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Abstract

:

Artemisia annua L. has long been known for its medicinal properties and isolation of ingredients whose derivatives are used for therapeutic purposes. The CYP2B6 and CYP3A4 enzymes belong to a large family of cytochrome P450 enzymes. These enzymes are involved in the metabolism of drugs and other xeonobiotics. It is known that various compounds can induce or inhibit the activity of these enzymes. The aim of this study was to investigate the nature of the inhibitory effect of Artemisia annua extract on CYP2B6 and CYP3A4 enzymes, as well as the type of inhibition, the presence of reversible or pseudo-irreversible inhibition, and the possible heme destruction. The methanolic extract of Artemisia annua showed an inhibitory effect on CYP2B6 (by almost 90%) and CYP3A4 enzymes (by almost 70%). A significant decrease in heme concentration by 46.8% and 38.2% was observed in different assays. These results clearly indicate that the studied plant extracts significantly inhibited the activity of CYP2B6 and CYP3A4 enzymes. Moreover, they showed irreversible inhibition, which is even more important for possible interactions with drugs and dietary supplements.
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1. Introduction


Although 50 years have passed since the discovery of artemisinin [1], the pharmacologically and biologically active compounds of the Artemisia annua L. (sweet wormwood) continue to engage and fascinate scientists around the world. Artemisia annua (Figure 1) belongs to the annual herbaceous herb class, and grows in Asia and India as well as some parts of Europe, America, Africa, and Australia [2,3].



Sweet wormwood is a plant that people use on many occasions, from nutrition to health purposes. In parts of Asia, this plant is used as a spice, tea, or pressed juice [5]. It has been used as a medicine in traditional Chinese medicine for centuries. In addition, the official Chinese pharmacopoeia describes an infusion of the dried parts of the plant as a remedy for malaria and fever [6]. In addition to its antimalarial activity, there are numerous studies showing the antimicrobial, anticholesterol, antiviral, anti-inflammatory, anti-plasmodial, antitumor, antiobesity, and anticonvulsant effects of this plant [6,7,8,9,10,11,12]. The reason why sweet wormwood has such a wide range of effects on different types of diseases is that it contains numerous biologically active groups of compounds in its composition (Table 1).



In 2015, the Chinese pharmaceutical scientist Tu Youyou was awarded the Nobel Prize in Physiology or Medicine for the discovery and isolation of artemisinin, which is believed to be responsible for the antimalarial activity of this plant. According to its chemical structure, artemisinin belongs to the sesquiterpenes, a class of terpenes with three isoprene units. In addition to artemisinin, sweet wormwood contains a handful of other constituents that exhibit a range of biological and pharmacological effects [13].



Cytochrome P450 (CYP) enzymes are a large family of enzymes found in all biological kingdoms, including humans. In humans, the CYP enzymes are located in the mitochondria or endoplasmic reticulum. This large group of enzymes are monooxygenases; they require an external oxygen donor to function properly. According to their structure, CYP enzymes are hemoproteins; they have heme as a prosthetic group [14]. CYP enzymes are involved in the metabolism of xenobiotics, including drugs that humans ingest daily. When metabolized by the same CYP enzymes, numerous substances can act as inducers or inhibitors of enzymatic activity [15].



The CYP2B6 enzyme is expressed in the liver and to some extent in the lungs [16]. It is an enzyme involved in approximately 5% of reduction and oxidation reactions within the CYP group [17]. The marker reaction used to measure the activity of this enzyme is the N-demethylation of S-mephenytoin. Efavirenz, which converts CYP2B6 to hydroxylated metabolites, is also used for this purpose [18]. Other substrates of this enzyme include artemisinin, bupropion, cyclophosphamide, ifosfamide, and methadone. The following compounds have been shown to inhibit of this enzyme: 17α-ethinylestradiol, duloxetine, thiotepa, ticlodipine, clopidogrel, methadone, sibutramine, and ritonavir [18,19]. Besides drugs, numerous compounds of natural origin also inhibit the activity of this enzyme very successfully [18,20].



