µM (Fig. 1a). Strikingly, both d-THP and 
quinidine prevented the cytotoxic effects of lasiocarpine in 
HepG2-CYP3A4 cells (Fig. 1a), which was also observed 
by phase contrast microscopy (Fig. 1b and SI Fig. 4A). In 
wild-type HepG2 cells without CYP3A4 expression, lasio-
carpine did not affect cell viability at all (SI Fig. 3B). We 
then studied the cytotoxicity of the monoester heliotrine 
with or without OCT inhibition. Cells were incubated with 
up to 500 µM heliotrine for 24 h, causing a drop in cell 

viability to 60% at the highest PA concentration (Fig. 1c). 
Both inhibitors rescued the cytotoxic effects of heliotrine, 
with d-THP being slightly more potent than quinidine, which 
was also visible by phase-contrast microscopy (Fig. 1c, d; SI 
Fig. 4B). Finally, the cyclic diester riddelliine was analyzed 
in HepG2-CYP3A4 cells in concentrations ranging from 0 
to 200 µM. Cell viability was reduced by 50% at the top PA 
concentration, but almost completely restored to control lev-
els upon quinidine co-treatment. d-THP was not as effective 
as quinidine, but nevertheless prevented the morphological 
changes induced by riddelliine (Fig. 1e, f; SI Fig. 4C). In 

Fig. 1   Pharmacological OCT1 inhibition and impact on PA-induced 
cytotoxicity in HepG2-CYP3A4 cells. a, c, e Viability of HepG2-
CYP3A4 cells 24  h after incubation with increasing concentrations 
of lasiocarpine (a), heliotrine (c) and riddelliine (e) with or with-
out OCT1-inhibitors. Solvent (0  µM) was used as negative control. 
Mean + SEM are shown for each incubation (n = 3, each measured 
as triplicates). Statistical analyses were performed using unpaired 

two-tailed Students t-test with respect to the negative control or 
the respective PA treatment as indicated. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P ≤ 0.0001. b, d, f Representative microscopic 
images of HepG2-CYP3A4 cells after 24 h treatment with different 
concentrations of heliotrine (b), lasiocarpine (d) and riddelliine (f) 
with or without d-THP. Scale bar represents 100 µm
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summary, these results reveal an OCT1-mediated uptake 
of lasiocarpine, heliotrine and riddelliine into human liver 
cells.

OCT1 and CYP3A4 as key determinants 
for PA‑induced cytotoxicity

The role of OCT1 was further detailed in V79 Chinese ham-
ster fibroblasts and genetically engineered V79 cells with 
human CYP3A4 expression. V79-CYP3A4 cells display a 
comparable CYP3A4 expression level as HepG2-CYP3A4 
cells, which was demonstrated by western blot analysis 
(Fig. 2a). In contrast to that, OCT1 levels were much lower 
in both V79 and V79-CYP3A4 cells as compared to their 
HepG2 counterparts (Fig. 2b). We were thus interested how 
the strongly reduced OCT1 levels affect the cytotoxicity 
of the selected PAs. Lasiocarpine caused a concentration-
dependent decrease of viability in V79-CYP3A4 cells, 
with a concentration of 250 µM reducing the viability by 
50% as compared to control (Fig. 2c). A similar cytotoxic 
effect was already observed at a tenfold lower concentra-
tion in HepG2-CYP3A4 cells (see Fig. 1a). Riddelliine also 
exerted cytotoxicity in V79-CYP3A4 cells and decreased 
the viability to 70% at a concentration of 500 µM (Fig. 2d), 
whereas a comparable response was measured in HepG2-
CYP3A4 cells upon incubation with only 50 µM riddelline 
(see Fig. 1e). Heliotrine displayed only little cytotoxicity 
in V79-CYP3A4 cells at concentrations of 250 µM and 
above (SI Fig. 5A), while it reduced the viability in HepG2-
CYP3A4 cells to about 60% at a concentration of 500 µM 
(see Fig. 1c). It should also be noted here that neither lasio-
carpine nor riddelline or heliotrine induced cytotoxicity in 
parental, metabolically incompetent V79 cells (Fig. 2c, d; SI 
Fig. 5A). As a next step, we tested whether OCT inhibition 
with d-THP or quinidine also protects V79-CYP3A4 cells 
against the PA-induced cytotoxicity. Our findings revealed 
that d-THP almost completely blocked the cytotoxic effects 
of lasiocarpine, riddelliine and heliotrine in V79-CYP3A4 
cells (Fig. 2e, f; SI Fig. 5B). Quinidine also prevented the 
cytotoxicity of all three PAs, but was somewhat less active 
than d-THP. These results provided evidence that low OCT1 
expression levels confer resistance towards the cytotoxic 
effects of PAs and that both OCT1 and CYP3A4 are required 
for PA toxicity.

OCT1 inhibition prevents PA‑mediated cytotoxicity 
in primary human hepatocytes

Primary human hepatocytes (PHH) are the gold standard for 
in vitro toxicokinetic studies of the liver, since they display 
full metabolic competence and express a plethora of efflux 
and influx transporters (Fraczek et al. 2013; Ruoss et al. 
2020). Up to date, no study is available that investigated the 

transport of PAs into PHHs. Based on our obtained results 
in HepG2-CYP3A4 as well as V79-CYP3A4 cells and our 
previous study in different human liver cell models (Haas 
et al. 2023), we selected lasiocarpine at a concentration of 
45 µM for these experiments in PHH. Our results showed 
that lasiocarpine treatment decreased the viability of PHH 
to approximately 33% (Fig. 3a), which correlated with the 
morphological changes seen by phase contrast microscopy 
in lasiocarpine treated cells (Fig. 3b, c). d-THP itself had 
no effects, while quinidine caused a moderate reduction of 
viability in PHH (Fig. 3a). Interestingly, d-THP efficiently 
blocked the cytotoxic effects of lasiocarpine in PHH and 
restored viability almost to control levels (Fig. 3a). Quini-
dine also moderately increased the viability of lasiocarpine-
treated cells, which was however not statistically significant 
as compared to the PA single exposure (Fig. 3a). The cyto-
protective effects of d-THP and, to a minor degree, quinidine 
towards lasiocarpine were also visible using phase-contrast 
microscopy (Fig. 3d, e). The OCT1 inhibitors themselves 
did not induce changes in cell morphology (SI Fig. 6). Taken 
together, these findings in PHH corroborate the importance 
of OCT1 for hepatocellular PA uptake and toxicity.

