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Abstract
The aim of the present study was to predict the effect of inter-individual and inter-ethnic human kinetic variation on the 
sensitivity towards acute liver toxicity of lasiocarpine in the Chinese and the Caucasian population, and to derive chemical 
specific adjustment factors (CSAFs) by integrating variation in the in vitro kinetic constants Vmax and Km, physiologically 
based kinetic (PBK) modelling and Monte Carlo simulation. CSAFs were derived covering the 90th and 99th percentile 
of the population distribution of pyrrole glutathione adduct (7-GS-DHP) formation, reflecting bioactivation. The results 
revealed that in the Chinese population, as compared to the Caucasian population, the predicted 7-GS-DHP formation at 
the geometric mean, the 90th and the 99th percentile were 2.1-, 3.3- and 4.3-fold lower respectively. The CSAFs obtained 
using the 99th percentile values were 8.3, 17.0 and 19.5 in the Chinese, the Caucasian population and the two populations 
combined, respectively, while the CSAFs were generally 3.0-fold lower at the 90th percentile. These results indicate that 
when considering the formation of 7-GS-DHP the Caucasian population may be more sensitive towards acute liver toxicity 
of lasiocarpine, and further point out that the default safety factor of 3.16 for inter-individual human kinetic differences may 
not be sufficiently protective. Altogether, the results obtained demonstrate that integrating PBK modelling with Monte Carlo 
simulations using human in vitro data is a powerful strategy to quantify inter-individual variations in kinetics, and can be 
used to refine the human risk assessment of pyrrolizidine alkaloids.

Keywords  Physiologically based kinetic (PBK) model · Monte Carlo simulations · Chemical specific adjustment factors · 
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Abbreviations
BMD5/10	� The benchmark dose resulting in 5%/10% 

extra effect
BMDL5/10	� The lower confidence limit of the bench-

mark dose resulting in 5%/10% extra effect
BMDU5/10	� The upper confidence limit of the bench-

mark dose resulting in 5%/10% extra effect
Cmax	� Maximum concentration in liver blood

CSAF	� Chemical specific adjustment factor
EFSA	� European Food Safety Authority
IARC​	� The International Agency for Research on 

Cancer
IPCS	� The International Programme on Chemical 

Safety
NOAEL	� No observed adverse effect level
PAs	� Pyrrolizidine alkaloids
PBK model	� Physiologically based kinetic model
PoD(s)	� Point(s) of departure
UPLC	� Ultra performance liquid chromatography

Introduction

Lasiocarpine is one of the 1,2-unsaturated pyrrolizidine 
alkaloids (PAs) which are secondary metabolites of certain 
flowering plants. Lasiocarpine is widely distributed in the 
Heliotropium and Symphytum genus (Smith and Culvenor 
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1981). Human exposure to lasiocarpine may result from 
consumption of contaminated staple foods, plant food sup-
plements, herbal teas and herbal medicines (EFSA 2017, 
2011). Exposure to lasiocarpine is known to cause acute 
liver toxicity in humans. The latest documented outbreak 
has been reported in Afghanistan in 2008, where 38 peo-
ple suffered from massive ascites and four people died due 
to consumption of wheat flour contaminated with seeds of 
Heliotropium, containing lasiocarpine (EFSA 2011; Kakar 
et al. 2010). Next to acute liver toxicity, lasiocarpine is also 
classified as a Group 2B carcinogen due to its carcinogenic-
ity induced by a genotoxic mode of action (IARC 2017; NTP 
1978).

It is generally accepted that lasiocarpine exerts its hepa-
totoxicity and carcinogenicity upon metabolic activation (Fu 
et al. 2004; IPCS 1989; Prakash et al. 1999; Stegelmeier 
et al. 1999). Three major metabolic pathways of lasiocarpine 
can be distinguished, namely detoxification via (1) hydroly-
sis of lasiocarpine into a necine base or (2) N-oxidation to 
lasiocarpine N-oxide, and bioactivation by (3) hydroxylation 
at the C-3 or C-8 position of the necine base, followed by 
dehydration into dehydrolasiocarpine (Fig. 1). Dehydrolasi-
ocarpine is highly reactive and is able to attack nucleophilic 
molecules such as DNA and proteins resulting in hepatotox-
icity and carcinogenicity (Fu et al. 2004). A recent in vitro 
study using human liver microsomes provided convincing 

evidence that the metabolism of lasiocarpine is mainly 
catalyzed by the CYP 3A enzyme family, particularly CYP 
3A4 (Fashe et al. 2015). Other studies also reported that PA 
metabolism is mainly catalyzed by the CYP 3A4 enzyme in 
human (Fu et al. 2004; Li et al. 2011; Miranda et al. 1991).

It is well known that the abundance and activity of CYP 
3A4 in the liver varies significantly in individuals and in dif-
ferent ethnic groups (Fu et al. 2004). Some studies reported 
that the variation in CYP 3A4 expression including mRNA 
and protein levels in the liver can be up to 100-fold and 
even 400-fold when taking illness, inhibition and induc-
tion-related interactions of drugs into account (Westlind-
Johnsson et al. 2003; Wilkinson 2005). This large variation 
in CYP 3A activity may result in marked variations in the 
metabolic profile of PAs and thus different susceptibilities 
towards pyrrolizidine alkaloid intoxication (Fu et al. 2004). 
Therefore, human inter-individual and inter-ethnic (Chi-
nese and Caucasian) variation upon PA metabolism may be 
higher than the default uncertainty factor of 3.16 for inter-
individual human kinetic differences (IPCS 2005; Bhat et al. 
2017) that is used to derive health-based guidance values for 
the risk assessment of compounds with non-genotoxic criti-
cal effects, indicating the need for a chemical specific adjust-
ment factor (CSAF) (Bhat et al. 2017). For risk assessment 
of compounds that are both genotoxic and carcinogenic, the 
default uncertainty factor of 3.16 for inter-individual human 

Fig. 1   Principal metabolism pathways of lasiocarpine in humans. FMO flavin-containing monooxygenase, CYP 450 cytochromes P450
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kinetic differences is part of the cut-off value of 10,000 for 
evaluating the margin of exposure (MOE) (EFSA 2005, 
2012, 2015).

Previously, we predicted the inter-ethnic differences in 
acute liver toxicity between the average Chinese and Cau-
casian subject to amount to 2-fold for lasiocarpine with the 
average Caucasian being more sensitive than the average 
Chinese. This was done by applying physiologically based 
kinetic (PBK) modelling-based reverse dosimetry translating 
in vitro hepatic cytotoxicity data obtained in primary hepato-
cytes in vitro to in vivo acute liver toxicity of lasiocarpine 
and riddelliine for the average Chinese population and the 
average Caucasian population. Mixed gender pooled Chinese 
and Caucasian liver fractions were used to predict the kinetic 
constants for metabolism of these compounds in the liver 
which were subsequently included in the PBK models for 
the average Chinese and Caucasians (Ning et al. 2019). The 
PBK model of lasiocarpine for human was evaluated mainly 
based on the evaluation of the same model of riddelliine for 
human in our previous study where the predicted BMD5 val-
ues of liver toxicity for riddelliine in Chinese and Caucasian 
subjects amounting to 2.5 mg/kg bw/day and 0.5 mg/kg bw/
day, respectively (Ning et al. 2019) were comparable to the 
reported in vivo liver toxicity data for human amounting 
to 0.7–3 mg/kg bw/day (Culvenor 1983). In addition, the 
PBK models developed for lasiocarpine for the Chinese and 
Caucasian population were developed based on PBK models 
previously defined and validated in rats, shown to adequately 
predict the liver toxicity of lasiocarpine in rats based on 
toxicity data in rat hepatocytes (Chen et al. 2018). However, 
our previous study did not characterize the inter-individual 
variations within the Chinese and the Caucasian population. 
Given the large variation among individuals in terms of CYP 
3A4 variability, the aim of the present study was to study the 
effect of inter-individual and inter-ethnic (Chinese and Cau-
casian) kinetic variation on sensitivity towards bioactivation 
and acute liver toxicity of lasiocarpine using liver fractions 
from 25 male Chinese individuals and 25 male Caucasian 
individuals, and to derive CSAFs by applying PBK model-
ling together with Monte Carlo simulation.

Materials and methods

Compounds and biological materials

Lasiocarpine (purity > 97%) was purchased from Phytolab 
(Vestenbergsgreuth, Germany). Dehydromonocrotaline 
(purity ≥ 90%) was purchased from Santa Cruz Biotech-
nology (Heidelberg, Germany). Potassium dihydrogen 
phosphate, trifluoroacetic acid (TFA) and formic acid were 
purchased from VWR International (Darmstadt, Germany). 
Phosphate buffered saline (PBS) was purchased from Gibco 

(Paisley, Scotland, UK). Phosphoric acid was obtained from 
Merck (Darmstadt, Germany). Reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) was obtained from 
Roche Diagnostics (Mannheim, Germany). Acetonitrile 
(UPLC/MS grade) was obtained from Biosolve BV (Valk-
enswaard, The Netherlands). Glutathione (GSH), N,N-
dimethylformamide (DMF) and dimethylsulfoxide (DMSO) 
were purchased from Sigma-Aldrich (Steinheim, Germany). 
Twenty-five individual male human liver microsomes of 
Caucasian origin were purchased from XenoTech (Lenexa, 
USA). Twenty-five individual male human liver microsomes 
of Chinese origin were purchased from PrimeTox (Wuhan, 
China). The characteristics of the human liver microsome 
donors are presented in Table S1 in the supplementary mate-
rials 1.

General outline for PBK modelling with Monte Carlo 
simulation

The outline of the present study consisted of the following 
steps: (1) the metabolism of lasiocarpine in the liver was 
studied using subcellular liver fractions of 25 male Chi-
nese individuals and 25 male Caucasian individuals. From 
this the coefficient of variation (CV) values of lasiocarpine 
depletion and 7-GS-DHP formation were derived, (2) the 
inter-individual variation in the Chinese and Caucasian pop-
ulation in the kinetic constants Vmax and Km of lasiocarpine 
depletion and 7-GS-DHP formation were included in the 
PBK model in connection with Monte Carlo simulations to 
predict inter-ethnic and inter-individual variation of 7-GS-
DHP formation by the liver, (3) CSAFs were derived from 
the results of the Monte Carlo simulations for the Caucasian 
population, the Chinese population and the two populations 
combined covering the 90th and 99th percentile of the popu-
lation distribution of 7-GS-DHP formation in the liver com-
partment (IPCS 2005), (4) finally, the PBK modelling-based 
reverse dosimetry approach was used to convert in vitro 
liver toxicity data obtained in human hepatocytes to in vivo 
dose–response curves for acute liver toxicity for the average 
and the sensitive (90th and 99th percentile) individuals in 
the Chinese and Caucasian populations and the two popula-
tions combined.

In vitro microsomal incubations of lasiocarpine 
depletion and 7‑GS‑DHP formation

The in vitro incubations for lasiocarpine depletion and for-
mation of 7-GS-DHP by 25 individual male Chinese and 
25 individual male Caucasian liver microsomes were per-
formed according to the method described by Ning et al. 
(2019). Briefly, individual male liver microsomes were incu-
bated with lasiocarpine in the presence of NADPH either in 
the absence or presence of GSH. The incubation mixtures 
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consisted of 0.1 M potassium phosphate (pH 7.4 adjusted by 
phosphoric acid) containing (final concentrations) 0.04 mg/
ml microsomal protein and 2 mM NADPH. Under these 
incubation conditions conversion of lasiocarpine was linear 
in time and with the amount of microsomal protein (data not 
shown). In the final incubations, the substrate concentrations 
ranged from 3 to 200 μM lasiocarpine (added from 100 times 
concentrated stock solutions in DMSO). The reactions were 
started after a 5 min pre-incubation at 37 °C in a shaking 
water bath by adding NADPH. Incubations were performed 
for 30 min in a shaking water bath at 37 °C. The reactions 
were terminated by adding 20% (v/v) ice-cold acetonitrile 
and the samples were subsequently put on ice. Blank incuba-
tions were performed in the absence of the cofactor NADPH 
for each substrate concentration. Each incubation was per-
formed in duplicate. All samples were centrifuged for 5 min 
at 16,000g and the supernatants were directly analyzed by 
UPLC-PAD (Ultra Performance Liquid Chromatography-
Photodiode Array Detector).

The incubation conditions for 7-GS-DHP formation were 
similar to the conditions to measure lasiocarpine deple-
tion outlined above, with the exception that 4 mM GSH 
(final concentration) was added to the incubation mixtures 
before the 5 min pre-incubation. The level of GSH in the 
incubations was chosen to obtain the maximal scavenging 
of dehydrolasiocarpine (DHPA) and/or of dehydropyr-
rolizidine (DHP) forming 7-GS-DHP as the major detect-
able glutathione conjugate. Each incubation was performed 
in duplicate. All samples were centrifuged for 5 min at 
16,000g and the supernatants were directly analyzed by 
LC–MS/MS.

UPLC analysis of lasiocarpine depletion and LC–MS/
MS analysis of 7‑GS‑DHP formation

From each incubation, 3.5 µl of supernatant from incuba-
tions for determination of depletion of lasiocarpine were 
injected into the UPLC (Acquity, Waters) using a BEH C18 
(1.7 μm 2.1 × 50 mm) column with a guard column (Acquity, 
Waters) and a PAD (Acquity, Waters). The flow rate was 
0.6 ml/min and the mobile phase consisted of ultrapure water 
with 0.1% (v/v) TFA and acetonitrile. For the analysis of 
lasiocarpine, a gradient was applied from 0 to 50% acetoni-
trile in ultrapure water in 2 min, after which the percentage 
of acetonitrile was increased to 100% in 3 min and kept at 
this level for 2 min, after which the starting conditions were 
reset. Under these conditions, lasiocarpine had a retention 
time of 1.9 min. Identification of lasiocarpine was achieved 
by comparison of the UV spectrum and retention time of 
this compound to those of the reference compound. Quan-
tification of lasiocarpine was based on its peak area meas-
ured at a wavelength of 220 nm, using a linear calibration 
curve (R2 = 0.999) of the corresponding standard compound 

[1.25–200 μM lasiocarpine added from 100 times concen-
trated stock solutions in DMSO and further dissolved in 
0.1 M potassium phosphate buffer (pH 7.4)].

The glutathione conjugate of lasiocarpine, 7-GS-DHP 
was identified and quantified by LC–MS/MS as described 
previously (Ning et al. 2019). Briefly, LC–MS/MS analysis 
was performed on a Shimadzu Nexera XR LC-20AD SR 
UHPLC system coupled with a Shimadzu LCMS-8040 mass 
spectrometer. Aliquots of the incubation mixture of 1 μl 
were loaded on a reverse phase C18 column (Phenomenex 
1.7 μm 2.1 × 50 mm). The flow rate was 0.3 ml/min and the 
mobile phase was made with ultrapure water with 0.1% (v/v) 
formic acid and acetonitrile containing 0.1% (v/v) formic 
acid. A linear gradient was applied from 0 to 5% acetonitrile 
over 8 min and further increased to 100% in 6 min. This 
percentage was kept for 0.5 min, and then reduced to the 
starting conditions in 0.1 min. Under these conditions, 7-GS-
DHP eluted at 8.97 min. For MS–MS analysis, a Shimadzu 
LCMS-8040 triple quadrupole with electrospray ionization 
(ESI) interface was used. The instrument was operated in 
positive ionization mode in the multiple reaction moni-
toring (MRM) mode with a spray voltage of 4.5 kV. The 
7-GSH-DHP was monitored at the [M+H]+ of precursor to 
products of 443.2 → 425.15 (CE = − 7 eV), 443.2 → 118.1 
(CE = − 24 eV) and 443.2 → 247.2 (CE = − 15 eV) m/z. 
The peak area of the total ion chromatogram (TIC) for the 
7-GS-DHP formation was used for quantification (Ning et al. 
2019).

Quantification of 7-GS-DHP was achieved by comparing 
the peak area of the 7-GS-DHP formed in the incubation 
samples to the calibration curve of 7-GS-DHP (r2 = 0.991) 
ranging from 0.078 to 10 μM at LC-MS/MS. 7-GS-DHP 
was synthesized based on the method described by Ma et al. 
(2015). Briefly, GSH (6.5 mg, 21 mM) in 70 μl PBS was 
added to dehydromonocrotaline (10 mg, 31 mM) in 1 ml 
DMF with molar ratio of dehydromonocrotaline:GSH of 
1:0.67. The reaction mixture was stirred at ambient tem-
perature for 2 h and quenched with 10 ml PBS. The reac-
tion product was purified by preparative HPLC (Waters, 
Milford, MA) equipped with an Alltima C18 5 µm column 
(150 × 4.6 mm) and a guard column (7.5 × 4.6 mm) (Alltech, 
Bergen op Zoom, The Netherlands). Detection was per-
formed between 200 and 350 nm using a Waters 2996 PAD 
(Waters, Milford, MA). The flow rate was 1 ml/min. The 
mobile phase used for purification consisted of (A) 0.01% 
formic acid in ultrapure water and (B) acetonitrile. A gradi-
ent was applied from 5% B with a linear increase to 15% in 
40 min, after which the gradient returned to the initial condi-
tion in 5 min and remained 5 min at this condition before the 
next injection. Figure S2 in the supplementary materials 2 
shows the HPLC-PAD chromatogram of reaction products 
before purification. The peaks of 7-GS-DHP were collected 
and subsequently freeze dried. The purity of 7-GS-DHP was 
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checked by HPLC-PAD and was determined to be 82% by 
comparing the peak area of 7-GS-DHP and the peak area of 
the impurities after purification. The standard was dissolved 
in water and aliquots were stored in − 80 °C.

Determination of kinetic constants of lasiocarpine 
depletion and 7‑GS‑DHP formation

The depletion of lasiocarpine was quantified as the amount 
detected in the blank incubations performed in the absence 
of the cofactor NADPH minus the amount detected in the 
full corresponding incubations with NADPH. The amount 
of 7-GS-DHP formed in the full incubations in the pres-
ence of NADPH and GSH was corrected for the amounts 
detected in the blank incubations without NADPH for each 
substrate concentration. The data for the rate of conversion 
of lasiocarpine and 7-GS-DHP formation with increas-
ing substrate concentration [S] were fitted to the standard 
Michaelis–Menten equation:

The apparent maximum velocity (Vmax) and the apparent 
Michaelis–Menten constant (Km) were determined by fitting 
the data to the Michaelis–Menten model using GraphPad 
(GraphPad Prism software version 5.04, San Diego Califor-
nia USA). The catalytic efficiency in vitro expressed in µl/
min/mg liver microsomes was calculated as the Vmax in vitro 
divided by the Km. In vitro derived Vmax values expressed 
in nmol/min/mg microsomal protein were scaled to in vivo 
Vmax values expressed in μmol/h/g liver using a microsomal 
protein yield of 35 mg/g human liver (Medinsky et al. 1994). 
The Km values in vitro were assumed to be equal to in vivo 
Km values.

PBK modelling

The PBK model previously developed for lasiocarpine in 
Chinese and Caucasians was used in the present study to 
evaluate the human inter-ethnic and inter-individual vari-
ation in lasiocarpine induced bioactivation that may result 
from differences in the kinetics of lasiocarpine metabolism 
in the liver. In our previous study (Ning et al. 2019), the 
fraction of blood flow to the small intestine for the Cau-
casian population was 18.1%, obtained from Brown et al. 
(1997) which is the flow of the portal vein including the sum 
of the blood flow to stomach, esophagus, small intestine, 
large intestine, spleen, and pancreas. In the present study, 
the value of the fraction of blood flow to the small intestine 
for the Caucasian population was further refined to 10% as 
reported from ICRP (2003). It is important to note that this 
refinement will only have a minor influence on the predicted 
Cmax of lasiocarpine in liver blood. In the present study, 
we further included the kinetic parameters of 7-GS-DHP 

v = Vmax∕(1 + Km∕[S]).

formation in the PBK model code to determine the relative 
inter-ethnic and inter-individual differences in bioactivation 
of lasiocarpine. As an example the equation for the liver is 
described as follows:

 where AMLB(in) is the total amount of lasiocarpine entering 
the liver from the blood (without amount via blood from the 
small intestine) (µmol/h), AMLSi(in) is the amount of lasio-
carpine entering the liver via blood from the small intestine 
(µmol/h), AMLB(out) reflects the amount of lasiocarpine 
leaving the liver to the systemic blood circulation (µmol/h), 
AMLM1′ is the total amount of lasiocarpine metabolized in 
the liver (µmol/h), AMLM2′ is the amount of 7-GS-DHP 
formed in the liver (µmol/h). The model code and physi-
ological parameters can be found in the supplementary mate-
rials 3. With this equation, the change of lasiocarpine in the 
liver tissue by metabolism is solely based on the lasiocarpine 
depletion as measured in vitro, while next to that, 7-GS-DHP 
formation in the liver is modelled as an additional parameter. 
It is important to note that the amount of 7-GS-DHP forma-
tion formally is already included in the AMLM1′, which is 
the parameter describing clearance of lasiocarpine and this 
is why AMLM2′, the formation of 7-GS-DHP is both added 
and subtracted. Adding it in this way allows quantification 
of the 7-GS-DHP formation without disturbing the mass 
balance.

Sensitivity analysis

A sensitivity analysis was performed to identify model 
parameters that influence the predicted 7-GS-DHP formation 
by the liver expressed in µg/kg bw, 24 h after a single oral 
dose of 8 ng/kg bw/day and 3 mg/kg bw/day representing 
respectively an average daily intake of PAs via consumption 
of herbal tea (BfR 2013) and a dose level known to cause 
liver toxicity in humans (Culvenor 1983). Normalized sen-
sitivity coefficients (SC) were calculated using the following 
equation:

where C is the initial value of the model output (amount of 
7-GS-DHP formation by the liver); C′ is the modified model 
output resulting from a 5% increase of the parameter value; 
P is the initial parameter value; P′ is the modified parameter 
value (Evans and Andersen 2000).

Individual PBK models and Monte Carlo simulation

The kinetic constants shown to be of influence in the sen-
sitivity analysis were determined from the incubation 

Amount of lasiocarpine in liver tissue = AMLB(in) + AMLSi(in)

−AMLB(out)−
(

AMLM1� −AMLM2�
)

−AMLM2�,

SC = (C� − C)∕(P� − P) × (P∕C),
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experiments with 25 individual Chinese male and 25 indi-
vidual Caucasian male liver microsomes and were integrated 
into the PBK model resulting in 50 separate PBK models. 
Parameters that were not influential on the model outcome 
(SC < |0.5|) were kept as they were originally defined for 
the average Caucasian or average Chinese population. With 
the PBK models, the formation of 7-GS-DHP by the liver 
at an oral dose level of 8 ng/kg bw was predicted for each 
individual. Based on the incubations with 25 individual Chi-
nese and 25 individual Caucasians, the mean and the CV of 
the Vmax and Km for lasiocarpine depletion and 7-GS-DHP 
formation were obtained.

Then, a Monte Carlo simulation was performed in con-
nection with the PBK model to simulate the variation in the 
7-GS-DHP formation by the liver that could occur in the 
Chinese, the Caucasian and the two populations combined 
at an oral dose of 8 ng/kg bw. For the Monte Carlo analy-
sis, a total of 15 000 simulations were performed, where in 
each simulation, the Vmax and Km of lasiocarpine depletion 
and of 7-GS-DHP formation were randomly taken from a 
log-normal distribution. The distributions were truncated 
at ± 3SD by excluding individuals with kinetic constants 
that were three times higher or lower than the geometric 
mean (GM) values from the Monte Carlo simulation (Punt 
et al. 2016; Strikwold et al. 2017). The kinetic constants for 
the lasiocarpine depletion and 7-GS-DHP formation in the 
liver were assumed to vary independently, but the maximum 
allowed ratio of the Vmax of 7-GS-DHP formation and the 
Vmax of lasiocarpine depletion was set to 1.0 to assure 7-GS-
DHP formation cannot exceed the total lasiocarpine deple-
tion. The mean, µw and standard deviation σw describing the 
log-normal distribution of Vmax and Km values were derived 
using the following equation (Zhang et al. 2007):

where µx is the mean of Vmax or Km and CVx is the coefficient 
of variation for each of the values. The mean and CV of the 
Vmax and Km for lasiocarpine depletion and 7-GS-DHP for-
mation were obtained in the present study based on the incu-
bations with 25 individual Chinese male and 25 individual 
Caucasian male liver microsomes. The variation of 7-GS-
DHP formation obtained from the Monte Carlo simulations 
for the Chinese, the Caucasian and the two populations 
combined were compared to each other and to the predicted 
7-GS-DHP formation from the individual PBK models for 
the 25 Chinese individuals, 25 Caucasian individuals and 50 
individuals, respectively at the same oral dose level.

In the Monte Carlo simulations, the kinetic constants Vmax 
and Km of lasiocarpine depletion and of 7-GS-DHP forma-
tion were randomly and independently taken from their 
respective log-normal distributions. However, a relatively 

�w = ln(�
x
∕

√

1 + CV2
x
) and �

2
w
= ln(1 + CV2

x
),

high and statistically significant correlation (Pearson r of 
0.83) between Vmax of lasiocarpine depletion and of 7-GS-
DHP formation derived from the 50 human individuals was 
observed. There was also a strong correlation with Pearson 
r of 0.88 between the catalytic efficiency of lasiocarpine 
depletion and of 7-GS-DHP formation (see supplementary 
materials 4). This correlation indicates that when clearance 
is effective, 7-GS-DHP formation is effective as well, indi-
cating that treating them as independent parameters in the 
Monte Carlo simulation could possibly result in unrealistic 
estimates of the inter-individual differences. With Berkeley 
Madonna version (8.0.1), covariation between parameters 
cannot be analyzed. Instead, to include the effect of covari-
ation in our model predictions with our Monte Carlo simula-
tions using Berkeley Madonna, we allowed the ratio of the 
Vmax of 7-GS-DHP formation and the Vmax of lasiocarpine 
depletion in each simulation to only vary between the lowest 
and the highest observed values for these Vmax ratios in the 
in vitro incubations from the 25 Chinese and 25 Caucasian 
individuals, which were 0.017 (derived from Chinese male 
individual number 20) and 0.96 (derived from Caucasian 
male individual 098H0150), respectively.

The model predictions with the Monte Carlo simulation 
were performed in the Berkeley Madonna software with ver-
sion of 8.0.1 (Macey and Oster, UC Berkeley, CA, USA) 
applying Rosenbrock’s algorithms for solving stiff systems. 
The output of the Monte Carlo simulations was statistically 
analyzed with GraphPad (GraphPad Prism software version 
5.04, San Diego California USA) to obtain the different per-
centiles, i.e. GM, 90th and 99th percentile of the amount of 
7-GS-DHP formed by the liver of the Chinese, the Caucasian 
and the two populations combined. In both the scenario of 
Monte Carlo simulation in which the Vmax of 7-GS-DHP 
formation and the Vmax of lasiocarpine depletion was set to 
1.0, and the scenario to evaluate the effect of covariation, the 
CSAFs were obtained by dividing the 90th or 99th percentile 
of 7-GS-DHP formation by the GM (IPCS 2005).

BMD analysis of predicted in vivo dose–response 
data obtained from the PBK‑based reverse 
dosimetry approach

In our previous study (Ning et al. 2019), the in vitro concen-
tration–response curves for cytotoxicity obtained in pooled 
(5 donors) human hepatocytes were translated to in vivo 
dose–response curves for acute hepatotoxicity of lasio-
carpine by PBK modelling-based reverse dosimetry. This 
quantitative in vitro to in vivo extrapolation (QIVIVE) was 
performed based on the Cmax (the maximum concentration 
in liver blood). For the QIVIVE, each free concentration of 
lasiocarpine in the cell culture medium of the cytotoxicity 
experiments, was set equal to the free Cmax of lasiocarpine 
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in the liver blood in the PBK model to calculate the oral 
dose that results in this concentration (Ning et al. 2019). In 
the present study, a similar approach was applied to define 
the dose–response curve for the average population, while 
the dose–response curves of the sensitive individuals (90th 
and 99th percentile) in the Chinese, the Caucasian and the 
two populations combined, were derived by applying the 
obtained CSAF to the dose–response curve of the aver-
age populations. The dose-response curve for the average 
population and the BMDL5-BMDU5 (the lower/upper con-
fidence limit of the benchmark dose resulting in 5% extra 
effect above background values) values for the acute liver 
toxicity of lasiocarpine for the sensitive individuals in the 
Chinese, Caucasian and the two populations combined 
were derived with the Hill model for continuous data by the 
PROAST software version 38.9 developed by RIVM (the 
Dutch National Institute for Public Health and the Environ-
ment) (Slob 2002).

Results

Depletion of lasiocarpine by individual human liver 
microsomes

Table 1 shows the kinetic constants Vmax and Km, and the 
catalytic efficiency for depletion of lasiocarpine by 25 
Chinese male and 25 Caucasian male individuals, derived 
from experiments with liver microsomal incubations with 
the cofactor NADPH at increasing concentrations of lasio-
carpine. For the 25 Chinese male individuals, the differ-
ence between the highest and the lowest catalytic efficiency 
amounted to 3.5-fold with a CV of 35%. For the 25 Cauca-
sian male individuals, the difference between the highest 
and the lowest catalytic efficiency amounted to 9.2-fold with 
a CV of 79%. This relatively high CV is mainly caused by 
Caucasian individuals 098H068 and 098H0397 which have 
relatively high Vmax and low Km values resulting in catalytic 
efficiencies that are 3.0- and 3.6-fold higher respectively 
than the average catalytic efficiency. The average catalytic 
efficiencies of lasiocarpine depletion of the Chinese popula-
tion and the Caucasian population were 1.7-fold lower and 
1.4-fold higher, respectively than the average catalytic effi-
ciency obtained when the data for the two populations were 
combined (25 Chinese male + 25 Caucasian male individu-
als) (Table 2). The CVs for the catalytic efficiency of the 
Chinese population and the Caucasian populations were 2.5- 
and 1.1-fold lower, respectively than the catalytic efficiency 
of 89% for the combined population.

For the inter-ethnic comparison, it can be noted that the 
average catalytic efficiency for depletion of lasiocarpine was 
2.3-fold lower in the Chinese population than in the Cauca-
sian population, which is mainly due to the a 2.3-fold lower Ta
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average Vmax value obtained for the Chinese population. The 
average Km value in both populations is comparable. The CV 
of the catalytic efficiency for lasiocarpine depletion was 2.3-
fold lower for the Chinese population than for the Caucasian 
population, indicating that the inter-individual variation is 
higher within the 25 Caucasian male individuals than within 
the 25 Chinese male individuals.

Bioactivation of lasiocarpine to 7‑GS‑DHP 
by individual human liver microsomes

Table 1 shows the kinetic constants Vmax and Km and the 
catalytic efficiency for 7-GS-DHP formation obtained for 
the 25 Chinese male and 25 Caucasian male individuals. 
For the 25 Chinese male individuals, the difference between 
the highest and the lowest catalytic efficiency amounted to 
43.5-fold with a CV of 77%. This relatively high CV value is 
partly due to Chinese male individuals 7 and 20 which both 
show an about 6.5-fold lower Vmax value, and a 1.1- and 2.2-
fold higher Km value, respectively, than the average kinetic 
constants for the 25 individuals, resulting in about 12-fold 
lower catalytic efficiency for these individuals compared to 
the average value. For 7-GS-DHP formation by the liver 
microsomes from the 25 Caucasian male individuals, the 
difference between the highest and the lowest catalytic effi-
ciency amounted to 792-fold with a CV of 120%. This large 
difference in catalytic efficiency for 7-GS-DHP formation 
within these 25 Caucasian individuals is partly due to the 

relatively low activity by Caucasian individual 098H0495 
with a 25.4-fold lower Vmax and a 5.5-fold higher Km than 
the average kinetic constants of the 25 Caucasian individu-
als, resulting in a 203-fold lower catalytic efficiency than the 
average value. The average catalytic efficiencies of 7-GS-
DHP formation of the Chinese population and the Cauca-
sian population were 4.2-fold lower and 1.8-fold higher, 
respectively than the average catalytic efficiency obtained 
for the two populations combined (25 Chinese male and 25 
Caucasian male individuals) (Table 2). The CVs of the cata-
lytic efficiency of the Chinese population and the Caucasian 
populations were 2.2- and 1.4-fold lower, respectively than 
the catalytic efficiency of 167% for the combined human 
population.

For the 7-GS-DHP formation, the average catalytic effi-
ciency obtained with the Chinese population is 7.3-fold 
lower than the average catalytic efficiency obtained with 
the Caucasian population which is mainly due to a 7.1-fold 
lower average Vmax value for 7-GS-DHP formation in the 
Chinese population compared to the average Vmax for the 
Caucasian population. The average Km value for 7-GS-DHP 
formation differed only 1.2-fold between the two popula-
tions. The CV of 77% and 120% for the catalytic efficien-
cies for 7-GS-DHP formation in the Chinese and Caucasian 
population respectively showed that the inter-individual dif-
ferences in kinetics for 7-GS-DHP formation are relatively 
high in both populations.

Table 2   Descriptive statistics 
of the kinetic constants Vmax 
in vitro and Km and catalytic 
efficiencies for the depletion of 
lasiocarpine and the formation 
of the metabolite 7-GS-DHP 
from lasiocarpine by the two 
populations combined (50 
human male individuals)

Data for the Chinese and Caucasian population as such are presented in Table 1
n.a. not available
a nmol/min/mg liver microsomes for lasiocarpine depletion and for 7-GS-DHP formation
b µl/min/mg liver microsomes for lasiocarpine depletion and for 7-GS-DHP formation
c Mean of kinetic constants Vmax and Km, and catalytic efficiency for lasiocarpine depletion and 7-GS-DHP 
formation derived from 50 individuals (25 Chinese male individuals + 25 Caucasian male individuals) as 
shown in Table 1
d Standard deviation of kinetic constants Vmax and Km, and catalytic efficiency for lasiocarpine depletion and 
7-GS-DHP formation derived from 50 individuals (25 Chinese male individuals + 25 Caucasian male indi-
viduals) as shown in Table 1
e Coefficient variation % = SD/mean (µx) × 100%
f The mean for describing the log-normal distribution µw = ln[µx/sqrt (1 + CVx

2)]
g The standard deviation for describing the log-normal distribution σw = sqrt[ln(1 + CVx

2)]

Lasiocarpine depletion 7-GS-DHP formation

Va
max Km (µM) Catalytic 

efficiencyb
Va

max Km (µM) Catalytic 
efficiencyb

Mean (µx)c 5.0 56.2 106.5 1.4 76.7 24.7
SDd 3.6 31.2 94.8 2.3 61.1 41.2
CVx%e 73 56 89 161 80 167
µw

f 1.4 3.9 n.a. − 0.3 4.1 n.a.
σw

g 0.7 0.5 n.a. 1.1 0.7 n.a.
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Sensitivity analysis

The sensitivity analysis showed that the kinetic con-
stants Vmax and Km for lasiocarpine depletion and 7-GS-
DHP formation by the liver of the Caucasian population 

influenced the predicted formation of 7-GS-DHP by the 
liver to a large extent (Fig. 2) both at a dose of 8 ng/kg 
bw and 3 mg/kg bw. The results of the sensitivity analy-
sis performed in the Chinese population were similar to 
the results obtained in the Caucasian population (data 
not shown). Given that 7-GS-DHP formation reflects the 
potential bioactivation of lasiocarpine, the Monte Carlo 
simulation and CSAFs analysis were based on 7-GS-DHP 
formation by the liver.

Individual PBK models and predicted 7‑GS‑DHP 
formation

Figure 3 shows the PBK model based predictions for the 
time-dependent liver blood concentration of lasiocarpine at 
an oral dose of 8 ng/kg bw (Fig. 3a) and the dose-dependent 
formation of 7-GS-DHP (Fig. 3b) both for the average, and 
the most and least active of the 25 Chinese individuals, the 
25 Caucasian individuals and the two populations combined 
(25 Chinese + 25 Caucasians). The difference between the 
predicted Cmax of lasiocarpine in liver blood for the indi-
vidual with the highest and the lowest efficiency in lasiocar-
pine depletion is 2.5-fold for the Chinese population, 7.4-
fold for the Caucasian population and 12.7-fold for the two 
populations combined. Formation of 7-GS-DHP for each 
population was linear up to at least 80 mg/kg bw lasiocar-
pine. Figure 4 shows the box and whisker plots for the pre-
dicted formation of 7-GS-DHP by the liver at an oral dose 

Fig. 3   PBK model predicted a time-dependent liver blood concentra-
tion of lasiocarpine at an oral lasiocarpine dose of 8 ng/kg bw and b 
dose-dependent formation of 7-GS-DHP by the liver, in the Chinese 
population, the Caucasian population and the two populations com-

bined. The individuals with the highest (black dotted line), the low-
est (black dashed line) and average (black solid line) efficiencies of 
lasiocarpine depletion and 7-GS-DHP formation are shown for each 
population

Fig. 2   Normalized sensitivity coefficients of PBK model param-
eters for the prediction of the formation of 7-GS-DHP by the liver 
expressed in µg/kg bw, 24 h after oral administration of 8 ng/kg bw 
and 3 mg/kg bw of lasiocarpine. VSic fraction of small intestinal tis-
sue, QSic fraction of blood flow to small intestine, MPSi microsomal 
protein yield in small intestine. The VmaxLM1 and VmaxSiM2 repre-
sent the maximum rate of lasiocarpine depletion in the liver and small 
intestine, respectively. The KmLM1 and KmSiM2 are the Michaelis–
Menten constants for the lasiocarpine depletion in the liver and small 
intestine, respectively. VmaxLM2 and KmLM2 represent the maximum 
rate of formation and the Michaelis–Menten constant for the 7-GS-
DHP formation by the liver
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of 8 ng/kg bw for 25 Chinese individuals and 25 Caucasian 
individuals. Table 3 shows the GM and geometric CV of 
7-GS-DHP formation predicted by individual PBK models 
in each population. For 7-GS-DHP formation, the difference 
between the highest and the lowest individual is 41-fold for 
the Chinese population, 200-fold for the Caucasian popula-
tion and 200-fold for the two populations combined. For the 
inter-ethnic comparison, the GM and geometric CV of the 
predicted 7-GS-DHP formation in 25 Chinese individuals is 
2.2-fold lower and 1.1-fold higher, respectively than those 
values in 25 Caucasian individuals.