CYP3A4 is the most important drug-metabolizing enzyme in the CYP group, as it metabolizes about 33% of drugs. It is an enzyme responsible for 20% of all reduction and oxidation reactions within the CYP group [17]. Since it has a large active site, CYP3A4 is involved in the metabolism of numerous xenobiotics. The reaction marker used to measure the activity of this enzyme is the hydroxylation of testosterone to 6β-hydroxytestosterone [18]. Some of the substrates for this enzyme are clarithromycin, erythromycin, cisapride, astemizole, verapamil, atorvastatin, lovastatin, simvastatin, and sildenafil. Ritonavir, diltiazem, cimetidine, amiodarone, verapamil, and many other drugs act as inhibitors of this enzyme [18]. It has also been found that numerous substances of natural origin, such as flavonoids, can also significantly inhibit the activity of the CYP3A4 enzyme [20,21] and lead to clinically significant and potentially dangerous interactions [22].



The aim of this study was to investigate the inhibitory effect of Artemisia annua L. extract (AAE) on the activity of CYP2B6 and CYP3A4 enzymes, as well as to examine heme binding and pseudo-irreversible and reversible inhibition.




2. Materials and Methods


2.1. Materials


The aerial parts of the Artemisia annua L. plant were purchased on the market (Suban, Croatia). Cytochromes P450 2B6 and 3A4 (recombinant) were co-expressed with nicotinamide-adenine-dinucleotide phosphate (NADPH) reductase and obtained from Thermo Fisher Scientific (Waltham, MA, USA), as well as cytochrome b5 in baculosomes. The contents of CYP2B6 and CYP3A4 were confirmed to be 1 μM, as was declared by the manufacturer, based on the cytochrome P450 carbon monoxide assay [23]. β-nicotinamide-dinucleotide phosphate disodium salt (NADP+), glucose-6-phosphate (G6P), and glucose-6-phosphate dehydrogenase (G6PDH) obtained from Sigma-Aldrich (St. Louis, MO, USA) were used to prepare the generation system. Formic acid (85%, p.a.) was purchased from Semikem (Sarajevo, Bosnia and Herzegovina), potassium phosphate (p.a.) and dichloromethane (p.a.) from Kemika (Zagreb, Croatia), methanol from Merck KGaA (Darmstadt, Germany), ultrapure water from Sigma-Aldrich, and acetonitrile from KEFO (East Sarajevo, Bosnia and Herzegovina). In order to prepare a potassium phosphate buffer of pH 7.4, a potassium dihydrogen phosphate obtained from Kemika d.d. was used. Sodium hydroxide (Semikem d.o.o.) was used to adjust the pH. For the marker reactions for CYP2B6 and CYP3A4, S-mephenytoin, S-nirvanol, testosterone, and 6β-hydroxytestosterone from Sigma Aldrich were used. Clopidogrel and troleandomycin, used as positive controls for enzyme activities, were obtained from the Agency for Medicines and Medical Devices of Bosnia and Herzegovina (Banja Luka, Bosnia and Herzegovina). Pyridine (p.a.) (Semikem d.o.o.), bovine hemin (Sigma-Aldrich), and dimethylsulfoxide (DMSO) (Semikem d.o.o.) were used in the hemochromopyridine assay. Potassium hexacyanoferrate (PCF) (Siegfried AG, Zofingen, Switzerland) and diltiazem (Enzo Life Sciences, Farmingdale, NY, USA) were used in the study of reversible and pseudo-reversible inhibition. Plant extracts were shaken on an orbital shaker with mat platform (Sigma-Aldrich). Superoxide dismutase (SOD) (Sigma-Aldrich), catalase (CAT) (Sigma-Aldrich), and hydrogen peroxide (36%, p.a.) (Semikem) were used to test out the binding specificity of the enzyme. A water bath (Thermo Fisher Scientific) was used for enzyme incubations. Samples were centrifuged using the FC5306 mini centrifuge (OHAUS, Parsippany, NJ, USA). Assay of residual enzyme activity was performed using high-performance liquid chromatography coupled with UV-Vis detection (HPLC UV-Vis, Agilent 1100, Agilent Technologies, Santa Clara, CA, USA). To record the sample spectra, a spectrophotometer UV-1280 (Shimadzu Corporation, Kyoto, Japan) was used. In order to retrieve the enzyme activity, Slide-A-Lyzer Dialysis Cassettes (Thermo Fisher Scientific) were used.