Pharmacological inhibition of OCT1‑dependent 
transport abolishes the genotoxic effects 
and DNA damage response triggered by PAs 
in HepG2‑CYP3A4 cells

We were then interested whether the reduced cytotoxicity 
following OCT inhibition is related to an attenuated geno-
toxicity. Thus, we assessed the genotoxicity of the selected 
PAs (heliotrine, lasiocarpine and riddelliine) in HepG2-
CYP3A4 cells using the well-established DNA damage 
markers γH2AX and p53 (Fahrer et al. 2015; Nikolova et al. 
2014) in the presence or absence of the OCT inhibitors. 
HepG2-CYP3A4 cells were exposed to 5 µM lasiocarpine, 
12.5 µM riddelliine and 50 µM heliotrine for 24 h. The lower 
PA concentrations were chosen to avoid overt cytotoxicity. 
The genotoxic anticancer drug and topoisomerase I inhibitor 
irinotecan was included as positive control (10 µM), since it 
was previously described as an OCT substrate (Chen et al. 
2016; Hucke and Ciarimboli 2016). All tested PAs caused 
substantial γH2AX formation and p53 accumulation in 
HepG2-CYP3A4 cells (Fig. 4a–f; SI Fig. 7A–C). d-THP 
strongly attenuated γH2AX levels and reduced p53 levels to 
control levels despite PA exposure (Fig. 4a–f; SI Fig. 7A–C). 
Likewise, quinidine prevented the formation of both geno-
toxicity markers, although with differential efficacy. While 
p53 levels were even reduced below baseline, the effects 
on γH2AX induction were not as pronounced, at least in 
the case of lasiocarpine (Fig. 4a, c). As expected, irinote-
can treatment caused strong genotoxic effects in HepG2-
CYP3A4 cells, which were attenuated by d-THP (Fig. 4a–f; 
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Fig. 2   PA-triggered cytotoxicity in V79 and V79-CYP3A4 hamster 
cells and role of OCT1. a, b Analysis of CYP3A4 (a) and OCT1 
(b) protein expression in V79, V79-CYP3A4, HepG2 and HepG2-
CYP3A4 cells using SDS-PAGE and western blot detection. HSP90 
served as loading control. A representative blot is shown. c, d Viabil-
ity of V79 and V79-CYP3A4 cells 24 h after treatment with increas-
ing concentrations of lasiocarpine (c) and riddelliine (d). Solvent 
(0 µM) was used as negative control. Mean + SEM are shown for each 
incubation (n = 3, each measured as triplicates). Statistical analyses 
were performed using unpaired two-tailed Students t-test with respect 

to the negative control or as indicated by bars. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P ≤ 0.0001. e, f Viability of V79-CYP3A4 cells 
24 h after treatment with 250 and 500 µM lasiocarpine (e) or riddel-
liine (f) in the presence or absence of OCT1 inhibitors (quinidine and 
d-THP, 100 µM each). Solvent (0 µM) was used as negative control. 
Mean + SEM are shown for each incubation (n = 3, each measured as 
triplicates). Statistical analyses were performed using unpaired two-
tailed Students t-test with respect to the negative control or as indi-
cated by bars. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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SI Fig. 7A–C). Quinidine, in turn, did not or hardly prevent 
γH2AX formation upon irinotecan exposure, but suppressed 
its p53 induction (Fig. 4a–f; SI Fig. 7A–C).

Finally, we analyzed the DNA damage response (DDR) 
triggered by the three selected PAs in HepG2-CYP3A4 
cells and studied the impact of OCT inhibition. The DDR 
is coordinated by apical DDR kinases including ATM and 
ATR, which phosphorylate a plethora of downstream sub-
strates such as the checkpoint kinases CHK1 and CHK2 
(Marechal and Zou 2013). While CHK1 is primarily phos-
phorylated by ATR in response to DNA replication stress, 
CHK2 is mainly phosphorylated by ATM following DNA 
double-strand breaks (Rundle et al. 2017; Shiloh and Ziv 
2013). First, HepG2-CYP3A4 cells were exposed to the 
three structurally diverse PAs lasiocarpine, heliotrine 
and riddelliine for 24 h as described above. Western Blot 
analysis revealed a pronounced increase in pCHK1 and 
pCHK2 levels upon exposure to all PAs, whereas the levels 
of total CHK1 and CHK2 were unchanged (Fig. 5a, b; SI 
Fig. 8A). Co-treatment of cells with the OCT inhibitors d-
THP and quinidine reduced phosphorylation of CHK1 and 
CHK2 upon PA exposure (Fig. 5a–f; SI Fig. 8A–C), which 
is in line with the reduced genotoxicity of PAs upon OCT 
inhibition (see Fig. 4). The anticancer drug irinotecan also 
caused genotoxicity (see Fig. 4a, b) as well as CHK1 and 
CHK2 phosphorylation (Fig. 5a, b; SI Fig. 8A). However, 
the OCT inhibitors displayed little or no effects on these 

DDR markers induced by irinotecan. In summary, our find-
ings show that OCT1-dependent uptake of PAs is required 
for PA triggered genotoxicity and activation of the ATM/
ATR-driven DDR, which precedes the cytotoxic effects.

Discussion

In the present work, we investigated the relevance of OCT1 
for the uptake of structurally diverse PAs in metabolically 
competent human HepG2-CYP3A4 cells, Chinese hamster 
V79-CYP3A4 cells and PHH. HepG2-CYP3A4 cells were 
revealed as a very useful model in our previous study, since 
the genotoxic and cytotoxic potency of structurally diverse 
PAs was in very good agreement with that obtained in PHH 
as gold standard (Haas et al. 2023). Furthermore, HepG2 
cells were reported to display OCT1 gene expression, 
although the expression levels were lower than those in PHH 
(Herzog et al. 2016; Rodrigues et al. 2009). Importantly, 
OCT1 expression was confirmed on the protein level in 
HepG2-CYP3A4 and wildtype HepG2 cells as shown above, 
thus representing a valuable model to study OCT1-medi-
ated uptake of PAs. Here, we made use of the established 
pharmacological OCT1 inhibitors quinidine and d-THP 
(Ingoglia et al. 2015; Tu et al. 2013), which were instrumen-
tal to study the uptake of other PAs (see below). However, 
it should be noted that both quinidine and d-THP undergo 