Monte Carlo simulations and CSAF

Table 3 shows the GM and geometric CV of 7-GS-DHP 
formation derived by Monte Carlo simulation in each popu-
lation. For the Chinese population, the GM and geometric 
CV values obtained by the Monte Carlo simulation were 
comparable to the GM and geometric CV obtained with the 
25 Chinese individuals. The Monte Carlo simulation results 
for both the Caucasian population and the two populations 
combined revealed that the GM values of 7-GS-DHP were 
comparable to the GM values obtained when analyzing the 
25 Caucasian individuals and the 50 individuals, but that 
the geometric CV of the predicted 7-GS-DHP formation 
obtained from Monte Carlo simulation were about 3.0-fold 
higher than the values obtained from 25 Caucasian indi-
viduals and the 50 individuals. This indicates that the ethnic 
groups of 25 individuals each adequately represented the 
GM of 7-GS-DHP formation in a large population, but that 
the Monte Carlo simulation approach is more appropriate 
to identify sensitive individuals with respect to 7-GS-DHP 
formation within the population.

Figure 4 present the box and whisker plots for the pre-
dicted 7-GS-DHP formation by the liver obtained from the 
Monte Carlo simulations for the Chinese, the Caucasian 
and the two populations combined, applying a single oral 
dose of 8 ng/kg bw that represents an average daily intake 
of PAs via consumption of herbal tea (BfR 2013). Figure 5 
presents the related frequency distribution for the predicted 
7-GS-DHP formation by the liver for these modelled popu-
lations. The inter-ethnic comparison reveals that the GM of 
predicted 7-GS-DHP formation is 2.1-fold lower in the Chi-
nese population than in the Caucasian population, while the 
differences in the predicted 7-GS-DHP formation between 
the populations amounted to 3.3- and 4.3-fold, respectively 
when the 90th and 99th percentile of populations were 
considered.

The CSAFs obtained by dividing the 90th or 99th percen-
tile obtained with the maximum allowed ratio of the Vmax of 
7-GS-DHP formation and the Vmax of lasiocarpine depletion 
set at 1.0, reflecting the worst-case scenario for the 7-GS-
DHP formation (IPCS 2005), are presented in Table 4. The 
CSAF values for the 99th percentile amounted to 8.3 for the 
Chinese population, 17.0 for the Caucasian population and 
19.6 for the two populations combined, while these values 
were generally threefold lower in each population when the 
90th percentile was used. Applying Monte Carlo simula-
tion with the observed minimum and maximum acceptable 
boundary to evaluate the effect of modelling covariation on 
the predicted CSAF value, indicated that for each population 
the CSAF values were 1.1-fold (90th percentile and 99th 
percentile) lower than the CSAF values derived when using 
the maximum allowed ratio of 1.0 as the worst-case scenario 
(see Table 4).

Fig. 4   Box and whisker plots representing the distribution of the pre-
dicted 7-GS-DHP formation by the liver, expressed in µg/kg bw, 24 h 
after exposure to an oral lasiocarpine dose of 8 ng/kg bw that repre-
sents an average daily intake of PAs via consumption of herbal tea 
(BfR 2013) for 14,851 Chinese (box with horizontal lines), 13,119 
Caucasians and 13,399 individuals from the two populations com-
bined (box with vertical lines) obtained by Monte Carlo simulation 
including variation in Vmax and Km for lasiocarpine depletion and 
variation in Vmax and Km for 7-GS-DHP formation with the maximum 
allowed ratio of the Vmax of 7-GS-DHP formation and the Vmax of 
lasiocarpine depletion set as 1.0. The whiskers represent the 1st and 
99th percentile of the populations and the small dots represent those 
values that were higher or lower than the 1st and 99th percentile of 
the studied populations consisting of less than about 2% of the 14,851 
(Chinese), 13,119 (Caucasian) and 13,399 (two populations com-
bined) Monte Carlo simulations. The figure also includes scatter plots 
representing the predicted amount of 7-GS-DHP formation by the 
liver 24 h after exposure to an oral lasiocarpine dose of 8 ng/kg bw 
for the 25 Chinese individuals (circles), the 25 Caucasian individuals 
(squares) and the 50 human individuals (circles + squares)
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Predicted dose–response curve for the most 
sensitive population

Figure 6 shows the predicted in vivo dose–response curves 
for the hepatotoxicity of lasiocarpine for the average and 
the most sensitive (90th and 99th percentile of the popula-
tion) individuals of the Chinese, the Caucasian and the two 
populations combined. The in vivo dose–response curves 
for the most sensitive individuals were obtained by dividing 
the dose–response curves for the average population with the 
CSAF values for the 90th and 99th percentile of the popula-
tion (using the CSAF values obtained with the maximum 
allowed ratio of the Vmax of 7-GS-DHP formation and the 
Vmax of lasiocarpine depletion set at 1.0). Table 5 shows the 
predicted PoD (BMDL5–BMDU5) values for the 90th per-
centile and 99th percentile of each population derived from 
these dose–response curves. The BMDL5–BMDU5 values 
for the 99th percentile of the Chinese, the Caucasian and the 
combined population were 1.8–5.0, 0.4–1.4, 0.8–1.9 mg/kg 
bw, while the BMDL5–BMDU5 values for the 90th percen-
tile of each population were generally threefold higher in 
each population. Applying the CSAF values obtained with 
the observed minimum and maximum acceptable bounda-
ries to evaluate the effect of modelling covariation on the 
dose–response curves for the most sensitive individuals in 
each population, the PoDs were up to 1.2-fold (90th and 
99th) higher than the PoDs derived when using the maxi-
mum allowed ratio of 1.0.

For the ethnic comparison, the predicted PoD was 3- to 
4-fold higher for the 90th and 99th percentile of Chinese 
the population than for the 90th and 99th percentile of the 
Caucasian population in both scenarios of the Monte Carlo 
simulations, indicating that Caucasians may be more sensi-
tive to the liver toxicity of lasiocarpine than the Chinese 
population when taking the most sensitive individuals into 

account. For the most sensitive individuals within the two 
populations combined, the PoD values were up to twofold 
higher than the PoDs of the most sensitive individuals in the 
Caucasian population.

Discussion

The aim of the present study was to investigate the effect 
of the inter-individual and the inter-ethnic human kinetic 
variation in the Chinese and the Caucasian populations for 
lasiocarpine induced acute liver toxicity and bioactivation, 
by integrating PBK modelling with Monte Carlo simula-
tions using human in vitro data, and to ultimately derive 
CSAFs. The obtained CSAFs, with two scenarios of Monte 
Carlo simulations, were further used to derive the concen-
tration–response curves for the most sensitive individuals 
in each population, i.e. the 90th and 99th percentile of the 
population.

In the present study, the sensitivity analysis revealed that 
the 7-GS-DHP formation was highly affected by kinetic 
constants Vmax and Km of lasiocarpine depletion and the 
Vmax and Km of 7-GS-DHP formation and thus these param-
eters were included in the Monte Carlo simulation. Phase I 
metabolism of lasiocarpine, as shown in Fig. 1, is mediated 
by flavin-containing monooxygenases, carboxylesterases 
and cytochrome P450 enzymes. The P450 isoenzyme CYP 
3A4 is the primary metabolizing enzyme responsible for the 
metabolic activation of different types of PAs by human liver 
microsomes (Fashe et al. 2015; Fu et al. 2004; Li et al. 2011; 
Miranda et al. 1991). In the present study, the kinetic con-
stants of depletion of lasiocarpine and 7-GS-DHP formation 
were derived from 25 male Chinese and 25 male Caucasian 
liver microsomes. It has been reported that male rodents are 
more sensitive to PA intoxication than female rodents. For 

Table 3   Geometric mean, geometric mean CV% and the fold differ-
ence between the minimum and maximum or the 1st and 99th per-
centile of the predicted formation of 7-GS-DHP by the liver 24  h 
after exposure to an oral lasiocarpine dose of 8  ng/kg bw by indi-
vidual PBK models and in the population predicted by PBK model-

ling linked with Monte Carlo simulation with the maximum allowed 
ratio of the Vmax of 7-GS-DHP formation and the Vmax of lasiocarpine 
depletion set at 1.0 in the Chinese population, the Caucasian popula-
tion and two populations combined

a Fold differences of the minimum and maximum of the predicted formation of 7-GS-DHP by individual PBK models
b Fold differences of the 1st and 99th percentile of the population for the formation of 7-GS-DHP obtained from the combination of PBK model-
ling with Monte Carlo simulations with the maximum allowed ratio of the Vmax of 7-GS-DHP formation and the Vmax of lasiocarpine depletion 
set at 1.0

7-GS-DHP formation
Individual PBK models

7-GS-DHP formation
Combination of PBK model with Monte Carlo simulation

Chinese 
population

Caucasian 
population

Two populations 
combined

Chinese 
population

Caucasian 
population

Two populations 
combined

Geometric mean (µg/kg bw) 0.00054 0.0012 0.00079 0.00057 0.0012 0.00083
Geometric mean CV  % 114 109 136 169 390 401
Fold difference 41-folda 200-folda 200-folda 69-foldb 392-foldb 607-foldb
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humans, according to the review of Fu et al. (2004), there 
are no reports on a gender difference in the susceptibility 
of humans to pyrrolizidine alkaloid intoxication and recent 
reviews or studies regarding the gender difference in the 
sensitivity towards PAs are not available. However, many 
studies have shown that CYP 3A4 protein levels are about 
twofold higher in female livers than in male livers (Lamba 
et al. 2010; Nicolas et al. 2009; Schmidt et al. 2001; Wolbold 

et al. 2003; Yang et al. 2010; Zanger and Schwab 2013). 
In vivo, women had about 16% higher oral clearance and 
20% higher systemic clearance rates than men for oral and 
intravenous administration of midazolam, a selective sub-
strate of CYP 3A4 and CYP 3A5, but no significantly differ-
ent area under the plasma concentration–time curve (AUC) 
of orally administered midazolam was observed between the 
sexes in a meta-analysis of ten studies on midazolam dispo-
sition including 409 healthy volunteers (Hu and Zhao 2010). 
However, several studies evaluating the gender difference in 
clearance of CYP 3A4 substrates have reported conflicting 
results (Cotreau et al. 2005; Nicolas et al. 2009; Schwartz 
2003; Soldin and Mattison 2009), and thus so far no con-
sensus has been reached regarding differences in the metab-
olism of CYP 3A4 substrates in man and women (Mano-
ranjenni et al. 2012). Comparing the catalytic efficiency 
values of lasiocarpine depletion and 7-GS-DHP formation 
obtained using mixed gender Chinese liver microsomes (15 
female + 25 male) in our previous study (Ning et al. 2019), 
the average catalytic efficiency values for depletion of lasio-
carpine and 7-GS-DHP formation derived from 25 Chinese 
male individuals is 1.4-fold lower and 1.5-fold higher than 
values from mixed gender Chinese liver microsomes, respec-
tively. For Caucasians, the catalytic efficiency for lasiocar-
pine depletion and 7-GS-DHP formation obtained from 25 
Caucasian male individuals is 1.3-fold lower and 1.5-fold 
higher than those values derived from mixed gender Cau-
casian liver microsomes (16 female + 17 male). Given that 
male individuals seem to be less efficient in lasiocarpine 
depletion but more active in bioactive metabolite formation, 
using the reported mean and CV of lasiocarpine depletion 
and 7-GS-DHP formation in the modelling approach applied 
in the present study will give insight in the most sensitive 
individuals for each population.

Besides the gender difference, other environmental fac-
tors such as age, smoking habits and alcohol consump-
tion may affect CYP 3A4 activity. Rahmioglu et al. (2011) 
reported that about 20% of the inter-individual variations in 
induced CYP 3A4 activity were associated with body mass 
index (BMI), alcohol use, and smoking habit, whereas age, 
diet and exercise levels were not associated with variations 
in CYP 3A4 activity. Hamilton et al. (2006) reported that in 
an analysis of thirty-two male Caucasians, Cmax and AUC of 
erlotinib in plasma, metabolized in the human liver primarily 
by CYP 3A4 but also by CYP 1A2 in smokers, were about 
1.5- and 2.8-fold respectively lower in non-smokers. Thus, 
it seems that smoking may enhance the CYP 3A4 activ-
ity. Table S1 shows the information on history of alcohol 
consumption and smoking habit which was only available 
for the 25 Caucasian individuals. Given the large inter-
individual variation in catalytic efficiency values of 7-GS-
DHP formation, and limited database regarding the history 
of alcohol consumption and smoking habit, conclusions on 

Fig. 5   Frequency distribution for the predicted total amount of 7-GS-
DHP formed by the liver 24 h after a single oral lasiocarpine dose of 
8 ng/kg bw exposure, for 14,851 Chinese individuals (a), 13,119 Cau-
casian individuals (b) and 13,399 individuals in the two populations 
combined (c) obtained by Monte Carlo simulation including varia-
tion in the Vmax and Km for lasiocarpine depletion and for 7-GS-DHP 
formation with the maximum allowed ratio of the Vmax of 7-GS-DHP 
formation and the Vmax of lasiocarpine depletion set at 1.0. The GM, 
P90 and P99 represent the geometric mean, the 90th and 99th percen-
tile of the distribution
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the association between PA metabolism and environmental 
factors have to await until further data become available in 
the future.

Previous studies have shown that CYP 3A4 plays an 
important role in PA metabolism, especially for the bioac-
tivation pathway (Fashe et al. 2015; Li et al. 2011; Miranda 
et al. 1991). Inter-individual differences in CYP 3A4 abun-
dance have been frequently reported. Rostami-Hodjegan 
and Tucker (2007) reported a CV of 119% of CYP 3A4 
abundance in Caucasians by a meta-analysis and a CV of 
87% for CYP 3A4 abundance in Chinese (Inoue et al. 2006). 
Achour et al. (2014) reported that there were strong and 
significant correlations between the CYP 3A4 abundance 
in the liver and the CYP 3A probe testosterone metabolism 
mediated by CYP 3A4 (spearman nonparametric correlation 
coefficient rs = 0.79, P < 0.0001) obtained by analysis of 23 
individual liver microsomes from Caucasian subjects and 
one from an African American subject. Shu et al. (2001) 
also reported a good correlation (correlation coefficient of 
0.79) between enzyme protein content and activity for CYP 
3A4 by analysis of 42 Chinese liver microsomes (26 Chinese 
male individuals + 16 Chinese female individuals). The CYP 
3A4 protein level was determined by Western blot analysis 
and the activity was measured by omeprazole sulfoxida-
tion, mediated by CYP 3A4. In this study, the CV of CYP 
3A4 activity in 42 Chinese individuals was reported to be 
53.4% and gender difference in CYP 3A4 activity was not 
observed. Thus, for the liver, it can be speculated that the 
CV% of CYP 3A4 activity in vitro is likely to have a compa-
rable value to the CV% value of CYP 3A4 abundance in the 
liver. In the present study, the CV of catalytic efficiency of 
7-GS-DHP formation in Chinese and Caucasian population 
were 77% and 120%, respectively, which are comparable 
to the CV of 87% in Chinese and 119% in Caucasians of 
CYP 3A4 abundance reported in the literature (Inoue et al. 
2006; Rostami-Hodjegan and Tucker 2007). The study of 
Rahmioglu et al. (2011) reported a high degree (66–88%) 
of heritability in the CYP 3A4 inter-individual variation in 

twin studies as detected by repeated CYP 3A4-related drug 
administration, indicating that genetic polymorphism plays 
an important role in inter-individual variations in CYP 3A4 
activity.

To date, 54 allelic variants of CYP 3A4 have been 
reported (https​://www.pharm​var.org/), but only a few alleles 
are known to influence the CYP 3A4 expression or func-
tion. According to the literature (Wang et al. 2011), the 
CYP 3A4*22 mutation explains some of the genetic poly-
morphism showing a reduced activity in humans. For the 
inter-ethnic comparison, our previous study reported that 
the catalytic efficiencies of lasiocarpine depletion and of 
7-GS-DHP formation in average pooled Chinese micro-
somes were 2.3- and 7.5-fold lower, respectively than those 
values obtained in average pooled Caucasian microsomes 
(Ning et al. 2019). The predicted Cmax of lasiocarpine in 
the liver blood was twofold higher in the average Chinese 
than in the average Caucasians at similar dose levels. The 
present study showed similar results for the average catalytic 
efficiencies of lasiocarpine depletion and 7-GS-DHP forma-
tion in 25 Chinese individuals which were 2.3- and 7.3-fold 
lower, respectively compared to those values obtained in 
25 Caucasian individuals. A review of McGraw and Waller 
(2012) reported that the CYP 3A4*20 mutation has a rela-
tively higher prevalence in the Chinese population (22%) 
than in the Caucasian population (6%). This allele has been 
shown to be devoid of any catalytic activity of CYP 3A4 
in vitro (Westlind-Johnsson et al. 2006). The difference in 
CYP 3A4*20 prevalence between the two populations may 
explain the observed lower catalytic efficiency of lasiocar-
pine depletion and 7-GS-DHP formation in the Chinese pop-
ulation to some extent. However, CYP 3A4 *20 cannot fully 
explain the predicted phenotype difference between these 
two ethnic groups indicating that other SNPs and or factors 
may contribute as well. The genetic polymorphisms in CYP 
3A4 appeared to be more prevalent in Caucasians than in 
Asian (Li and Bluth 2011). This seems to be in line with our 
results in the present paper that the coefficient of variation 

Table 4   The CSAFs obtained by 90th and 99th percentile for the Chinese population, the Caucasian population and the two populations com-
bined in each scenario of Monte Carlo (MC) simulation

a At the worst-case scenario the upper boundary of the maximum allowed fold difference between the Vmax of 7-GS-DHP formation and the Vmax 
of lasiocarpine depletion was set at 1.0
b The observed minimum and maximum acceptable boundaries were 0.017 and 0.96 calculated as the Vmax of 7-GS-DHP formation divided by 
the Vmax of lasiocarpine depletion derived from Chinese individual number 20 and Caucasian individual 098H0150, which showed the lowest 
and highest relative difference between the two Vmax values, respectively

Monte Carlo scenario CSAFs at 90th percentile CSAFs at 99th percentile

Chinese 
population

Caucasian 
population

Two popula-
tions combined

Chinese 
population

Caucasian 
population

Two popula-
tions combined

MC with the maximum allowed ratio of the Va
max 3.3 5.2 5.7 8.3 17.0 19.5

MC with observed minimum and maximum 
acceptable boundariesb

3.3 5.2 5.3 8.3 16.8 17.6

https://www.pharmvar.org/
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for 7-GS-DHP formation, was higher in the 25 Caucasian 
individuals than in the 25 Chinese individuals. A major bot-
tleneck for characterizing CYP 3A activity is the lack of a 
specific probe to separate the CYP 3A4 and CYP 3A5 activ-
ity, hampering the identification of the association between 
genotype and phenotype (McGraw and Waller 2012). Thus, 
the present study showed that ethnic differences in CYP 3A4 
activity exist, but identification of all the underlying factors 
that result in this CYP 3A4 related ethnic differences in the 
metabolic phenotype, remains a topic for future research.

Comparing CSAF values obtained using the 90th and the 
99th percentile for the formation of 7-GS-DHP obtained 
from the Monte Carlo simulations, to the default uncertainty 
factor of 3.16 for inter-individual kinetic variation reveals 
that the default safety factor may not be adequately protec-
tive for lasiocarpine and/or PA toxicity in the studied popu-
lations. The IPCS document (IPCS 2005) stated that both 
inter-species and inter-individual variation in toxicokinetics 
would be ideally based on the free concentration of the reac-
tive metabolite in the target tissue/organ. Based on this and 
the fact that the CSAFs derived from inter-individual varia-
tions for the formation of the metabolite 7-GS-DHP reflect-
ing bioactivation are higher than the CSAF values generated 
from the variations in Cmax of the parent compound in liver 
blood (shown in the supplementary materials 5), the use 
of the CSAF of 5.7 and 19.5 derived from the formation of 
7-GS-DHP for the 90th percentile and 99th percentile of the 
two populations combined, respectively were considered as 
the worst-case scenario for risk assessment.

For compounds that are both genotoxic and carcinogenic 
but also have thresholded adverse endpoints like acute liver 
toxicity, such as lasiocarpine, a margin of exposure (MOE) 
approach can be used to perform a risk assessment for both 
the acute liver toxicity and the carcinogenicity. In the MOE 
approach, the PoD like a BMDL10 (the lower confidence 
limit of the benchmark dose resulting in 10% extra effect 
above background values) is divided by the exposure level 
of the compound (mg/kg bw/day). In general, for a threshold 
endpoint such as acute liver toxicity, a MOE value of > 100 
is regarded to be of no or low concern for public health, 
while for evaluation of the carcinogenicity a MOE calculated 
using the BMDL10 for induction of liver tumors should be at 
least 10 000 (EFSA 2015). Both values include (1) a factor 
10 for inter-species differences including both kinetic (a fac-
tor of 4) and dynamic (a factor of 2.5) differences between 
experimental animals and humans and (2) a factor 10 for 
inter-individual differences in kinetics (a factor of 3.16) and 
dynamics (a factor of 3.16) within the human population 
(EFSA 2012, 2015). The factor of 10 000 additionally incu-
des (3) a factor 10 for inter-individual differences in cell 
control and DNA repair; and (4) a factor 10 for the fact that 
the BMDL10 or the reference point is not identical to a no 
observed adverse effect level (NOAEL) (EFSA 2005). Our 
previous studies showed that the inter-species differences 
in acute liver toxicity of lasiocarpine amount to about two-
fold taking toxicokinetic and toxicodynamic differences into 
account (Chen et al. 2018; Ning et al. 2019). Based on the 
inter-species differences in toxicokinetics and toxicodynam-
ics, together with a CSAF of 19.5 defined for the inter-indi-
vidual kinetic differences for the two populations combined 
and the default factor of 3.16 for inter-individual dynamics 
differences, the compound specific MOE cut-off value for 
non-genotoxic effects would be 123 (2 × 3.16 × 19.5), which 

Fig. 6   Predicted dose–response curve for acute liver toxicity of lasi-
ocarpine in the average (solid line), the 90th (dashed line) and 99th 
percentile (dotted line) of the Chinese (a), the Caucasian (b) and the 
two populations combined (c)
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is 1.2-fold higher than the default threshold value of 100 
used for inter- and intra-species differences. Evaluating the 
endpoint of carcinogenicity, the default value of 10 000 for 
the MOE for genotoxic carcinogens could be increased to 
12,324 (19.5 × 2 × 3.16 × 10 × 10). When the CSAF obtained 
with the observed minimum and maximum acceptable 
boundaries, would be used, the compound specific MOE cut-
off values for non-genotoxic effects and for genotoxic car-
cinogens would be 1.2-fold lower than these values derived 
when using the maximum allowed ratio of 1.0.

In conclusion, the present study shows that linking Monte 
Carlo simulations with PBK modelling can be used to pre-
dict the effect of inter-individual and inter-ethnic human 
kinetic variation in lasiocarpine induced acute liver tox-
icity, and that based on this CSAF values can be derived. 
The CSAFs obtained using the 90th and 99th percentile for 
inter-individual variation in the Chinese, the Caucasian and 
the two populations combined were higher than the default 
safety factor of 3.16 for inter-individual human differences 
in kinetics. The inter-ethnic human differences between 
the Chinese and the Caucasian population was predicted 
to be 2.1-, 3.3- and 4.3-fold when comparing the GM, the 
90th percentile and the 99th percentile of the populations, 
respectively, showing that the Caucasian population is more 
sensitive than the Chinese population. Overall, the present 
study shows that integrating PBK modelling with Monte 
Carlo simulations is a powerful strategy to quantify inter-
individual variation in kinetics, which can be used to refine 
human risk assessment of PAs based on only human in vitro 
and in silico data.
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