2.2. Plant Extraction


The extract of Artemisia annua (AAE) was obtained according to the method described by Mashati et al. [24]. The aerial parts of the plant were macerated with methanol. Then, the plant parts were left in the methanol overnight at room temperature in an orbital shaker. The macerate was then filtered, and the filtrate was evaporated to dryness. Next, 100 mg of the extract was dissolved in 1 mL of DMSO, and then the desired concentrations of the extract were prepared by dissolving in methanol.




2.3. Determination of Residual Activity


In order to determine the nature of the inhibitory effect of AAE on CYP2B6 and CYP3A4, three types of inhibition assays were performed: direct, time-dependent, and metabolic inhibition assays of the enzyme. In the direct inhibition assay, no preincubation of AAE with the enzyme was performed. The generating system was added directly to the incubation mixture with the substrate and incubated for 15 min. In the time-dependent inhibition assay, AAE was first pre-incubated with the enzyme in a water bath for 30 min, and then the reaction was started by adding the generating system and substrate. The samples were then incubated for an additional 15 min. In the metabolism-dependent inhibition assay, AAE, enzymes, and the generating system were first pre-incubated for 30 min, and the reaction started by adding the substrate. The samples were incubated for an additional 15 min. Enzyme incubations were performed in triplicate, with mechanical stirring in a water bath at 37 °C. Aliquots of AAE with a final concentration of 10 μg/mL dissolved in methanol were transferred to glass tubes and evaporated to dryness, except for the control samples without the inhibitor (AAE). After evaporation of the solvent, an incubation mixture with a volume of 100 μL was prepared, consisting of 5 pmol CYP2B6 or CYP3A4 enzyme, 50 mM potassium phosphate buffer (pH 7.4), and ultrapure water. An NADPH-generating system composed of 0.1 M G6P:10 mg/mL NADP+:1000 IU/mL G6PDH = 50:25:1 (v/v/v) was prepared immediately before use. This generating system contains glucose-6-phosphate dehydrogenase, which regenerates NADP+ to NADPH, keeping the concentration of cytochrome P450 co-enzyme (NADPH) constant during incubation. The reaction was started by adding the generating system (15% of the volume in the last incubation, v/v). In order to determine the enzyme residual activity, S-mephenytoin and testosterone (200 μM final concentration) were used. Then, 1 mL of ice-cold 1% solution of formic acid in dichloromethane was used to terminate the reaction. The samples were mixed and then centrifuged at 1900× g for 10 min. After centrifugation, two layers (water and organic layer) were formed and 850 µL of the organic layer was transferred to cuvettes and evaporated.



Next, 30 μL of methanol was used to dissolve the sample, which was analyzed using HPLC Agilent Zorbax SB C18 column (4.6 × 250 mm, 3 μm) from Agilent Technologies (Santa Clara, CA, USA). To test the activity of CYP2B6, a marker reaction of N-demethylation of S-mephenytoin to S-nirvanol was observed. The mobile phase consisted of acetonitrile and water in a ratio of 40:60, v/v. The analysis was performed isocratically. The flow was set at 1.0 mL min−1. The injection volume was adjusted to 10 µL. Chromatograms were recorded at 210 nm. The duration of the analysis was set to 20 min. The retention time of S-mephenytoin was 12.3 min and that of S-nirvanol was 9.3 min [25]. In the case of CYP3A4, hydroxylation of testosterone to 6β-hydroxytestosterone was observed. The mobile phase consisted of methanol and water in a ratio of 64:36, v/v. The analysis was performed isocratically. The flow was set to 1.0 mL min−1. The injection volume was set at 10 µL. Chromatograms were recorded at 254 nm. The duration of the analysis was set at 35 min. The retention time of testosterone was 19.2 min and that of 6β-hydroxytestosterone was 5.8 min [23]. In both cases, the amount of product obtained was measured as the area under the curve (AUC) relative to the control sample (without inhibitor). Clopidogrel and troleandomycin were used as positive controls for the CYP2B6 and CYP3A4, respectively. Clopidogrel reduced the CYP2B6 activity to 41.1 ± 0.8%, and troleandomycin reduced the CYP3A4 activity to 39.2 ± 1.1%.