Fig. 3   Lasiocarpine triggered cytotoxicity in primary human hepato-
cytes and impact of OCT1-mediated transport. a Viability of primary 
human hepatocytes 24  h after incubation with 45  µM lasiocarpine 
with or without the OCT1 inhibitors d-THP (T) and Quinidine (Q). 
Solvent (0 µM) was used as negative control. Mean + SEM are shown 
for each incubation (pooled hepatocytes from 5 donors,  n = 2, each 

performed as triplicate). Statistical analyses were performed using 
unpaired two-tailed Students t-test with respect to the negative control 
or as indicated with a bar. ***P < 0.001, ****P < 0.0001. b–e: Rep-
resentative microscopic images of primary human hepatocytes after 
24 h incubation with lasiocarpine in the absence or presence of the 
OCT1 inhibitors. The scale bar represents 100 µm
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CYP-mediated phase I metabolism. Quinidine is a known 
substrate of CYP3A4, which catalyzes its 3-hydroxylation 
(Nielsen et al. 1999). d-THP was reported to be a substrate 
for rat CYP3A1/2, the orthologue of human CYP3A4 (Zhao 
et al. 2012). Thus, it might be possible that the tested PAs 
and the inhibitors compete for CYP3A4, thereby decreasing 

the metabolic activation rate of PAs. Importantly, inhibi-
tory effects of d-THP were only observed for CYP2D6 and 
CYP1A2 activities (Li et al. 2015).

First, we were able to demonstrate that pharmacological 
OCT1 inhibition by either d-THP or quinidine rescued the 
cytotoxic effects of all three PAs tested, i.e. lasiocarpine, 

Fig. 4   Impact of OCT1-inhibition on the genotoxicity of PAs in 
HepG2-CYP3A4 cells. a, b Representative western blots of γH2AX 
and p53 after 24  h treatment with lasiocarpine (a) and heliotrine 
(b). The genotoxic anticancer drug irinotecan was used as a positive 
control (+) and solvent as a negative control (0 µM). HSP90 served 
as loading control. c, d Densitometric evaluation of γH2AX after 
24  h incubation with lasiocarpine (c) and heliotrine (d) in HepG2-
CYP3A4 cells. HSP90 served as loading control. γH2AX level 
relative to the loading control and normalized versus the negative 
control. Mean + SEM for three independent experiments (n = 3). Sta-

tistical analyses were performed using unpaired two-tailed Students 
t-test with respect to the negative control or as indicated with a bar. 
*P < 0.05, **P < 0.01, ***P < 0.001. e, f Densitometric evaluation of 
p53 after 24  h incubation with lasiocarpine (e) and heliotrine (f) in 
HepG2-CYP3A4 cells. HSP90 served as loading control. p53 level 
relative to the loading control and normalized versus the negative 
control. Mean + SEM for three independent experiments (n = 3). Sta-
tistical analyses were performed using unpaired two-tailed Students 
t-test with respect to the negative control or as indicated with a bar. 
*P < 0.05, **P < 0.01, ****P < 0.0001
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heliotrine and riddelliine, in HepG2-CYP3A4 cells. Our 
results for riddelliine extend the previous findings obtained 
for the other cyclic PA diesters monocrotaline, retrorsine 
and senecione, which were shown to be taken up into kid-
ney MDCK-hOCT1 cells, primary rat hepatocytes as well 
as HepaRG cells in a OCT1-dependent manner (Enge et al. 

2021; Tu et al. 2013, 2014). Furthermore, our data showed 
for the first time that also open-chained PA diesters as well 
as PA monoesters are substrates for OCT1. These findings 
were confirmed with another set of experiments in V79-
CYP3A4 cells, in which OCT1 inhibition conferred resist-
ance towards the cytotoxic effects of the three PAs tested. 

Fig. 5   OCT1-inhibition and PA-triggered DNA damage response 
(DDR). a, b Representative western blots of (phosphorylated) 
CHK1 and CHK2 as downstream targets of the apical DDR kinases 
ATR and ATM after 24  h treatment with lasiocarpine (a) and heli-
otrine (b). The genotoxic anticancer drug irinotecan was used as a 
positive control (+) and solvent as a negative control (0 µM). HSP90 
served as loading control. c, d Densitometric evaluations of p-Chk1 
(S345) after 24 h incubation with lasiocarpine (c) and heliotrine (d) 
in HepG2-CYP3A4 cells. Unphosphorylated CHK1 served as load-
ing control. pCHK1 level relative to the loading control and normal-
ized versus the negative control. Mean + SEM for three independ-

ent experiments (n = 3). Statistical analyses were performed using 
unpaired two-tailed Students t-test with respect to the negative con-
trol or as indicated with a bar. *P < 0.05, **P < 0.01, ***P < 0.001. 
e, f Densitometric evaluations of pChk2 (Thr68) after 24  h incuba-
tion with lasiocarpine (e) and heliotrine (f) in HepG2-CYP3A4 cells. 
Unphosphorylated CHK2 served as loading control. pCHK2 level 
relative to the loading control and normalized versus the negative 
control. Mean + SEM for three independent experiments (n = 3). Sta-
tistical analyses were performed using unpaired two-tailed Students 
t-test with respect to the negative control or as indicated with a bar. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Interestingly, the cytotoxicity observed in V79-CYP3A4 
cells was generally lower than that detected in HepG2-
CYP3A4 cells, although both cell lines displayed similar 
CYP3A4 protein levels. However, OCT1 expression was 
revealed to be much higher in HepG2-CYP3A4 cells, which 
very likely explains their increased sensitivity towards PAs 
and further emphasizes the relevance of OCT1 for PA-trig-
gered toxicity. Apart from that, V79 Chinese hamster fibro-
blasts are known to harbor a mutated and non-functional p53 
(Chaung et al. 1997), whereas HepG2 cells display wild-type 
p53 (Müller et al. 1997).

Due to its high cytotoxic potency, lasiocarpine was 
selected for further analysis in PHH as gold standard for 
toxikokinetic studies. Consistent with the results in HepG2-
CYP3A4 and V79-CYP3A4 cells, d-THP almost completely 
inhibited the cytotoxic effects of lasiocarpine, while qui-
nidine only moderately increased the cell viability. The 
reduced effectiveness of quinidine might be attributable to 
its own toxicity and/or the differences in the metabolic com-
petence of PHH vs. HepG2-CYP3A4 cells.

Then we addressed the question whether the reduced 
cytotoxicity upon OCT1 inhibition is associated with an 
attenuated genotoxicity. Our results provided evidence that 
OCT1 inhibition also prevents the genotoxic effects of all 
three selected PAs as attested by reduced DNA damage 
levels (γH2AX and p53). However, quinidine only par-
tially blocked γH2AX formation triggered by lasiocarpine, 
whereas it strongly attenuated γH2AX formation caused by 
heliotrine and riddelliine. This finding might indicate that 
low intracellular levels of lasiocarpine are sufficient to cause 
substantial γH2AX formation, bearing in mind that this is 
an open-chained PA diester with a higher genotoxic potency 
than the cyclic PA diester riddelliine and the PA monoester 
heliotrine (Haas et al. 2023). Furthermore, we analyzed the 
DNA damage response markers CHK1 and CHK2. These 
checkpoint kinases are phosphorylated by apical DDR 
kinases, namely ATM, ATR and/or DNA-PK, in response 
to diverse genotoxic stimuli (Marechal and Zou 2013). First 
evidence for a DDR activation stems from a 28 day rat feed-
ing study with different PAs. Transcriptomic analysis of 
liver tissue showed an enrichment of DDR pathways such 
as p53 and ATM signaling (Ebmeyer et al. 2020), which 
was further substantiated with a transcriptomics study per-
formed in HepG2-CYP3A4 cells (Abdelfatah et al. 2021). 
Intriguingly, we were able to show that all three PAs (50 µM 
heliotrine, 5 µM lasiocarpine and 12.5 µM riddelliine) sig-
nificantly increased both CHK1 and CHK2 phosphorylation 
in HepG2-CYP3A4 cells after 24 h. This is consistent with 
experiments performed in genetically engineered TK6 cells 
with human CYP3A4 expression, which displayed CHK1 
and CHK2 phosphorylation upon exposure to lasiocarpine 
(5 µM) and riddelliine (20 µM) for 24 h. Moreover, our data 
revealed that OCT1 inhibition (d-THP  > quinidine) blocked 

PA triggered DDR activation as evidenced by reduced 
pCHK1 and pCHK2 levels.

In conclusion, we demonstrated that PAs independent 
of their degree of esterification are substrates for OCT1-
mediated uptake into human liver cells. We further pro-
vided evidence that OCT1 inhibition prevents PA triggered 
genotoxicity, DDR activation and subsequent cytotoxicity, 
highlighting the crucial role of OCT1. Our results have also 
implications for the toxicity of PAs in vivo, since the cell- 
and tissue-dependent expression of OCTs have a major effect 
on their susceptibility towards the detrimental effects of PAs 
as demonstrated herein. Finally, the better understanding of 
the involved hepatocellular uptake mechanisms might also 
open an avenue for the protection of (liver) cells in case 
of an acute intoxication by using i.v. administered OCT1 
inhibitors.

Material and methods

Cell culture and treatment

V79 Chinese hamster cells and genetically engineered V79 
cells with stable expression of human CYP3A4 (Ebmeyer 
et al. 2019) were grown in Dulbecco`s modified Eagle`s 
Medium (DMEM) high glucose supplemented with 5% 
fetal calf serum (FCS) and 1% penicillin/streptomycin (P/S). 
HepG2 cells were obtained from DSMZ (Braunschweig, 
Germany) and HepG2-CYP3A4 cells were generated as 
previously described (Herzog et al. 2015). HepG2-CYP3A4 
cells were maintained in DMEM high glucose supplemented 
with 10% FCS, 1% P/S and 3 µg/ml blasticidin S hydrochlo-
ride (Carl Roth, Karlsruhe, Germany). All cell lines were 
cultured at 37 °C in humidified atmosphere of 5% CO2. Cell 
culture medium and supplements were obtained from Gibco 
Life Technologies (Darmstadt, Germany) and Pan Biotech 
(Aidenbach, Germany). All cell lines were mycoplasma 
negative, as demonstrated by routine PCR testing using 
Venor®GeM OneStep (Berlin, Germany). Cryopreserved 
PHH pooled from five Caucasian donors were from Thermo 
Fisher Scientific (Massachusetts, USA) and were maintained 
as described recently (Haas et al. 2023). After attachment 
of PHH to collagen type I coated plates, the plating medium 
was replaced with incubation medium containing the test 
compounds and cells were incubated for 24 h. Collagen type 
I was obtained from Corning (New York, USA) and prepared 
as sterile-filtered 50 µg/ mL stock solution in 0.8 M acetic 
acid for coating.

Compounds and cell treatment with OCT1 inhibitors

The PAs used (heliotrine, lasiocarpine, riddelliine) were of 
highest purity and were from Phytolab (Vestenbergsgreuth, 
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Germany). All PAs were dissolved in DMSO to prepare 
stock solutions (50–150 mM), which were stored at − 20 °C. 
Two OCT1 inhibitors, namely d-tetrahydropalmatine (d-
THP) and quinidine, were purchased from Hycultec (Beu-
telsbach, Germany) and dissolved in DMSO to obtain 
100 mM stock solutions stored at − 20 °C. Stock solutions 
were diluted in cell culture medium to reach final concen-
trations in the experiments as indicated (typically 100 µM). 
For the inhibitor studies, cells were pre-incubated for 1.5 h 
with 100 µM d-THP or quinidine. The medium was then 
aspirated and fresh medium was added, which contained 
the PAs under investigation with or without 100 µM of the 
respective OCT1-inhibitor for 24 h. Cells were then analyzed 
as described below.

Assessment of cell viability

HepG2 and HepG2-CYP3A4 cells (45,000 cells/ well) as 
well as V79 and V79-CYP3A4 cells (5,000 cells/ well) were 
seeded on 96-well plates, grown overnight and incubated 
with increasing PA concentrations without or with 100 µM 
of each OCT1-inhibitor. PHH were seeded on collagen type 
I coated 96-well plates at density of 62,500 cells/well and 
treated as described above. Saponine (0.1%) served as posi-
tive control and solvent (DMSO) as negative control. Cell 
viability was determined using the resazurin reduction assay 
as described previously (Carlsson et al. 2022). After 24 h, 
cells were washed with PBS and incubated for 1 h with 
DMEM low glucose (-FCS; -P/S) or William’s E Medium 
(1X) supplemented with 10% 440  µM resazurin-NaCl-
Pi-solution (0.1% dimethylformamide; 1.1 mM KH2PO4, 
154 mM NaCl, 3.7 mM Na2HPO4) at 37 °C in humidified 
atmosphere of 5% CO2. Cell viability was determined using 
a microplate reader (Spark, Tecan) with 544 nm for excita-
tion and 590 nm for emission. In addition, phase-contrast 
microscopy was performed using a Leica microscope 
(HI PLAN I 20x/0.30 PH1 or HI PLAN I 10x/0.22 PH1) 
equipped with Leica MC170 HD camera.

SDS‑PAGE and western blot analysis

HepG2-CYP3A4 cells (500,000 cells/plate) were grown 
on 3.5 cm plates, incubated with increasing PA concen-
trations for 24 h and directly harvested with 1 × Laemmli 
loading buffer as described (Fahrer et al. 2014). Samples 
were then subject to SDS-PAGE and western blot analysis 
as reported (Fahrer et al. 2013). Briefly, proteins were sepa-
rated by SDS-PAGE and transferred onto a nitrocellulose 
membrane (PerkinElmer, Rodgau, Germany) with wet blot 
technique. The membrane was blocked with 5% nonfat dry 
milk or 5% bovine serum albumine (BSA) in Tris-buffered 
saline (TBS)/ 0.1% Tween-20 (TBS-T) for 1 h at RT. As a 
next step, the membranes were incubated with the primary 

antibody overnight at 4 °C. The membranes were washed 
three times with TBS-T and incubated with appropriate sec-
ondary antibodies conjugated with horseradish peroxidase 
(HRP) for 1 h at RT. After additional washing steps, the 
membranes were incubated with Western Lighting® Plus-
ECL (PerkinElmer, Rodgau, Germany) and proteins were 
visualized with a c300 chemiluminescence imager (Azure 
biosystems, Dublin, CA, USA). The primary antibodies 
directed against CYP3A4 (HL3, sc-53580), p53 (DO-1, 
sc-126) and HSP90α/β (sc-13119) were obtained from Santa 
Cruz Biotechnology (Heidelberg, Germany). The primary 
antibody raised against γH2AX (phosphor S139, ab81299) 
was from Abcam (Cambridge, UK). The primary antibodies 
p-CHK1 (phosphor S345, #2348) and p-CHK2 (phosphor 
Thr68, #2197) as well as CHK1 (#2360) and CHK2 (#2662) 
were obtained from Cell Signaling Technology (Danvers, 
Massachusetts, USA). The primary antibody directed against 
OCT-1/SLC22A1 (2C5, NBP1-51684) was obtained from 
Novus Biologicals LLC (Centennial, Colorado, USA). HRP-
conjugated secondary antibodies conjugated were purchased 
from Santa Cruz Biotechnology (sc-516102, Heidelberg, 
Germany) and Cell Signaling Technology (#7074, Danvers, 
Massachusetts, USA).

Immunofluorescence and confocal microscopy

HepG2 and HepG2-CYP3A4 cells were seeded on cover 
slips in 3.5-cm dishes (4 × 105 per dish) and allowed to grow 
for 24 h. Immunofluorescence staining and confocal micros-
copy were essentially performed as reported (Mimmler et al. 
2016). To this end, cells were rinsed with PBS and fixed 
with 4% paraformaldehyde (PFA) for 15 min at RT. The PFA 
solution was discarded and cells were fixed additionally with 
ice-cold methanol for 10 min at − 20 °C. Thereafter, cells 
were washed three times with PBS and unspecific binding 
sites were blocked with 5%-BSA in PBS/0.3%-Triton-X100 
in PBS. The samples were then incubated with a primary 
antibody against CYP3A4 (1:200 in 0.3%-Triton-X100 in 
PBS; HL-3, sc-53580, Santa Cruz Biotechnology, Heidel-
berg, Germany) overnight at 4 °C. The cells were washed 
with PBS and PBS/0.4 M NaCl before incubation with a 
secondary antibody labeled with Alexa Fluor 488 (1:400 
in 5%-BSA in PBS/ 0.3%-Triton-X100; Life Technologies, 
Darmstadt, Germany) for 1.5 h at room temperature. Cells 
were then washed again as described above and embed-
ded with Vectashield-DAPI (Vector Labs, Burlingame, 
CA, USA). The samples were analyzed with a Zeiss Axio 
Observer 7 microscope equipped with 63-oil-objective 
(plan-apochromat 63x/1.40 DIC M27) and the LSM 900 
confocal laser scanner. The images were acquired and pro-
cessed with Zen Software 3.4 (Carl Zeiss Microscopy, Jena, 
Germany).
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Statistical analysis

All experiments were performed independently at least 
three times, except otherwise stated. Results are presented 
as means + standard error of the means (SEM) from rep-
resentative experiments. Statistics were carried out by 
Graphpad Prism software (Version 9). Statistical signifi-
cance was defined as P < 0.05 and statistical analyses were 
performed using unpaired two-tailed Students t-test with 
respect to the negative control.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00204-​023-​03591-4.

Acknowledgements  We are grateful to Melanie-Abel Beckmann (Divi-
sion of Food Chemistry and Toxicology, Department of Chemistry, 
RPTU Kaiserslautern-Landau) for analysing mycoplasm detection in 
routine cell culture.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This project was supported by Kooperation Phytopharmaka 
GbR, Bonn, Germany (TU-KL #2) and the German Research Founda-
tion [DFG] (INST 248/331-1 FUGG).

Data availability  The datasets generated and analyzed during this study 
were included in the manuscript and the supplementary information. 
They are also available from the corresponding author upon reason-
able request.

Declarations 

Conflict of interest  The authors declare 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://creativecommons.org/licenses/by/4.0/.

References

Abdelfatah S, Nass J, Knorz C, Klauck SM, Kupper JH, Efferth T 
(2021) 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 Toxi-
col. https://​doi.​org/​10.​1007/​s10565-​021-​09599-9

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. https://​doi.​org/​10.​1016/j.​fct.​2018.​08.​003

Breidert T, Spitzenberger F, Grundemann D, Schomig E (1998) Catecho-
lamine transport by the organic cation transporter type 1 (OCT1). 

Br J Pharmacol 125(1):218–224. https://​doi.​org/​10.​1038/​sj.​bjp.​
07020​65

Brosseau N, Ramotar D (2019) The human organic cation transporter 
OCT1 and its role as a target for drug responses. Drug Metab Rev 
51(4):389–407. https://​doi.​org/​10.​1080/​03602​532.​2019.​16702​04

Carlsson MJ, Vollmer AS, Demuth P et al (2022) p53 triggers mitochon-
drial apoptosis following DNA damage-dependent replication stress 
by the hepatotoxin methyleugenol. Cell Death Dis 13(11):1009. 
https://​doi.​org/​10.​1038/​s41419-​022-​05446-9

Chaung W, Mi LJ, Boorstein RJ (1997) The p53 status of Chinese ham-
ster V79 cells frequently used for studies on DNA damage and 
DNA repair. Nucleic Acids Res 25(5):992–994. https://​doi.​org/​10.​
1093/​nar/​25.5.​992

Chen T, Mei N, Fu PP (2010) Genotoxicity of pyrrolizidine alkaloids. J 
Appl Toxicol 30(3):183–196. https://​doi.​org/​10.​1002/​jat.​1504

Chen L, Shu Y, Liang X et al (2014) OCT1 is a high-capacity thiamine 
transporter that regulates hepatic steatosis and is a target of met-
formin. Proc Natl Acad Sci USA 111(27):9983–9988. https://​doi.​
org/​10.​1073/​pnas.​13149​39111

Chen S, Sutiman N, Zhang CZ et al (2016) Pharmacogenetics of irinote-
can, doxorubicin and docetaxel transporters in Asian and Caucasian 
cancer patients: a comparative review. Drug Metab Rev 48(4):502–
540. https://​doi.​org/​10.​1080/​03602​532.​2016.​12268​96

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

Ebmeyer J, Rasinger JD, Hengstler JG et al (2020) Hepatotoxic pyr-
rolizidine alkaloids induce DNA damage response in rat liver in a 
28-day feeding study. Arch Toxicol 94(5):1739–1751. https://​doi.​
org/​10.​1007/​s00204-​020-​02779-2

Edgar JA (2014) Food contaminants capable of causing cancer, pulmo-
nary hypertension and cirrhosis. Med J Aust 200(2):73–74. https://​
doi.​org/​10.​5694/​mja13.​10227

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

Enge AM, Kaltner F, Gottschalk C, Braeuning A, Hessel-Pras S (2021) 
Active transport of hepatotoxic pyrrolizidine alkaloids in HepaRG 
cells. Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms2​20838​21

Enge AM, Kaltner F, Gottschalk C et al (2022) Organic cation transporter 
I and Na(+)/taurocholate co-transporting polypeptide are involved 
in retrorsine- and senecionine-induced hepatotoxicity in HepaRG 
cells. Mol Nutr Food Res 66(2):e2100800. https://​doi.​org/​10.​1002/​
mnfr.​20210​0800

Fahrer J, Schweitzer B, Fiedler K, Langer T, Gierschik P, Barth H 
(2013) C2-streptavidin mediates the delivery of biotin-conjugated 
tumor suppressor protein p53 into tumor cells. Bioconjug Chem 
24(4):595–603. https://​doi.​org/​10.​1021/​bc300​563c

Fahrer J, Huelsenbeck J, Jaurich H et al (2014) Cytolethal distending 
toxin (CDT) is a radiomimetic agent and induces persistent levels 
of DNA double-strand breaks in human fibroblasts. DNA Repair 
(Amst) 18:31–43. https://​doi.​org/​10.​1016/j.​dnarep.​2014.​03.​002

Fahrer J, Frisch J, Nagel G et al (2015) DNA repair by MGMT, but not 
AAG, causes a threshold in alkylation-induced colorectal carcino-
genesis. Carcinogenesis 36(10):1235–1244. https://​doi.​org/​10.​1093/​
carcin/​bgv114

Fraczek J, Bolleyn J, Vanhaecke T, Rogiers V, Vinken M (2013) Primary 
hepatocyte cultures for pharmaco-toxicological studies: at the busy 
crossroad of various anti-dedifferentiation strategies. Arch Toxicol 
87(4):577–610. https://​doi.​org/​10.​1007/​s00204-​012-​0983-3

Fu PP (2017) Pyrrolizidine alkaloids: metabolic activation pathways leading 
to liver tumor initiation. Chem Res Toxicol 30(1):81–93. https://​doi.​
org/​10.​1021/​acs.​chemr​estox.​6b002​97

https://doi.org/10.1007/s00204-023-03591-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10565-021-09599-9
https://doi.org/10.1016/j.fct.2018.08.003
https://doi.org/10.1038/sj.bjp.0702065
https://doi.org/10.1038/sj.bjp.0702065
https://doi.org/10.1080/03602532.2019.1670204
https://doi.org/10.1038/s41419-022-05446-9
https://doi.org/10.1093/nar/25.5.992
https://doi.org/10.1093/nar/25.5.992
https://doi.org/10.1002/jat.1504
https://doi.org/10.1073/pnas.1314939111
https://doi.org/10.1073/pnas.1314939111
https://doi.org/10.1080/03602532.2016.1226896
https://doi.org/10.1016/j.fct.2019.05.019
https://doi.org/10.1016/j.fct.2019.05.019
https://doi.org/10.1007/s00204-020-02779-2
https://doi.org/10.1007/s00204-020-02779-2
https://doi.org/10.5694/mja13.10227
https://doi.org/10.5694/mja13.10227
https://doi.org/10.1021/tx500403t
https://doi.org/10.3390/ijms22083821
https://doi.org/10.1002/mnfr.202100800
https://doi.org/10.1002/mnfr.202100800
https://doi.org/10.1021/bc300563c
https://doi.org/10.1016/j.dnarep.2014.03.002
https://doi.org/10.1093/carcin/bgv114
https://doi.org/10.1093/carcin/bgv114
https://doi.org/10.1007/s00204-012-0983-3
https://doi.org/10.1021/acs.chemrestox.6b00297
https://doi.org/10.1021/acs.chemrestox.6b00297


3270	 Archives of Toxicology (2023) 97:3259–3271

1 3

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

Gao L, Rutz L, Schrenk D (2020) Structure-dependent hepato-cytotoxic 
potencies of selected pyrrolizidine alkaloids in primary rat hepatocyte 
culture. Food Chem Toxicol 135:110923. https://​doi.​org/​10.​1016/j.​
fct.​2019.​110923

Haas M, Wirachowski K, Thibol L, Kupper JH, Schrenk D, Fahrer J 
(2023) Potency ranking of pyrrolizidine alkaloids in metabolically 
competent human liver cancer cells and primary human hepatocytes 
using a genotoxicity test battery. Arch Toxicol 97(5):1413–1428. 
https://​doi.​org/​10.​1007/​s00204-​023-​03482-8

Hadi NSA, Bankoglu EE, Schott L et  al (2021) Genotoxicity of 
selected pyrrolizidine alkaloids in human hepatoma cell lines 
HepG2 and Huh6. Mutat Res Genet Toxicol Environ Mutagen 
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 expo-
sure to human liver cancer. Hepatology 74(1):264–280. https://​
doi.​org/​10.​1002/​hep.​31723

He Y, Zhu L, Ma J, Lin G (2021b) Metabolism-mediated cytotoxic-
ity and genotoxicity of pyrrolizidine alkaloids. Arch Toxicol 
95(6):1917–1942. https://​doi.​org/​10.​1007/​s00204-​021-​03060-w

Herzog N, Katzenberger N, Martin F, Schmidtke K-U, Küpper J-H 
(2015) Generation of cytochrome P450 3A4-overexpressing 
HepG2 cell clones for standardization of hepatocellular testos-
terone 6β-hydroxylation activity. J Cell Biotechnol 1(1):15–26. 
https://​doi.​org/​10.​3233/​JCB-​15002

Herzog N, Hansen M, Miethbauer S et  al (2016) Primary-like 
human hepatocytes genetically engineered to obtain prolifera-
tion competence display hepatic differentiation characteristics 
in monolayer and organotypical spheroid cultures. Cell Biol Int 
40(3):341–353. https://​doi.​org/​10.​1002/​cbin.​10574

Hucke A, Ciarimboli G (2016) The role of transporters in the toxicity 
of chemotherapeutic drugs: focus on transporters for organic 
cations. J Clin Pharmacol 56(Suppl 7):S157–S172. https://​doi.​
org/​10.​1002/​jcph.​706

Ingoglia F, Visigalli R, Rotoli BM et al (2015) Functional characteriza-
tion of the organic cation transporters (OCTs) in human airway 
pulmonary epithelial cells. Biochim Biophys Acta 1848(7):1563–
1572. https://​doi.​org/​10.​1016/j.​bbamem.​2015.​04.​001

Koepsell H (2013) The SLC22 family with transporters of organic 
cations, anions and zwitterions. Mol Asp Med 34(2–3):413–435. 
https://​doi.​org/​10.​1016/j.​mam.​2012.​10.​010

Koepsell H (2021) Update on drug–drug interaction at organic cat-
ion transporters: mechanisms, clinical impact, and proposal 
for advanced in vitro testing. Expert Opin Drug Metab Toxicol 
17(6):635–653. https://​doi.​org/​10.​1080/​17425​255.​2021.​19152​84

Lester C, Troutman J, Obringer C et  al (2019) Intrinsic relative 
potency of a series of pyrrolizidine alkaloids characterized by 
rate and extent of metabolism. Food Chem Toxicol 131:110523. 
https://​doi.​org/​10.​1016/j.​fct.​2019.​05.​031

Li W, Zhao L, Le J et al (2015) Evaluation of tetrahydropalmatine 
enantiomers on the activity of five cytochrome P450 isozymes 
in rats using a liquid chromatography/mass spectrometric 
method and a cocktail approach. Chirality 27(8):551–556. 
https://​doi.​org/​10.​1002/​chir.​22469

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

Marechal A, Zou L (2013) DNA damage sensing by the ATM and 
ATR kinases. Cold Spring Harb Perspect Biol. https://​doi.​org/​
10.​1101/​cshpe​rspect.​a0127​16

Merz KH, Schrenk D (2016) Interim relative potency factors for the 
toxicological risk assessment of pyrrolizidine alkaloids in food 

and herbal medicines. Toxicol Lett 263:44–57. https://​doi.​org/​
10.​1016/j.​toxlet.​2016.​05.​002

Mimmler M, Peter S, Kraus A et al (2016) DNA damage response 
curtails detrimental replication stress and chromosomal insta-
bility induced by the dietary carcinogen PhIP. Nucleic Acids 
Res 44(21):10259–10276. https://​doi.​org/​10.​1093/​nar/​gkw791

Moreira R, Pereira DM, Valentao P, Andrade PB (2018) Pyr-
rolizidine alkaloids: chemistry, pharmacology, toxicology and 
food safety. Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms1​90616​68

Müller M, Strand S, Hug H et al (1997) Drug-induced apoptosis in 
hepatoma cells is mediated by the CD95 (APO-1/Fas) receptor/
ligand system and involves activation of wild-type p53. J Clin 
Invest 99(3):403–413. https://​doi.​org/​10.​1172/​JCI11​9174

Nakata T, Matsui T, Kobayashi K, Kobayashi Y, Anzai N (2013) 
Organic cation transporter 2 (SLC22A2), a low-affinity and high-
capacity choline transporter, is preferentially enriched on synaptic 
vesicles in cholinergic neurons. Neuroscience 252:212–221. https://​
doi.​org/​10.​1016/j.​neuro​scien​ce.​2013.​08.​011

Nielsen TL, Rasmussen BB, Flinois JP, Beaune P, Brosen K (1999) In vitro 
metabolism of quinidine: the (3S)-3-hydroxylation of quinidine is a 
specific marker reaction for cytochrome P-4503A4 activity in human 
liver microsomes. J Pharmacol Exp Ther 289(1):31–37

Nigam SK (2015) What do drug transporters really do? Nat Rev Drug 
Discov 14(1):29–44. https://​doi.​org/​10.​1038/​nrd44​61

Nikolova T, Dvorak M, Jung F et al (2014) The gammaH2AX assay for 
genotoxic and nongenotoxic agents: comparison of H2AX phospho-
rylation with cell death response. Toxicol Sci 140(1):103–117. https://​
doi.​org/​10.​1093/​toxsci/​kfu066

Prakash AS, Pereira TN, Reilly PE, Seawright AA (1999) Pyrrolizidine 
alkaloids in human diet. Mutat Res 443(1–2):53–67. https://​doi.​org/​
10.​1016/​s1383-​5742(99)​00010-1

Rodrigues AC, Curi R, Genvigir FD, Hirata MH, Hirata RD (2009) The 
expression of efflux and uptake transporters are regulated by statins in 
Caco-2 and HepG2 cells. Acta Pharmacol Sin 30(7):956–964. https://​
doi.​org/​10.​1038/​aps.​2009.​85

Rundle S, Bradbury A, Drew Y, Curtin NJ (2017) Targeting the ATR-
CHK1 axis in cancer therapy. Cancers (basel). https://​doi.​org/​10.​
3390/​cance​rs905​0041

Ruoss M, Vosough M, Konigsrainer A et al (2020) Towards improved 
hepatocyte cultures: progress and limitations. Food Chem Toxicol 
138:111188. https://​doi.​org/​10.​1016/j.​fct.​2020.​111188

Rutz L, Gao L, Kupper JH, Schrenk D (2020) Structure-dependent geno-
toxic potencies of selected pyrrolizidine alkaloids in metabolically 
competent HepG2 cells. Arch Toxicol 94(12):4159–4172. https://​doi.​
org/​10.​1007/​s00204-​020-​02895-z

Schrenk D, Gao L, Lin G et al (2020) Pyrrolizidine alkaloids in food and 
phytomedicine: occurrence, exposure, toxicity, mechanisms, and risk 
assessment—a review. Food Chem Toxicol 136:111107. https://​doi.​
org/​10.​1016/j.​fct.​2019.​111107

Shiloh Y, Ziv Y (2013) The ATM protein kinase: regulating the cellu-
lar response to genotoxic stress, and more. Nat Rev Mol Cell Biol 
14(4):197–210. https://​doi.​org/​10.​1038/​nrm35​46

Teschke R, Vongdala N, Quan NV, Quy TN, Xuan TD (2021) Metabolic 
toxification of 1,2-unsaturated pyrrolizidine alkaloids causes human 
hepatic sinusoidal obstruction syndrome: the update. Int J Mol Sci. 
https://​doi.​org/​10.​3390/​ijms2​21910​419

Tu M, Sun S, Wang K et al (2013) Organic cation transporter 1 mediates 
the uptake of monocrotaline and plays an important role in its hepa-
totoxicity. Toxicology 311(3):225–230. https://​doi.​org/​10.​1016/j.​tox.​
2013.​06.​009

Tu M, Li L, Lei H et al (2014) Involvement of organic cation transporter 1 
and CYP3A4 in retrorsine-induced toxicity. Toxicology 322:34–42. 
https://​doi.​org/​10.​1016/j.​tox.​2014.​04.​007

White DL, Saunders VA, Dang P et al (2006) OCT-1-mediated influx is a 
key determinant of the intracellular uptake of imatinib but not nilo-
tinib (AMN107): reduced OCT-1 activity is the cause of low in vitro 

https://doi.org/10.1081/dmr-120028426
https://doi.org/10.1016/j.fct.2019.110923
https://doi.org/10.1016/j.fct.2019.110923
https://doi.org/10.1007/s00204-023-03482-8
https://doi.org/10.1016/j.mrgentox.2020.503305
https://doi.org/10.1002/hep.31723
https://doi.org/10.1002/hep.31723
https://doi.org/10.1007/s00204-021-03060-w
https://doi.org/10.3233/JCB-15002
https://doi.org/10.1002/cbin.10574
https://doi.org/10.1002/jcph.706
https://doi.org/10.1002/jcph.706
https://doi.org/10.1016/j.bbamem.2015.04.001
https://doi.org/10.1016/j.mam.2012.10.010
https://doi.org/10.1080/17425255.2021.1915284
https://doi.org/10.1016/j.fct.2019.05.031
https://doi.org/10.1002/chir.22469
https://doi.org/10.1016/j.fct.2019.05.040
https://doi.org/10.1101/cshperspect.a012716
https://doi.org/10.1101/cshperspect.a012716
https://doi.org/10.1016/j.toxlet.2016.05.002
https://doi.org/10.1016/j.toxlet.2016.05.002
https://doi.org/10.1093/nar/gkw791
https://doi.org/10.3390/ijms19061668
https://doi.org/10.1172/JCI119174
https://doi.org/10.1016/j.neuroscience.2013.08.011
https://doi.org/10.1016/j.neuroscience.2013.08.011
https://doi.org/10.1038/nrd4461
https://doi.org/10.1093/toxsci/kfu066
https://doi.org/10.1093/toxsci/kfu066
https://doi.org/10.1016/s1383-5742(99)00010-1
https://doi.org/10.1016/s1383-5742(99)00010-1
https://doi.org/10.1038/aps.2009.85
https://doi.org/10.1038/aps.2009.85
https://doi.org/10.3390/cancers9050041
https://doi.org/10.3390/cancers9050041
https://doi.org/10.1016/j.fct.2020.111188
https://doi.org/10.1007/s00204-020-02895-z
https://doi.org/10.1007/s00204-020-02895-z
https://doi.org/10.1016/j.fct.2019.111107
https://doi.org/10.1016/j.fct.2019.111107
https://doi.org/10.1038/nrm3546
https://doi.org/10.3390/ijms221910419
https://doi.org/10.1016/j.tox.2013.06.009
https://doi.org/10.1016/j.tox.2013.06.009
https://doi.org/10.1016/j.tox.2014.04.007


3271Archives of Toxicology (2023) 97:3259–3271	

1 3

sensitivity to imatinib. Blood 108(2):697–704. https://​doi.​org/​10.​1182/​
blood-​2005-​11-​4687

Zhao M, Li LP, Sun DL et al (2012) Stereoselective metabolism of tet-
rahydropalmatine enantiomers in rat liver microsomes. Chirality 
24(5):368–373. https://​doi.​org/​10.​1002/​chir.​22020

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

https://doi.org/10.1182/blood-2005-11-4687
https://doi.org/10.1182/blood-2005-11-4687
https://doi.org/10.1002/chir.22020

	OCT1-dependent uptake of structurally diverse pyrrolizidine alkaloids in human liver cells is crucial for their genotoxic and cytotoxic effects
	Abstract
	Introduction
	Results
	PA triggered cytotoxicity is rescued by pharmacological OCT1 inhibitors in human liver cells
	OCT1 and CYP3A4 as key determinants for PA-induced cytotoxicity
	OCT1 inhibition prevents PA-mediated cytotoxicity in primary human hepatocytes
	Pharmacological inhibition of OCT1-dependent transport abolishes the genotoxic effects and DNA damage response triggered by PAs in HepG2-CYP3A4 cells

	Discussion
	Material and methods
	Cell culture and treatment
	Compounds and cell treatment with OCT1 inhibitors
	Assessment of cell viability
	SDS-PAGE and western blot analysis
	Immunofluorescence and confocal microscopy
	Statistical analysis

	Anchor 17
	Acknowledgements 
	References




