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Summary 
Evaluation of possible interactions with enzymes of drug 
metabolism is an important part of studies on safety and, 
in general, on the properties of any drug or biologically active 
compound. Here, focus is given on interactions of three 
sesquiterpenes (β-caryophyllene oxide (CAO), trans-nerolidol 
(tNER) and farnesol (FAR)) with CYP3A4. To determine the 
CYP3A4 activity, specific substrates testosterone (TES) and 
midazolam (MDZ) were used. In human liver microsomes, the 
CAO inhibited the MDZ 1´-hydroxylation by mixed type inhibition 
and Ki 46.6 μM; TES 6β-hydroxylation was inhibited more 
strongly by tNER by the same mechanism and with Ki of 32.5 μM. 
Results indicated a possibility of different mode of interaction of 
both compounds within the active site of CYP3A4 and this was 
why the molecular docking study was done. The docking 
experiments showed that the studied sesquiterpenes (CAO and 
tNER) bound to the CYP3A4 active site cause a significant 
decrease of binding affinity of substrates tested which 
corresponded well to the inhibition studies. The inhibition 
observed, however, most probably does not pose a real harm to 
microsomal drug metabolism as the levels of sesquiterpenes in 
plasma (assuming the use of these compounds as spices or 
flavoring additives) does not usually exceed micromolar range. 
Hence, the interaction of drugs metabolized by CYP3A4 with 
sesquiterpenes is less probable. 
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Introduction 
 

Cytochromes P450 (CYP) are the most 
important enzymes of the drug metabolism (Anzenbacher 
and Anzenbacherová 2001, Anzenbacher and Zanger 
2012, Ortiz de Montellano 2005, Zanger and Schwab 
2013). These hemoproteins are localized in many tissues 
of the human organism (e.g. liver, lungs, brain, heart, 
kidney, and intestines). Subcellular localization of CYP 
enzymes is typically in the membrane of endoplasmatic 
reticulum and mitochondria (Šrejber et al. 2018). The 
main function of CYPs is formation of more polar 
metabolites of drugs either by inserting of polar group 
into parent molecule (e.g. hydroxylation) or by liberation 
of a present functional group (e.g. demethylation of 
a methoxy group). Fifty-seven human CYP forms are 
known; in pharmacology focus is given to CYP present in 
human liver and important in biotransformation of drugs 
(Anzenbacher and Anzenbacherová 2001, Anzenbacher 
and Zanger 2012, Guengerich 2003). 

An evaluation of possible interactions with 
enzymes of drug metabolism is necessary part of studies 
on safety and, in general, on the properties of any drug or 
biologically active compound. Drug interactions often 
involve interactions with compounds of natural origin 
(Anadón et al. 2016, Hermann and von Richter 2012), as 
it has been documented e.g. for drug substrates of 
cytochrome P450 form CYP3A4 with compounds present 
in Hypericum perforatum (St. John´s Wort) extracts (Hall 
et al. 2003, Greeson et al. 2001, Wang et al. 2001) or in 
grapefruit juice (Anadón et al. 2016, Bailey et al. 1998, 
Chan 2006). Drug interactions of this kind may lead to 
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serious consequences, as e.g. to a rejection of heart 
transplant due to lowered cyclosporine A levels 
(cyclosporine A is a typical CYP3A4 substrate) after 
intake of Hypericum perforatum extract (Ruschitzka et al. 
2000).  

Sesquiterpenes are group of terpenes consisting 
of three isoprene units and fifteen carbons. They occur in 
human food, beverages, and they are inherent ingredients 
of spices. Moreover, they are the main component of 
plant essential oils widely used in folk medicines, 
cosmetics or pharmaceutical industry (Bártíková et al. 
2014, Marcin and Naď 2017). Bicyclic sesquiterpene  
β-caryophyllene (CAR) mainly occurs in nature together 
with its monocyclic isomer α-humulene, as well as  
with its metabolite, a monooxygenated derivative  
β-caryophyllene oxide (CAO; Fig. 1). These cyclic 
sesquiterpenes are components of well-known aromatic 
plants such as basil, oregano, sage, menthe, ginger, 
cloves, lemon balm, caraway, hops, lavender, rosemary, 
cinnamon, cannabis etc. Cyclic sesquiterpenes are known 
to have favorable biological activities, e.g. anticancer and 
analgesic activity (Fidyt et al. 2017), antioxidant, 
antimicrobial, chemo-protective, anti-inflammatory 
effect, and cytotoxicity in cancer cells. The acyclic 
sesquiterpenes (Fig. 1), also known as farnesans, are 
derived from farnesol (FAR). Farnesol occurs in many 
plants, e.g. cabreuva, ambrette, jasmine, ylang and rose. 
The isomer of FAR, nerolidol (NER), exists in two 
geometric isomers – a trans and a cis isoform. NER is 
a frequent component in food and cosmetics. Acyclic 
sesquiterpenes exhibit similar biological activities 
reviewed in Chan et al. (2016) (e.g. antioxidant, 
antibacterial, antiparasitic and anticancer). Recently, it 
has been also shown that CAO enhances the efficacy of 
5-fluorouracil and oxaliplatin in colon cancer cells 
(Ambrož et al. 2019).  

Interactions of sesquiterpenes with CYP were 
investigated recently (Špičáková et al. 2017, Nguyen  
et al. 2017); here, focus is given to their interaction and 
possible inhibition of the most important enzyme of  
drug metabolism in humans, namely, with CYP3A4 
(Anzenbacher and Zanger 2012, Ortiz de Montellano 
2005).  

To get a structural insight into mechanism of 
inhibition of CYP3A4 by sesquiterpenes we performed 
also the molecular docking of CAO, trans-nerolidol 
(tNER) and FAR in CYP3A4 enzyme. Molecular 
modeling can help in understanding the relationship 
between structure and function of proteins involved in 

many biological processes. This approach has been 
shown to be useful in explaining stereoselective 
interactions of many compounds with CYP enzymes 
(Berka et al. 2012, Krasulová et al. 2015, Krasulová et al. 
2017, Otyepka et al. 2012).  

 
 

 
 
Fig. 1. Structural formulae of used sesquiterpenes. Chemical 
structures were produced using ACD/ChemSketch (Freeware) 
2017.2.1. 
 
 
Methods 
 
Chemicals and reagents 

The cyclic (CAO) and acyclic sesquiterpenes 
(tNER and FAR) were obtained from the laboratory of 
the co-author (LS) (Špičáková et al. 2017, Nguyen et al. 
2017).  

Midazolam (MDZ), testosterone (TES), NADP+, 
isocitric acid and isocitratedehydrogenase were purchased 
from Sigma (Sigma Aldrich CZ, Prague). All other 
common laboratory chemicals were obtained from the 
same source and of the HPLC or analytical grade. 
Microsomal fraction of human liver homogenate was 
purchased from Biopredic (Rennes, France). 

  
Enzyme assays 

To study the CYP3A4 enzyme activity we have 
used two established methods described to the literature 
with CYP3A4 specific substrates TES (Guengerich et al. 
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1986) and MDZ (Gorski et al. 1994), namely, the  
1´-hydroxylation of MDZ and TES 6β-hydroxylation.  

Incubation mixtures contained 100 mM potassium 
phosphate buffer (pH 7.4), NADPH-generating system 
(0.8 mM NADP+, 5.8 mM isocitric acid, 0.3 unit/ml of 
isocitrate dehydrogenase and 8 mM MgCl2), human liver 
microsomes and individual probe substrate. Assay 
conditions are listed in Table 1. For determination of 
metabolites formed from specific substrates, an HPLC 
system Shimadzu Class VP HPLC system (Shimadzu, 
Tokyo, Japan) with UV detection (for 1´-hydroxy-
midazolam 240 nm; 245 nm for 6β-hydroxytestosterone) 
was used. Inhibition of individual CYP activities was in all 
cases evaluated by plotting respective remaining activity 
against the inhibitor concentration. 

 
Enzyme inhibition studies 

Initially, for both enzyme assays, preliminary 
experiment was done to determine the KM and Vmax to 
obtain the appropriate concentration of the specific 
substrates for the inhibition experiments. Substrate 
concentration was chosen in the range corresponding to the 
value of KM. Data were analyzed using the SigmaPlot 8.0 
graphing software (Jandel Scientific, Chicago, IL, USA).  

Inhibition experiments were performed as 
duplicate experiments at 0, 5, 10, 25, 50, and 100 µM 
concentration of each tested sesquiterpenes with 
individual values differing less than 10 %. Preincubation 
of reaction mixtures with potential inhibitors (CAO, 
tNER and FAR) for 30 min at 37 °C was performed in 
both assays. The same experiment with organic solvent 
was performed too. Inhibition of CYP3A4 activity was in 
both cases evaluated by plotting respective remaining 
activity against the inhibitor concentration. 

 
Statistical analysis 

Calculations of microsomal CYP activities were 
done using Microsoft Excel 2016 and Statistica 12 (Systat 
Software, San Jose, CA). Data were analyzed by one-way 
analysis of variance and then Scheffé's post hoc test. The 
differences were regarded as significant when *p<0.05, 
#p<0.01, †p<0.001, ‡p<0.0001. 

 
Molecular modelling 

Ligand structures of MDZ, TES, CAO, tNER 
and FAR were prepared for docking procedure using 
MarvinSketch 15.1.5.0 software package 
(http://www.chemaxon.com). Polar hydrogens were 
added and Kollman charges assigned using Autodock 

Tools program package (Sanner 1999). Autodock Vina 
program (Trott and Olson 2010) was used for docking of 
ligands into the grid box containing whole structure of 
CYP3A4 protein model centered on enzyme center near 
to the heme cofactor. The crystal structure of CYP3A4 
enzyme (PDBID: 5A1R) was used to construct the 
enzyme/protein docking templates. The affinity to the 
enzyme was estimated using Gibbs free energy (∆G) of 
E + L = EL reaction, where L stands for ligand (substrate 
or inhibitor), E for enzyme and EL for enzyme-ligand 
complex. It should be noted that ∆G = -RT ln K, where R 
is the universal gas constant, T thermodynamic 
temperature and K the equilibrium constant of the 
interaction.  
 
Results 
 
Inhibition of specific CYP activities in human liver 
microsomes 

In the present study, inhibitory effect of four 
sesquiterpenes (CAO, tNER and FAR) on enzyme 
activity of CYP3A4 was investigated. For measurement 
of the changes in the activity of CYP3A4, of two 
different substrates (MDT and TES) were studied. Firstly, 
MDZ with its specific metabolite 1´-hydroxymidazolam, 
and secondly, TES with its specific metabolite  
6β-hydroxytestosterone were used. tNER and CAO 
inhibited enzyme activity of CYP3A4 (Figs 2A and 2B). 
IC50 value of inhibition of midazolam 1´-hydroxylation 
by CAO amounted to 26.3 µM (Fig. 2A) and to 46.3 µM 
for the inhibition of 6β-hydroxytestosterone formation by 
tNER (Fig. 2B). Insignificant inhibition was observed in 
other cases. 

Further experiments were performed to 
determine the mechanism of inhibition of MDZ and TES 
metabolite formation by CAO and tNER. Enzyme 
kinetics of CYP3A4 using both probes, MDZ and TES, 
were determined to find the optimal concentration of the 
specific substrates for the inhibition experiments. 
Substrate concentrations were chosen close to KM values 
(Table 1). Then, experiments assessing inhibition of 
activity of this enzyme (using both probes MDZ and 
TES), by CAO, tNER and FAR were performed. The 
measurements were made at four substrate concentrations 
corresponding to 0.5 KM, 1 KM, 2 KM, and 4 KM values 
(1.25, 2.5, 5, and 10 µM for MDZ; and 50, 100, 200, and 
400 µM for TES) for analysis of the inhibition 
mechanism by Dixon and Lineweaver-Burk plots (Segel 
1993).
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Table 1. Incubation conditions for CYP3A4 assays used in the inhibition study. 
 

Substrate 
Substrate conc.  

(µM) 
CYP/volume 

(pmol/µl) 
Quench agent 

Incubation time  
(min) 

Midazolam 2.5 15/100 0.1 ml methanol 10 
Testosterone 100 70/500 2.0 ml dichlormethane 30 

 
 
Table 2. Binding free energy to the CYP3A4 active site (∆G, kcal/mol) of sesquiterpenes and CYP3A4 substrates. A, the compounds 
alone; B, changes of ∆G of substrates in presence of sesquiterpenes in the CYP3A4 active site. 
 

A  

     Compound CAO tNER FAR MDZ TES 

ΔG -7.6 -6.6 -6.8 -9.8 -6.6 

B 
     

Compound MDZ MDZ+CAO TES TES+tNER TES+FAR 

ΔG -9.8 -4.5 -6.6 -3.6 -5.1 
 
 

 
 
Fig. 2. Effects of sesquiterpenes (CAO, tNER and FAR) on 
enzyme activity of CYP3A4, substrate midazolam (A) and 
substrate testosterone (B), in human liver microsomes. Inhibition 
of enzyme activity is expressed as the activity remaining  
relative to control (100 %, without sesquiterpene) in percent. 
Concentration of an individual sesquiterpenes in the reaction 
mixture was 0, 5, 10, 25, 50, and 100 µM. Data were analyzed by 
one-way ANOVA and then Scheffé's post hoc test. Activities 
represent the mean from three independent experiments in 
duplicates and values significantly different from control are 
labeled (N=6, *p<0.05, #p<0.01, †p<0.001, ‡p<0.0001).  

 
 
Fig. 3. Dixon plots (A) representing inhibition of 
1´-hydroxylation of midazolam by CAO after a 30-min 
preincubation; (B) illustrating the inhibition of 6β-hydroxylation 
of testosterone by tNER after a 30-min preincubation (for details, 
see Methods). 

 
 
The most prominent inhibitory effects, i.e. more 

than down to 50 % of initial activity (Fig. 2A inhibition 
of MDZ 1´-hydroxylation by CAO, or Fig. 2B inhibition 
of TES 6β-hydroxylation by tNER), were evaluated by 
creating the Dixon as well as the Lineweaver-Burk  
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plots (data not shown) of the enzyme activity as 
a function of inhibitor concentration. The formation of  
1´-hydroxymidazolam is inhibited by CAO by mixed 
type inhibition (Fig. 3A), similarly, tNER inhibits  
6β-hydroxylation of TES by the same mixed inhibition 
mechanism (Fig. 3B). The respective Ki values obtained 
were found to be 46.6 µM (for CAO with MDZ), and 
32.5 µM (for tNER with TES). 

 
Molecular modelling 

Molecular docking was used for analysis of 
interactions of three sesquiterpenes (FAR, CAO and tNER) 
and two substrates (MDZ and TES) within the active site 
of CYP3A4 in terms of Gibbs free energies. We carried out 
docking experiments for each molecule into crystal 
structure of CYP3A4 and averaged the estimated free 
energies. The Gibbs free energy reflects affinity of ligand 
molecule to the active site and is related to the equilibrium 
constant (see Methods). Lower value of the Gibbs free 
energy corresponds to higher ligand affinity (tougher 
binding). The studied sesquiterpenes exhibited rather 
similar binding energies ranging from -6.6 to -7.6 kcal/mol 
(Table 2). The molecules bind above the heme cofactor 
(Fig. 4A) interacting besides the heme mostly with I-helix 
amino acids at the left to the heme. As the prototypical 
substrates (MDZ and TES) bind to similar position as 
sesquiterpenes, they can block access of substrates to the 
heme and inhibit the enzyme. This idea is corroborated by 
the interaction energies of MDZ and TES (-9.8 and  
-6.6 kcal/mol), which are not far from the binding energies 
of sesquiterpenes. The competing binding positions of 
substrates and sesquiterpenes apparently contributed to the 
experimentally observed inhibition. However, it is worth 
noting that under physiological conditions, one should take 
into account that the CYP3A4 catalytical activity will be 
affected by current local concentrations of interacting 
compounds as well as by molecular dynamics (Berka et al. 
2013, Paloncýová et al. 2014, Šrejber et al. 2018).  

Next, we carried out a docking study showing the 
binding of substrates in presence of bound sesquiterpenes. 
The sesquiterpenes which were able to inhibit the CYP3A4 
enzyme activity were: CAO (inhibiting preferably the 
MDZ 1´-hydroxylation; Fig. 2A) and tNER (inhibiting the 
TES 6β-hydroxylation; Fig. 2B). In the Figure 4B, the 
binding of MDZ in presence of CAO is shown 
documenting the displacement of MDZ from the center of 
the active site as the CAO occupied the space above the 
heme. This also explains the inhibition of MDZ  
1´-hydroxylation and is supported by change of ∆G of 

MDZ from -9.8 kcal/mol to -4.5 kcal/mol indicating  
a decrease of binding affinity of the MDZ (Table 2). 
Similarly, the binding of TES in presence of inhibiting 
molecule, here the tNER (results not shown), the 
displacement of TES from the original binding site has led 
to inhibition of the TES 6β-hydroxylation and change of 
∆G of TES from -6.6 kcal/mol to -3.6 kcal/mol, again 
showing a decreased affinity of TES to the enzyme 
(Table 2). 

 
 

 
 
Fig. 4. Preferred orientation of studied molecules inside the 
active site of CYP3A4 (PDB ID: 5A1R) as predicted by the 
docking experiment. CYP3A4 is represented by secondary 
structure elements, heme is highlighted in sticks, and ligands by 
ball&stick models. A, sesquiterpenes and substrates TES and 
MDZ alone; B, MDZ and CAO together showing the displacement 
of MDZ from the heme vicinity.  

 
An example of sesquiterpene, which is not 

inhibiting the CYP3A4 activities, is represented by FAR. 
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This molecule does inhibit neither the MDZ  
1´-hydroxylation, nor the TES 6β-hydroxylation by this 
enzyme. Apparently, this is caused by displacement of 
FAR from the heme vicinity (not shown). This may be 
demonstrated with TES, with only relatively small 
change of the binding energy (TES alone, -6.6 kcal/mol; 
TES+FAR, -5.1 kcal/mol; Table 2) indicating relatively 
small influence of this compound on the CYP3A4 
enzyme activity (Fig. 2). 
 
Discussion 
 

The sesquiterpenes, including the three 
compounds studied here (CAO, tNER and FAR) often 
occur in plants together. They are common components 
of food, beverages, cosmetics and preparations of folk 
medicine. Furthermore, these natural compounds possess 
promising biological activities (Bártíková et al. 2014). 
On the other hand, as with other biologically active 
compounds, including those of the natural origin, there is 
a risk of unfavorable drugs interactions (for examples see 
Introduction). CYP3A4 is the most important enzyme of 
drug metabolism in humans (Anzenbacher and 
Anzenbacherová 2001, Anzenbacher and Zanger 2012); 
hence, sesquiterpene-drug interactions based on  
CYP3A4 could lead to clinical consequences. Recently, 
interactions of sesquiterpenes with hepatic cytochromes 
P450 has been studied (Koe at el. 2013, Pimkaew et al. 
2013). 

In the present study, an inhibitory effect of three 
sesquiterpenes (CAO, tNER and FAR) on the activity of 
the CYP3A4 enzyme in human liver microsomal fraction 
was studied in detail.  

Summarized results of the inhibition 
experiments are shown in Figure 2. Among three 
sesquiterpenes studied, tNER and CAO were shown to 
able to affect the enzyme activity of CYP3A4. 
Interestingly, the results show that both the prototypical 
activities of CYP3A4 are inhibited by tNER and CAO, 
reflecting the similarity of mode of interaction in the 
CYP3A4 active site. CAO inhibits the prototypical 

CYP3A4 enzyme activity (MDZ 1´-hydroxylation) by 
binding strongly to the active site which is typical for 
binding of the substrate MDZ, in other words, CAO 
occupies the optimal binding site of MDZ. This situation 
is also documented by decrease of the binding energy of 
MDZ from -9.8 kcal/mol to -4.5 kcal/mol in the presence 
of CAO (Table 2). This is clearly seen in the Figure 4. 
Analysis of the inhibition mechanism indicates a mixed 
type inhibition, in other words, a mechanism which mixes 
a competitive inhibition which is, however, influenced by 
catalytic properties of the enzyme (Segel 1993, Cornish-
Bowden 2004). tNER interacts within the CYP3A4 active 
site in a similar location. This is why the binding energy 
of TES in presence of inhibitor tNER is again lowered 
almost by one half (from 6.6 kcal/mol to 3.6 kcal/mol, 
Table 2). As in the case of CAO, the mechanism of 
inhibition indicates again a mixed type of inhibition 
(a competitive inhibition interfering catalytic properties 
of the enzyme (Segel 1993, Cornish-Bowden 2004)). 
Inhibition in both cases can be expressed by the 
respective Ki values of 46.6 μM for inhibition of  
1´-hydroxylation of MDZ by CAO; and 32.5 μM for 
inhibition of TES 6β-hydroxylation by tNER.  

In other words, due to relatively high values of 
the Ki´s, the inhibition observed most probably does not 
pose real harm to microsomal drug metabolism as the 
levels of sesquiterpenes in plasma (assuming the use of 
these compounds as spices or flavoring additives) do not 
usually exceed micromolar range (Yang et al. 2012, 
de Araújo Delmondes et al. 2019). Hence, the interaction 
of drugs metabolized by CYP3A4 is less probable and the 
compounds can be expected to be safe. 
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