2.4. Hemochromopyridine Assay


The hemochromopyridine experiment was used to determine whether or not heme might be destroyed by reactive intermediates produced by the cytochrome P450 cycle. It was carried out with some changes to the procedure published by Flink and Watson [26] and Paul et al. [27]. Hemin dissolved in DMSO (0.6 to 0.1 μM) was used to create a calibration curve. A wavelength between 500 and 600 nm was used to record the spectra. Then, 200 μL of the incubation mixtures containing 25 μM inhibitor (AAE) was prepared. The NADPH-generating system was added to the reaction to start it, and the incubation period was 30 min. After 30 min, the reaction was stopped by adding sodium hydroxide (final concentration 0.83 M) and pyridine (final concentration 0.06 M). Because the pyridine hemochromogen is unstable under basic circumstances, samples were taken and recorded on a spectrophotometer (UV-1280, Shimadzu Corporation, Kyoto, Japan) within 1 min of the addition of an alkaline solution [23]. Using the created calibration curve, the heme concentration in the samples was calculated. This analysis was carried out in triplicate. To avoid hydrogen peroxide being produced through an ineffective catalytic cycle, the incubations were repeated with CAT and SOD (5 IU each) added to the incubation mixture.




2.5. Reversible and Pseudo-Irreversible Inhibition Assay


One of the characteristics of the catalytic cycle of cytochrome P450 enzymes is the formation of covalent complexes with the ferrous form of iron. Pseudo-irreversible inhibitors have the possibility of rehabilitating enzyme activity after oxidation of heme iron with the use of oxidants. Therefore, three types of tests were conducted to test the pseudo-irreversible nature of the inhibitor: incubation mixture without AAE (control), incubation mixture with AAE, and incubation mixture with AAE to which an oxidant was added after incubation. Incubations lasted 30 min according to the conditions described earlier. After incubation, samples were dialyzed, and 20 mM potassium hexacyanoferrate was added to certain samples [28]. The cassettes were immersed in a 50 mM potassium phosphate buffer solution (pH 7.4) for 30 min (the dialysis solution was replaced three times). After dialysis, samples were transferred from the cassette back to the glass tube, and the residual enzyme activity was determined using S-mephenytoin and testosterone as marker substrates (200 μM final concentration). Since the NADPH-generating system was also dialyzed, it was again added to the incubations to initiate the enzyme reaction. Samples were incubated for 30 min with the same settings. An ice-cold solution of formic acid in dichloromethane was used to terminate the reaction process. HPLC was used to analyze the samples. In the case of CYP3A4, diltiazem was used to test out the pseudo-irreversible inhibition. A full recovery of enzyme activity was observed, and the results were used as positive control.




2.6. Statistical Analysis


All incubations in the assays in this study were done in triplicate. Residual activity calculations and statistical analysis were made using the program R (The R Project for Statistical Computing, Vienna, Austria) and Microsoft Excel (Microsoft, Redmond, WA, USA). Statistical significance between the samples and controls were tested using the Student’s t-test for the estimation of statistical difference (p < 0.05) and Mann–Whitney U-test was used to test the data normality.





3. Results


3.1. Enzyme Inhibition


Of all the observed types of inhibition, AAE most strongly inhibited the activity of CYP2B6 and CYP3A4 enzymes in the metabolism-dependent inhibition assay (Figure 2). In this experiment, the lowest activity of both enzymes was observed. CYP2B6 enzyme activity decreased by 88.5% and CYP3A4 enzyme activity decreased by 70.9% (Table 2).



The remaining activity of CYP2B6 was also significantly reduced in direct inhibition assays (49.1% of the remaining enzyme activity), whereas no significant inhibition was observed in the time-dependent inhibition assay (the remaining enzyme activity was 96.4%). The remaining activity of the CYP3A4 enzyme in the direct inhibition assay was also significantly reduced and amounted to 39.7%. No decrease in enzyme activity was observed in the study of time-dependent inhibition of CYP3A4. The remaining activity was 99.9%. Direct inhibition of the enzyme was also pronounced in the direct inhibition assay. Although the remaining activity of CYP2B6 and CYP3A4 enzymes was higher by 28.5% and 20.0%, respectively, the inhibition was still statistically significant (p < 0.05). The time-dependent inhibition assay showed no statistically significant inhibition of the enzymes (p > 0.05).




3.2. Heme Destruction


In order to test the potential binding of reactive metabolites to heme, a hemochrome pyridine assay was performed. It is suggested that the decrease in heme concentration is due to covalent binding of reactive metabolites to heme. In the cycles of cytochrome P450, reactive oxygen species can also be formed, which can also decrease heme concentration. However, to determine the destruction of heme concentrations by reactive metabolites of AAE, an assay was also performed using SOD and CAT. A parallel direction of the hemin solution was prepared, and heme concentrations of 0.63 μM and 0.59 μM were determined. Under reduced basic conditions, ferrous forms a complex with pyridine. Absorption maxima were observed at 531 nm and 570 nm. Incubation with AAE significantly reduced the heme concentration (Figure 3, Table 3).



The tests were confirmed by the addition of SOD and CAT. A statistically significant decrease in heme concentration was observed in both cases (p < 0.05). After the addition of SOD and CAT, the heme concentration was 53.2% and 61.8%, respectively, compared to the control (no AAE). These results confirm that the destruction in heme concentration is due to reactive metabolites in AAE.




3.3. Reversable and Pseudo-Irreversible Inhibition


In order to examine reversible and pseudo-irreversible inhibition, tests were performed with dialysis and the addition of an oxidant—PCF. In both cases, a statistically significant decrease in enzyme activity was observed (p < 0.05) (Figure 4).



The remaining activity of the CYP2B6 enzyme after incubation with AAE and dialysis was 20.3%, and the remaining activity of CYP3A4 was 20.9%. After dialysis and addition of PCF, the remaining activity of CYP2B6 and CYP3A4 was 38.4% and 36.9%, respectively. Reversible inhibition is characterized by the return of activity after dialysis. Pseudo-irreversible inhibition is characterized by the return of activity after dialysis and addition of an oxidant. In this case, no statistically significant difference was found between the two observed groups (p > 0.05). No reversible or pseudo-irreversible inhibition was observed.





4. Discussion


There are already numerous studies highlighting the importance of interactions of substances of natural origin with cytochrome P450 enzymes [29,30,31]. Although the therapeutic effects of Artemisia annua L. have been studied for many years, and this plant is used for nutritional and therapeutic purposes, its effect on CYP enzyme activity has been poorly studied. The authors de Magalhães et al. [32] investigated the effect of AAE in the form of tea infusions. The researchers noted the inhibitory effect of AAE on CYP3A4 enzyme activity with ketoconazole as a control, which is a known to cause complete inhibition of CYP3A4. In this study, inhibition of the CYP3A4 enzyme was observed, with the remaining enzyme activity ranging from 37% to 55%, depending on the type of AAE. Although the type of incubation tested was not described in detail, our results are somewhat consistent with the conclusions of the aforementioned study. In our study, an inhibition effect of 29.1% or 49.1% was achieved, depending on the type of inhibition. It is also important what type of extract is being tested, as this will determine the composition of the bioactive components in that extract. In our case, it was methanol extract. At this point, it should be emphasized that Artemisia annua L. is rich in substances of natural origin that can inhibit the activity of the CYP enzymes [13]. These are mainly sesquiterpenes [33], phenolic components [34], and coumarins [35]. Sesquiterpenes, such as artemisinin and arteannuin B; phenolic components, such as luteolin, quercetin, rutin, and apigenin; and coumarins, such as scopoline and scopoletin, are very poorly or almost not soluble in water and are soluble in organic solvents [36]. Therefore, the results of this study should also be considered in this context.



In this study, a decrease in CYP2B6 enzyme activity was observed by incubation with AAE. Enzyme activity decreased by 88.5% and 60.3%, respectively. These results are consistent with the only available research on the effect of AAE on the CYP2B6 enzyme conducted by Desrosiers et al. [37]. The effect of methanolic leaf extract of Artemisia annua L. on the activity of CYP2B6 and CYP3A4 enzymes in vitro was tested in comparison with artemisinin. The tested plant extract inhibited both CYP2B6 enzyme (IC50 = 6.07 µM) and CYP3A4 (IC50 = 4.93 µM) enzyme activity. In addition, this study compared the effect of Artemisia annua leaves in the form of tea on the activity of the above enzymes. The inhibition of the enzymes was also observed, namely IC50 = 2.31 µM for CYP2B6 and IC50 = 5.67 µM for the CYP3A4. In the case of the methanolic extract, the observed inhibitory effect was significantly stronger than that of artemisinin. This was also confirmed for the extract in tea form, except that no statistically significant difference in the inhibition CYP3A4 was observed in comparison with artemisinin at the highest tested dose of 600 µM. Although these studies were performed on human liver microsomes (HLM) and not on single isolated enzymes as in this case, positive agreement with the results of this study can be confirmed. In addition, further research should be directed toward the study of inhibition kinetics and the determination of kinetic parameters for individually studied enzymes, as well as the effect of AAE in in vivo studies.



The aforementioned could be explained by the recent results presented by Fu et al. [38]. They investigated the effects of orally administrated AAE in rats. After the ingestion, the authors detected scopolin, scopoletin, rutin, chrysosplenol D, casticin, arteannuin B, dihydroartemisinic acid, and artemisinic acid in rat plasma. Moreover, the authors investigated the binding affinity of some of these compounds and stated that coumarins and flavonoids have better binding affinity to CYP enzymes with a docking score > 5. This occurs mainly through forming hydrogen bonds and π–π stacking. The sesquiterpenes had weak interactions with proteins.



The most frequently observed type of inhibition of CYP enzymes is direct inhibition [39]. However, the most significant form of inhibition is metabolism-dependent inhibition, because it is the result of the formation of reactive metabolites that irreversibly bind to the enzyme, which leads to its inhibition. In this way, heme adducts can be formed. Therefore, in this study, the binding of AAE to heme was investigated to observe the potential destruction of heme. Destruction of heme concentration may also occur due to exposure to reactive oxygen species. Therefore, SOD and CAT are used to remove the influence of hydrogen peroxide and superoxide. We believe that the reactive forms of AAE bind irreversibly to heme in the 7th step of the catalytic cycle of the CYP enzyme [39]. In this study, a statistically significant decrease in heme was observed after the addition of SOD and CAT, being 53.2% and 61.8%, respectively. In comparison, benzbromarone, a known CYP3A4 inhibitor, causes 44% heme destruction by covalent binding to the prosthetic group and apoprotein [38]. The drug benzbromarone has been used as a powerful uricosuric. It is a non-competitive inhibitor of xanthine oxidase, and it was used to treat gout. The company that manufactured it has withdrawn this drug from the market due to its pronounced hepatotoxicity, but the drug is still approved as a generic in some countries around the world [40,41]. Ritonavir, another known CYP3A4 inhibitor, binds to heme iron via the thiazole nitrogen, forming a tight complex [42]. Therefore, the summary of product characteristics of ritonavir includes warnings of CYP3A4 inhibition and possible significant clinical effects when this drug is used with other drugs or xenobiotics administered concomitantly with ritonavir. Thus, irreversible binding of metabolites to heme may be clinically significant. In this regard, our study demonstrated the destruction of heme by incubation with AAE, an interaction not previously reported in the available literature. All health care professionals should be aware of the potential hazards of concomitant use of AAE with CYP3A4 or CYP2B6 substrates, and further research should be directed toward the development of in vivo interaction studies.



These results are particularly important in the context of the last test performed in this study, which confirms the irreversible nature of this inhibition. Enzyme dialysis after incubation failed to restore the activity of CYP2B6 and CYP3A4 enzymes. Addition of the oxidant PCF also did not result in a return of enzyme activity, confirming the view that this case is not a reversible or pseudo-irreversible inhibition. Irreversible inhibitors are much more dangerous in clinically relevant interactions because irreversible damage to the active site occurs in the form of covalent bonds. Such inhibition cannot be stopped by the addition of excess substrate. Therefore, the results of this study regarding the irreversibility of CYP2B6 and CYP3A4 inhibition have strong implications for further in vivo research.




5. Conclusions


AAE causes inhibition of the CYP2B6 and CYP3A4 enzymes in vitro. Inhibition was most pronounced in metabolism-dependent inhibition assays, followed by direct inhibition assays. No statistically significant enzyme inhibition was observed in time-dependent inhibition assays. In heme-binding assays, AAE was observed to cause a significant decrease in heme concentration, excluding the effect of reactive oxygen species on this decrease. The heme destruction is the result of binding of reactive AAE metabolites to heme, i.e., irreversible inhibition. Irreversible inhibition was confirmed by additional assays, whereas reversible or pseudo-irreversible inhibition could not be confirmed. Since Artemisia annua L. is widely used in traditional medicine, all health care professionals and stakeholders should be aware of this inhibition and the potential clinical implications. Further in vivo studies are needed to investigate the interactions of AAE with CYP2B6 and CYP3A4 enzyme substrates.







Author Contributions


Conceptualization, M.K.; Methodology, M.K.; Investigation, M.M. and I.I.; Writing—Original Draft Preparation, M.K.; Writing—Review and Editing, S.V.-K. and I.B.; Visualization, I.I.; Supervision, S.V.-K. and I.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by The Federal Ministry of Education and Science of the Federation of Bosnia and Herzegovina as part of the scientific research project named Research on biologically active substances of species of the genus Artemisia L. with the potential of application in the prevention and treatment of coronavirus infection (I.B.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the first and corresponding author, M.K., upon request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tu, Y. The discovery of artemisinin (qinghaosu) and gifts from Chinese medicine. Nat. Med. 2011, 17, 1217–1220. [Google Scholar] [CrossRef] [PubMed]

	



Alesaeidi, S.; Miraj, S. A Systematic Review of Anti-Malarial Properties, Immunosuppressive Properties, Anti-Inflammatory Properties, and Anti-Cancer Properties of Artemisia Annua. Electron. Phys. 2016, 8, 3150–3155. [Google Scholar] [CrossRef] [PubMed]

	



Willcox, M. Artemisia Species: From Traditional Medicines to Modern Antimalarials—And Back Again. J. Altern. Complement. Med. 2009, 15, 101–109. [Google Scholar] [CrossRef] [PubMed]

	



Store Norske Leksikon. Available online: https://snl.no/malurt (accessed on 12 November 2022).

	



Mueller, M.S.; Karhagomba, I.B.; Hirt, H.M.; Wemakor, E. The Potential of Artemisia annua L. as a Locally Produced Remedy for Malaria in the Tropics: Agricultural, Chemical and Clinical Aspects. J. Ethnopharmacol. 2000, 73, 487–493. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, P.C.; Dutta, B.; Pant, D.; Joshi, P.; Lohar, D.R. In Vitro Antibacterial Activity of Artemisia annua Linn. Growing in India. Int. J. Green Pharm. 2009, 3, 255–258. [Google Scholar] [CrossRef]

	



Abad, M.J.; Bedoya, L.M.; Apaza, L.; Bermejo, P. The Artemisia L. Genus: A Review of Bioactive Essential Oils. Molecules 2012, 17, 2542–2566. [Google Scholar] [CrossRef]

	



Wang, D.; Cui, L.; Chang, X.; Guan, D. Biosynthesis and Characterization of Zinc Oxide Nanoparticles from Artemisia annua and Investigate Their Effect on Proliferation, Osteogenic Differentiation and Mineralization in Human Osteoblast-like MG-63 Cells. J. Photochem. Photobiol. B 2020, 202, 111652. [Google Scholar] [CrossRef]

	



Lubbe, A.; Seibert, I.; Klimkait, T.; van der Kooy, F. Ethnopharmacology in Overdrive: The Remarkable Anti-HIV Activity of Artemisia annua. J. Ethnopharmacol. 2012, 141, 854–859. [Google Scholar] [CrossRef]

	



Ho, W.E.; Peh, H.Y.; Chan, T.K.; Wong, W.S.F. Artemisinins: Pharmacological Actions beyond Anti-Malarial. Pharmacol. Ther. 2014, 142, 126–139. [Google Scholar] [CrossRef]

	



Kim, M.H.; Seo, J.Y.; Liu, K.H.; