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A B S T R A C T   

Millions of individuals globally consume traditional herbal medicines (THMs), which contain abundant amounts 
of linear furanocoumarins. Linear furanocoumarins (i.e., 8-methoxypsoralen, 5-methoxypsoralen, and iso-
pimpinellin) are inhibitors of cytochrome P450 (CYP) isoenzymes including 1A2, a major enzyme involved in 
drug metabolism and carcinogen bioactivation. Despite the high consumption of furanocoumarin-containing 
THMs, no studies have measured the furanocoumarin consumption level that triggers an inhibition to CYP1A2 
activity in humans. The first objective was to verify if the potencies of the three furanocoumarins are additive 
towards the inhibition of CYP1A2 activity in vitro using concentration-addition and whole-mixture chemical- 
mixture-assessment models. A second objective was to determine the benchmark dose (BMD) with the mixtures 
of furanocoumarin oral doses, expressed as 8-MOP equivalents, and to assess the in vivo CYP1A2 activity, 
expressed as inhibition percentages. The in vitro results indicated that the three furanocoumarin inhibitory po-
tencies were additive in the THM extracts, validating the use of the concentration-addition model in total fur-
anocoumarin dose-equivalent calculations. Using the USEPA BMD software, the BMD was 18.9 μg 8-MOP 
equivalent/kg body weight. This information is crucial for furanocoumarin-related health-assessment studies and 
the regulation of THMs. Further studies should be performed for the remaining major metabolic enzymes to 
complete the safety profile of furanocoumarin-containing THMs and to provide accurate warning labelling.   

1. Introduction 

Humans are exposed to natural pharmacoactive ingredients through 
the daily consumption of plant-based foods and beverages that may 
affect certain biological systems, including the metabolism. The con-
sumption of such ingredients or phytochemicals can result in inhibitory 
interaction effects within the metabolic pathways of pharmacoactive 
drugs [1]. The outcome of such effects is referred to as herb-drug and 
food-drug interactions. One of the important phytochemical groups is 
the linear furanocoumarins, occurring in various frequently consumed 
plant families such as Apiaceae, Rutaceae, Moraceae, and Leguminosae 

[2]. Several herb-drug and food-drug interactions are due to the prior 
consumption of linear furanocoumarins, including the known “grape-
fruit juice effect” on intestinal cytochrome P450 (CYP) 3A4 substrates 
[3]. Linear furanocoumarins are classified as derivatives of the simplest 
furanocoumarin form of psoralen, as depicted in the Fig. 1. 

Linear furanocoumarins, including 8-methoxypsoralen (8-MOP), 5- 
methoxypsoralen (5-MOP), and isopimpinellin (ISOP) have gained 
importance due to their abundance in several plant families and have 
potent inhibitory effects on xenobiotic metabolic processes when 
consumed. Human studies have shown that 8-MOP and 5-MOP treat-
ments significantly reduced caffeine clearance in psoriasis patients, 
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suggesting an in vivo inactivation of the CYP1A2 isoenzyme [4,5]. The 
three linear furanocoumarins are irreversible inhibitors of numerous rat 
and human CYP enzymes. For example, ISOP is characterized as an 
inactivator of CYP1A2 using microsomes from the yeast expressing 
human CYP1A2 isoenzyme [6]. Psoralen and angelicin are inactivators 
of the CYP1A2 isoenzyme using rat liver microsomes and human liver 
microsomes (HLM), respectively [7]. Based on our recent study, we 
characterized 8-MOP, 5-MOP, and ISOP as potent irreversible 
time-dependent inhibitors of the CYP1A2 isoenzyme using HLM [8]. 

In conventional dose-response or dose-effect assessments, the 
threshold levels of no-observed-adverse-effect level (NOAEL) and 
lowest-observed-adverse-effect level (LOAEL) are frequently used to 
determine the point-of-departure (POD) for chemicals and the associ-
ated effects, risks, or endpoints [9]. In recent years, the benchmark dose 
(BMD) and the BMD lower bound (BMDL) levels have been introduced 
as an alternative approach, and are extensively used in cancer and 
non-cancer risk assessment of environmental and food contaminants 
[10]. In principle, the BMD approach can be applied to any dose-effect 
relationship [11,12]. The BMD approach has gained increased impor-
tance in non-cancer risk assessment studies involving foods, herbs, and 
nutrition supplements, including the dose-effect and dose-benefit as-
sessments [13–16]. 

BMD modelling requires two sets of data, namely the exposure and 
the response or effect data. Examples of effect data are organ weight, 
body weight, and enzyme activity. Changes in enzymatic and hormonal 
activity have been used as biomarkers, or endpoints, in risk assessment 
studies [17–20]. The main advantage of using the BMDL/BMD thresh-
olds, in comparison to the NOAEL/LOAEL, is the use of multiple dose 
levels with fewer animals or human data, with the consideration of the 
dose-effect curve shape, and non-dependency on dose-level spacing [9]. 
Many authors have compared the use of BMDL/BMD as an alternative to 
the conventional NOAEL/LOAEL and reported comparable values for 
the same historic studies [21]. 

In our previous studies, we detected three linear furanocoumarins 
namely the 8-MOP, 5-MOP and ISOP, in several plant products 

belonging to the Apiaceae and Rutaceae families and concluded the 
furanocoumarins as the most prevalent in traditional herbal medicines 
(THMs) and foods [22]. We also conducted human pharmacokinetic 
interaction studies to investigate the in vivo pharmacokinetic effects of 
consuming furanocoumarin-containing THMs and found significant in 
vivo interactions with caffeine metabolism [8]. The three linear fur-
anocoumarins were characterized as potent time-dependent inhibitors 
to CYP1A2 isoenzyme activity using HLM, as mentioned earlier. The 
study had three main objectives. Firstly, to validate the in vitro use of the 
concentration-addition (CA) model, in comparison to the whole-mixture 
(WM) model, using the inhibitory measurements of the linear fur-
anocoumarin mixtures on the CYP1A2 isoenzyme activity in Ammi majus 
L. seeds (A. majus) and Angelica archnangelica L. roots (A. archangelica) 
aqueous extracts. Secondly, to establish the dose-effect curve based on 
the oral consumption of the combined three linear furanocoumarins 
(8-MOP, 5-MOP, and ISOP) on in vivo CYP1A2-mediated caffeine 
metabolism inhibition in healthy subjects. Thirdly, to determine the 
BMD concentrations for the established dose-effect curve using different 
built-in BMD software (BMDS) models developed by the United States 
Environmental Protection Agency (USEPA). 

2. Materials and methods 

2.1. Sources of plant-based products 

The THMs were commercially obtained in Canada and the United 
States. A. majus was purchased from EverWilde (Fallbrook, CA). 
A. archangelica, Apium graveolens L. seeds (A. graveolens S), Pimpinella 
anisum L. seeds (P. anisum), and the Ruta graveolens L. leaves 
(R. graveolens) were provided by Mountain Rose (Eugene, OR). Apium 
graveolens L. flakes (A. graveolens F) and Petroselinum crispum (Mill.) Fuss 
leaves (P. crispum) were procured from A1SpiceWorld (Glen Head, NY). 
Angelica pubescens Maxim. roots (A. pubescens) and Cnidium monnieri (L.) 
Cusson (C. monnieri) were purchased from Spring Wind (San Francisco, 
CA) and Wellness House (Duncan, BC), respectively. The THMs were 

Fig. 1. Structures of linear furanocoumarins of psoralen and derivatives.  
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authenticated by the suppliers and reported to be free of pesticides and 
preservatives. The THMs were further authenticated chromatographi-
cally in our previous study [22]. Voucher samples were kept in our 
laboratory for future reference and certificates of authenticity and 
analysis are available upon request. 

2.2. Source of chemicals 

Caffeine (≥99.0 %), 8-MOP (≥98.0 %), 5-MOP (99.0 %), ISOP 
(≥95.0 %) and β-nicotinamide adenine dinucleotide phosphate reduced 
form (NADPH) (≥97.0 %) were purchased from Sigma-Aldrich (St. 
Louis, MO) and ChromaDex (Irvine, CA). Trichloroacetic acid (≥99.0), 
dipotassium phosphate (≥60.0), and monopotassium phosphate 
(≥60.0) were provided by Anachemia (Rouses Point, NY). Nitrogen gas 
(≥99.9 %) was procured from Praxair (Danbury, CT). Dimethyl sulf-
oxide (DMSO) (spectral grade) was provided by Caledon (Georgetown, 
ON). Radiolabeled caffeine [3-methyl-14C] with specific activity of 
50− 60 mCi/mmol was purchased from American Radiolabeled Chem-
icals (St. Louis, MO). The scintillation cocktail fluids were obtained from 
PerkinElmer (Waltham, MA) and Amersham Biosciences (Piscataway, 
NJ). Ultrapure water was produced using a Millipore system (Billerica, 
MA) with a minimum resistivity of 16.0 MΩ cm at 25 ◦C. 

2.3. Integrated dose/concentration determination for the mixtures of 
linear furanocoumarins 

The integrated dose of a mixture of linear furanocoumarins was 
determined by using two different chemical mixture assessment models 
namely the CA model approach and the WM model approach [23–25]. 
The models were used to calculate the dose/concentration equivalent of 
8-MOP for A. majus and A. archangelica extracts as these THMs contained 
significant and diverse amounts of linear furanocoumarins. The calcu-
lation of the integrated dose/concentration requires the determination 
of the inhibitory potencies (i.e., IC50) for the pure furanocoumarins (i.e., 
8-MOP, 5-MOP, and ISOP) and the two selected THM aqueous extracts 
(i.e., A. majus and A. archangelica). 

2.3.1. IC50 measurement for the furanocoumarin inhibitory potencies on 
the CYP1A2 

The IC50 measurement experimental conditions and data analyses 
were similar to those described in our recent study [8]. Briefly, the 
dilution series of the pure furanocoumarins with the final concentrations 
were as follows: 1.74–1779.76 nM for 8-MOP, 4.44–1135.92 nM for 
5-MOP, and 1.17–38448.70 nM for ISOP. Each concentration was 
incubated separately with Xenotech (Kansas City, KS) 50-donor pooled 
HLM (catalog number 1210267) (0.2 mg), non-labeled caffeine (82.0 
μM), 14C-labeled caffeine (0.2 μCi), NADPH (1.34 mM), and a potassium 
phosphate buffer (50.0 mM, pH 7.4) in a final volume of 200.0 μL with 
1% DMSO. The incubation was conducted at 37 ◦C in a metabolic 
incubator with a 60 cycles/min shaking rate. At the end of the 10-min 
incubation, the reaction was terminated by the addition of ice-cold 10 
% trichloroacetic acid solution (50.0 μL). The incubation mixture was 
centrifuged at 4000 ×g. An aliquot (300.0 μL) of the supernatant was 
applied to a pre-conditioned 3.0 mL Sigma-Aldrich Superclean 
ENVI-Carbon solid-phase extraction tube (0.25 g, 80–100 mesh). The 
demethylated metabolites of caffeine (i.e., 14C-formaldehyde and 
14C-formic acid) were eluted from the solid-phase extraction tube with 
2.0 mL of water under gravity flow. The eluent was collected into a 
scintillation vial. After the addition of 15.0 mL scintillation cocktail, the 
radioactivity in the vial was counted in a liquid scintillation counter. The 
results were expressed as residual counts of the control incubation. The 
IC50 values of the pure furanocoumarin were determined by plotting the 
common log (log10) concentrations versus the percentage inhibitions of 
CYP1A2 isoenzyme activity using the GraphPad Prism software (San 
Diego, CA) built-in dose-response inhibition, log (inhibitor) vs. 
response-variable slope (four-parameter). 

2.3.2. Integrated dose calculation using the whole-mixture (WM) model 
approach 

The WM approach is a common method of evaluating a chemical 
mixture as a single entity without prior knowledge of the individual 
chemical concentrations in such a mixture, as seen in Eq. 1. A stock 
solution of A. majus (or A. archangelica) was prepared by precisely 
weighing 6.0 g of A. majus (or 9.0 g A. archangelica) powder and mixed 
with 600.0 mL of filtered water. The mixtures were boiled separately for 
approximately 3− 4 h on a hot plate with a high temperature. When half 
of the volume evaporated, the THM preparation was cooled down to 
room temperature and filtered. Exactly 20.0 mL aliquot of the filtrate 
was removed, put into a glass tube, and evaporated to dryness in a 
vacuum concentrator. The remaining residues were redissolved in 2.0 
mL DMSO. Serial dilutions were prepared to yield 6 serial concentrations 
(100− 1.56%) relative to the full strength of each THM extract. The 
remaining incubation conditions and data analyses were similar to those 
described in subsection 2.3.1. for the pure furanocoumarins. The total 
dose/concentration for each furanocoumarin mixture was calculated 
using the IC50 values of 8-MOP and each aqueous THM extracts as seen 
in Eq. 1: 

Equation 1: The whole-mixture (WM) model approach 

Dose
/

Concentration equivalent =
CM IC50

Extract IC50
×

VAM
VET

×
VHE
DWH

(1)  

where “CM IC50” is the concentration of the chemical marker (i.e., 8- 
MOP) to elicit 50 % of the maximal inhibition (mg/mL), “extract IC50” 
is the dilution factor of the prepared THM extract required to elicit 50 % 
of the maximal inhibition (unitless); VAM is the volume of the assay 
medium (mL); VET is the volume of extract tested (μL); VHE is the 
volume of THM stock extract (μL); and DWH is the dry weight of THM 
used to prepare the stock extract (g). 

2.3.3. Concentration-addition (CA) model approach 
The CA approach is considered as the most common and default 

chemical mixture assessment model [26]. The CA approach is a 
model-based method of relating individual chemical concentrations to a 
specific biological activity with the assumption that the individual 
chemical congeners exert similar mechanism of biological effect and are 
additive in nature. The CA approach is defined as the sum of individual 
furanocoumarin relative potency factor (RPF) multiplied with the 
measured individual furanocoumarin mass concentration (Eq. 2). 

Equation 2: The concentration-addition (CA) model approach 

Dose
/

Concentration equivalent =
∑

CI × RPF (2)  

where CI is the mass concentration of the individual furanocoumarin in 
the chemical mixture (mg/g) and RPF is the relative potency of each 
chemical in comparison to the most potent chemical marker (i.e., 8- 
MOP). 

The individual furanocoumarin concentrations in the aqueous ex-
tracts of A. majus and A. archangelica were determined chromato-
graphically in our previous study [22]. Briefly, the linear 
furanocoumarins were separated and measured using a Phenomenex 
(Torrance, CA) kinetex pentafluorophenyl column (250 × 4.6 mm, 5 μm 
particle size) and a gradient high-performance liquid chromatography 
(HPLC) method using water and acetonitrile as solvents with the 
ultra-violet detector set at 310 nm. The measured concentrations for 
8-MOP, 5-MOP, and ISOP were 3.26 (±0.20), 0.72 (±0.01), and 7.97 
(±1.49) mg/g dry weight for A. majus seeds and 0.72 (±0.28), 0.54 
(±0.22), and 1.00 (±0.53) mg/g dry weight for A. archangelica roots. 
The RPF value for each furanocoumarin was determined by dividing the 
mean IC50 of 8-MOP with each individual furanocoumarin (i.e., 8-MOP, 
5-MOP, and ISOP) mean IC50 value. 
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2.4. Human exposure and effect data sets for the BMD determination 

Based on our recent human pharmacokinetic studies (Alehaideb, 
2021), we dosed healthy male volunteers between 20 and 35 years of 
age, with eight levels of furanocoumarin-containing THM extracts with 
concentrations ranging from 2.1–1634.1 μg total furanocoumarin dose 
per kg body weight as indicated in the Table 1. The studies were 
approved by Simon Fraser University (Office of Research Ethics) with 
approval number 2012s0565 and registration number 
ISRCTN83028296. Based on previous THM analysis studies, not all 
furanocoumarins of interest are present in each THM dose, and the ratio 
of the furanocoumarin concentrations is not similar at each dose level 
[22]. In an effort to address the variation in the furanocoumarin content 
in a consistent approach, we calculated the integrated external oral dose 
of the total furanocoumarins in each THM dose using the CA model. The 
calculated 8-MOP equivalent represents the total dose based on the 
concentration and the potency of each individual furanocoumarin, 
providing a more accurate numerical description of total fur-
anocoumarin dose/concentration for human participants (Table 2). 

The pharmacokinetic parameter of the plasma caffeine clearance was 
used to calculate the in vivo inhibition of the CYP1A2 enzymatic activity, 
expressed as the percentage inhibition as seen in Table 2. The full details 
of the human pharmacokinetic studies are described in our published 
studies [8,27]. Briefly, the volunteers were orally dosed with 200.0 mg 
of caffeine in the form of tablets. After dosage, saliva samples were 
collected at time points ranging between 0.5 and 48.0 h in addition to 
the pre-dose sample. The saliva samples were extracted once with ethyl 

acetate, evaporated with nitrogen gas, and reconstituted with the HPLC 
mobile-phase. The separation and measurement of the caffeine and in-
ternal standard were performed chromatographically, using an isocratic 
HPLC and ultra-violet detector method using a mobile-phase consisting 
of acetonitrile, water, and acetic acid. The study was performed twice 
for each volunteer to calculate the plasma caffeine clearance with and 
without prior THM pre-treatment. The inhibition percentages were 
determined using Eq. 3. 

Equation 3: The calculation of the percentage inhibition of in 
vivo CYP1A2 isoenzyme activity 

Percentage inhibition of in vivo CYP1A2 activity

= 100 − ((TCL/UCL) × 100) (3)  

where TCL is the measured plasma caffeine clearance with prior THM 
pre-treatment and UCL is the measured plasma caffeine clearance 
without prior THM pre-treatment. 

2.5. Benchmark dose (BMD) modelling 

Based on USEPA technical guide recommendations, the establish-
ment of a dose-effect relationship initially requires the selection of 
exposure and effect data sets [28]. Once the dose-effect curve is estab-
lished, the exposure levels of BMD values are calculated statistically 
using the (BMDS) models. 

2.5.1. The benchmark dose software (BMDS) 
The dose-effect curve and thresholds of the BMD and the BMD lower 

(BMDL) and upper (BMDU) confidence limits were determined using the 
USEPA BMDS version 2.7.0.4 (Washington, D.C.) [29]. The BMDS pro-
vides a stepwise approach that includes the selection of the benchmark 
response (BMR), data set type, model selection, and data/statistical 
analysis. The software was downloaded from USEPA website 
(http://www.epa.gov/ncea/bmds/). We followed the guidelines, 
methodologies, and recommendations according to USEPA technical 
guidelines draft [28]. 

2.5.2. The benchmark response (BMR) selection 
The BMD is a dose or concentration that produces a predetermined 

change in the response rate of an effect. This predetermined change in 
response is termed the benchmark response (BMR). Due to the absence 
of a specific endpoint for CYP1A2 baseline activity inhibition, we 
selected the BMR option of one standard deviation (SD) which was 
recommended as part of the USEPA set of recommendations for data 
reporting in the absence of a well-specified end-point and to determine 
the POD [28]. 

Table 1 
The measured individual linear furanocoumarin doses for participated healthy volunteers in this study.  

Plant name Plant part Dose (g) na Body weight (kg) Human furanocoumarin oral dose (μg/kg body weight)b      

8-MOP 5-MOP ISOP     
Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

P. aniseum seeds 10.0 3 74.7 ± 10.1 2.1 ± 0.3 n.d. c n.d.c 

A. pubescens roots 12.0 3 78.7 ± 4.6 3.9 ± 0.2 5.0 ± 0.3 n.d.c 

A. graveolens seeds 10.0 3 82.0 ± 5.3 2.6 ± 0.2 2.1 ± 0.2 29.3 ± 2.6 
A. archangelica roots 4.5 5 73.2 ± 17.6 42.2 ± 11.2 25.5 ± 6.8 39.3 ± 10.4 
R. graveolens leaves 3.0 4 75.0 ± 8.2 56.3 ± 5.7 22.4 ± 2.3 12.3 ± 1.3 
C. monnieri fruits 3.0 5 75.8 ± 7.4 28.2 ± 3.0 71.3 ± 7.5 18.6 ± 2.0 
A. archangelica d roots 9.0 3 74.0 ± 15.6 38.7 ± 9.3 92.2 ± 22.1 224.4 ± 53.8 
A. majus seeds 6.0 5 72.4 ± 18.7 282.9 ± 80.3 63.1 ± 17.9 663.5 ± 188.4 
A. majus d seeds 12.0 3 74.0 ± 15.6 481.8 ± 115.6 86.9 ± 20.8 1065.4 ± 255.7  

a Number of volunteers for each plant product. 
b Based on 3–5 separate extractions. 
c Not detected in plant aqueous extract. 
d Double-dose levels of A. archangelica and A. majus plant products. 

Table 2 
The exposure and effect data sets used for BMD determination using the USEPA 
BMDS.  

Plant name Mean Integrated Dosea Percentage Inhibition of In vivo 
CYP1A2 Enzyme Activityb  

(μg 8-MOP equivalent/kg 
body weight) 

Mean ± SD 

P. aniseum 2.1 11.2 ± 9.4 
A. pubescens 8.3 32.7 ± 10.8 
A. graveolens 12.3 28.5 ± 25.6 
A. archangelica 75.3 53.4 ± 18.8 
R. graveolens 79.4 35.6 ± 20.9 
C. monnieri 96.3 54.2 ± 19.1 
A. archangelica 180.7 60.4 ± 14.9 
A. majus 517.3 77.0 ± 4.9 
A. majus 845.5 83.2 ± 5.3  

a Based on the sum of average 8-MOP, 5-MOP, and ISOP oral doses multiplied 
with their relative potencies (see subsection 2.3.2. for more information). 

b Calculated from caffeine clearance data (see subsection 2.4. for more 
information). 

Z. Alehaideb and S. Matou-Nasri                                                                                                                                                                                                            

http://www.epa.gov/ncea/bmds/


Toxicology Reports 8 (2021) 1437–1444

1441

2.5.3. Model selection and statistics 
The final step is the selection of the mathematical model to best 

describe the dose-effect relationship using the available human exposure 
and effect data sets. We used the BMDS built-in models for continuous 
data to calculate the BMD thresholds at the pre-specified BMR level as 
mentioned. The BMDS provides numerous model options, including hill, 
exponential M2-M5, linear, polynomial, and power models. The best-fit 
model was selected based on USEPA recommendations, which include 
goodness-of-fit (i.e., t-test), Akaike’s information criterion (AIC) value, 
and visual inspection of the fitted dose-effect curve. The uncertainty of 
BMD determination was reflected as 95 % confidence intervals (i.e., 
BMDL and BMDU), which was computed by the USEPA BMDS based on 
the profile likelihood method as mentioned in USEPA BMDS guidelines. 
Due to different volunteers giving different initial response values for 
each furanocoumarin-equivalent dose level, the response value for the 
no-treatment control group was set to zero percentage as default. 

3. Results and discussion 

In this study, we report the in vivo inhibition of the CYP1A2 isoen-
zyme activity, following the exposure to different doses of linear 
furanocoumarin-containing mixtures in the form of THMs. We attemp-
ted to illustrate the inhibition in a human dose-effect relationship fitted 
by the USEPA BMDS, and using the data sets of exposure doses expressed 
as 8-MOP equivalents using the CA model for chemical-mixture- 
assessment model and effect-based measurements expressed as per-
centage inhibition of in vivo CYP1A2 activity. 

In the presence of different CYP1A2 drug probes, caffeine was chosen 
in this study to calculate the CYP1A2 activity due to its well-known 
pharmacokinetic profile and it is relatively safe to consume at levels 
not exceeding 400.0 mg per day [30]. From in vitro and in vivo studies, 
the CYP1A2 has been reported to be the main isoenzyme to metabolize 
caffeine. For instance, in vitro studies involving specific CYP enzymes 
demonstrated that the 1A2 isoenzyme specifically catalyses caffeine 
oxidation at 3-N and 1-N to form paraxanthine and theobromine, 
respectively, with a minor 1A2 role in the remaining caffeine metabolic 

Fig. 2. (a) Concentration-inhibition plots for pure furanocoumarins of 8-MOP (top), 5-MOP (middle), and ISOP (bottom) on CYP1A2 isoenzyme activity in vitro. (b) 
Concentration-inhibition curves for A. majus seed (top) and A. archangelica root (bottom) aqueous extracts on CYP1A2 isoenzyme activity in vitro. 

Z. Alehaideb and S. Matou-Nasri                                                                                                                                                                                                            



Toxicology Reports 8 (2021) 1437–1444

1442

pathways [31]. In addition, the same research group indicated that 
CYP1A2 is the main isoenzyme involved in caffeine metabolism, ac-
counting for more than 70 % of 100 μM caffeine substrate concentration 
[32]. In vivo studies revealed that CYP1A2 is the main isoenzyme 
involved in caffeine metabolism in humans. For example, Miners and 
Birkett [33] concluded that CYP1A2 is the main isoenzyme to catalyze 
all three N-demethylations for caffeine, which accounts for more than 90 
% of caffeine metabolism in vivo. Perera et al. [34] concluded that 
caffeine is the preferred probe for evaluating CYP1A2 isoenzyme ac-
tivity in vivo in comparison to alternative probe drugs. Carrillo et al. [35] 
concluded that caffeine is a preferred probe substrate for both in vitro 
and in vivo studies related to CYP1A2 enzyme activity evaluation. 

In this present study, we measured the inhibitory potencies of the 
pure furanocoumarin chemical on the CYP1A2 isoenzyme activity with 
IC50 values, determined as 61.6 (±2.41), 68.8 (±0.21), and 277.0 
(±10.4) nM for 8-MOP, 5-MOP, and ISOP, respectively (Fig. 2a). The 
inhibitory parameters were obtained using a multi-donor pooled HLM to 
mimic the true in vivo metabolic medium, to provide more accurate 
measurements. The calculated RPF values for 8-MOP, 5-MOP, and ISOP 
were 1.00, 0.88, and 0.27, respectively. The IC50 values were selected 
for the RPF calculation to obtain an accurate comparison of the inhibi-
tory potencies in the three linear furanocoumarins, compared to the 
inhibitory values near the extremes of the dose-effect curve slope (i.e., 
IC20 or IC80). The dose-response curves of the three linear fur-
anocoumarins were relatively parallel to each other with slopes of 
2.036, 2.165, and 1.798 for 8-MOP, 5-MOP, and ISOP, respectively 
(Fig. 2a). The conditions for applying the CA model were met using 8- 
MOP as the chemical marker, as per Eq. 2. 

Fig. 2b presents the inhibition curves for A. majus and A. archangelica 
aqueous extracts on CYP1A2-mediated caffeine 3-N demethylation ac-
tivity using HLMs. The IC50 values were calculated at a 0.000959 
(±0.000133) and 0.003564 (±0.000154) dilution factor for A. majus 
and A. archangelica extracts, respectively. The calculated integrated 
concentrations using the WM model were 6.97 (±0.94) and 1.24 
(±0.05) mg 8-MOP equivalent/g dry weight for A. majus and 
A. archangelica extracts, respectively. However, the calculated integra-
tive concentrations using the CA model were 6.04 (±0.35) and 1.46 
(±0.08) mg 8-MOP equivalent/g dry weight for A. majus and 
A. archangelica extracts, respectively. The proximity of the WM and CA 
derived integrated concentration/dose results indicate that 8-MOP, 5- 
MOP, and ISOP are the main inhibitors of the CYP1A2 isoenzyme ac-
tivity in vitro and most likely in vivo. 

We explored different BMD modelling options and restrictions. We 
concluded that using the default BMDS settings and restrictions pro-
vided the best modelling outcomes, as reported [21]. The goodness-of-fit 

test results indicate adequate fit for the hill and exponential M4/M5 
models with BMDS-calculated p-values more than 0.1 (Table 3). The 
8-MOP equivalent doses and the CYP1A2-mediated caffeine metabolism 
inhibition percentages were best-fit using the BMDS hill model as it 
displayed the lowest AIC value (Table 3) (see supplementary 1 for more 
information). These results agree with a study concluding that the hill 
and exponential models fit for most toxicological dose-effect relation-
ships [36]. Nevertheless, the human data in this study was fitted using 
all the available models provided by the BMDS, as per USEPA recom-
mendations (see Supplementary 1 for more detailed information). Of 
note, we explored the use of the Netherland’s National Institute for 
Public Health and the Environment (RIVM) software for dose-response 
modelling with benchmark dose analysis (PROAST), and we 
concluded that the USEPA BMDS provided the best-fit for the available 
data presented in this study. 

As seen in the Table 3, the hill and exponential M4/M5 models 
provided good fits with the BMDS-calculated AIC values close to one 
another with less than 2.0 value difference. Moreover, the BMDL levels 
from the aforementioned models were within 3-fold difference, which 
are considered as non-divergent by BMD modellers [9,37]. Thus, an 
averaged BMDL value for the best-fit models (i.e., hill and exponential 
M4/M5) could be considered as the POD as recommended [28]. In this 
current study, the averaged BMDL value was 14.4 (±5.1) μg 8-MOP 
equivalent/kg body weight. It should be noted that this is not similar 
to the emerging approach of model-averaging that is advocated in recent 
years by modellers, which involves weighing adequately fitting models 
[38]. Worth mentioning, the determined BMD and BMDL values ob-
tained in this current study were comparable to LOAEL and NOAEL 
levels reported in our previous study [8]. The NOAEL and LOAEL levels 
were also determined based on a series of human experiments involving 
various oral doses of THMs, with the total furanocoumarin content 
ranging from 2.1–845.5 μg 8-MOP equivalent/kg body weight. Based on 
Student’s paired t-test, comparing the caffeine area-under-curve ratio 
with and without prior pre-treatment by furanocoumarin-containing 
THMs for the same dose group, the NOAEL and LOAEL levels were 
13.1 and 71.9 μg 8-MOP equivalent/kg body weight, respectively. It is 
noteworthy that the LOAEL and NOAEL are depended on dose-level 
spacing, which gives advantage to the BMD/BMDL approach as 
mentioned earlier. 

Despite the successful establishment of the dose-effect relationship 
for linear furanocoumarin mixture consumptions and the percentage 
inhibition of the CYP1A2-mediated caffeine metabolism determined in 
healthy volunteers, this study has limitations and assumptions, which 
should be addressed. The use of herb extracts instead of pure phyto-
chemicals to determine the BMD and BMDL levels could be considered 
as a limitation in the current study due to the presence of other phyto-
chemical groups, including flavonoids. These flavonoids, such as api-
genin, quercetin, and naringenin, are known to exhibit inhibitory effects 
on CYP1A2 enzyme activity [39,40]. Nevertheless, the flavonoid con-
tents in such herbs and foods are significantly reduced with prolonged 
boiling temperature treatment, as seen in traditional decoction prepa-
rations [41]. Based on our previous THM analysis study, osthole 
coumarin, detected in C. monnieri and A. pubescens extracts, was stable at 
boiling temperature (unpublished data). However, osthole coumarin has 
been characterized as a moderate inhibitor of CYP1A2 activity [42], 
which suggests osthole coumarin to play a minimal inhibitory role in the 
aforementioned herbs, especially with the abundant presence of potent 
irreversible inhibitors of linear furanocoumarins, which degrade the 
CYP1A2 isoenzyme. 

However, the literature confirmed that the linear furanocoumarins, 
including 8-MOP, 5-MOP, and ISOP, are stable at boiling temperatures 
[22,43]. In the present study, the participants were dosed with THM 
extracts, treated at a boiling temperature, resembling a decoction 
preparation. As a result, confounding inhibitory effects were unlikely to 
occur. It should be also mentioned that the current study is not the first 
study to establish a dose-effect relationship and to determine BMD levels 

Table 3 
Comparative outcomes for BMD determination using different USEPA BMDS 
built-in models.  

Modela BMDb BMDLc BMDUd p valuee AICf  

μg 8-MOP equivalent/ kg body 
weight   

Hill 18.86 8.58 42.00 0.190 246.22 
Polynomial 94.36 66.29 159.99 0.003 257.75 
Power 275.46 205.08 416.98 0.000 264.61 
Linear 275.46 205.08 416.98 0.000 264.61 
Exponential Model 2 416.46 336.07 576.56 < 0.0001 268.51 
Exponential Model 3 416.46 336.07 576.56 < 0.0001 268.51 
Exponential Model 4 28.01 17.35 51.57 0.119 247.72 
Exponential Model 5 28.01 17.35 51.94 0.119 247.72  

a Using default USEPA BMDS models and settings. 
b Calculated with BMR set at 1.0 standard deviation. 
c Determined at 0.95 lower confidence limit. 
d Determined at 0.95 upper confidence limit. 
e Based on likelihood ratio test performed by USEPA BMDS (acceptable 

model-fit if p value is > 0.1). 
f Akaike’s information criterion performed by USEPA BMDS. 
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from exposure data using different natural products. Wu and Wang [44] 
established a dose-response relationship for end-stage renal disease with 
the consumption of aristolochic acid, present in different Chinese herbs, 
decoctions, and preparations. Our current results clearly show an 
ascending trend of both CYP1A2 isoenzyme activity inhibition and 
furanocoumarin-equivalent concentrations (Fig. 3). 

The human data sets were based on a subpopulation of healthy males 
from 20 to 35 years of age and exclude subpopulations of females and 
sensitive individuals, including children, elderly, and patients, which 
could be considered as another limitation in this study. However, the 
threshold levels of BMD and BMDL were based on observed human data, 
which account for the absorption, protein binding, distribution, meta-
bolism, and elimination, providing more accurate measurements with 
minimal confounding uncertainties compared to results obtained from 
scaling animal toxicological data, which strengthened this study. A point 
to consider is the fact that linear furanocoumarins induce CYP iso-
enzymes in mice and rats, which may interfere with the conclusions of 
the present study. For instance, Letteron et al. [45] dosed 125 μmol/kg 
of 8-MOP or 5-MOP to rats for three days and reported that the mono-
oxygenases activity remained high before the subsequent doses but were 
immediately lowered after the 8-MOP or 5-MOP dose. They concluded 
that 8-MOP and 5-MOP are both inactivators and inducers. Mays et al. 
[46] dosed rats with 50.0 mg/kg for three days, resulting in an increased 
caffeine clearance from 0.25 to 1.08 L/kg/hr. Apseloff et al. [47] dosed 
rats with 8-MOP at 0, 25.0, and 50.0 mg/kg for three days with an 
average theophylline clearance of 1.7, 2.4, and 9.5 mL/min/kg respec-
tively. In addition, Tantcheva-Poór et al. [48] dosed human patients 
undergoing psoralen-ultraviolet A treatment with 0.6 mg 8-MOP/kg/-
day with no observed increase in caffeine clearance levels after six to 
ten days of treatment suggesting no induction of CYP1A2 isoenzyme 
expression in humans by 8-MOP. 

4. Conclusion 

We successfully determined the threshold oral dose for linear fur-
anocoumarins, expressed as 8-MOP equivalents, at which a significant 
inhibition of CYP1A2-mediated caffeine metabolism can occur. The re-
sults of this study can be used to predict herb-drug interactions involving 
linear furanocoumarin-containing THMs, as well as narrow-therapeutic- 
indexed drugs mainly metabolized by the CYP1A2 isoenzyme, such as 
theophylline and tizanidine. In addition, this study demonstrated the 

successful application of the chemical-mixture-assessment models in a 
dose-effect relationship, involving phytochemicals. The study also sup-
ports advocates for the appropriate regulation of natural health products 
with significant potent pharmacoactive ingredients, which might pose a 
serious risk for consumer health. 
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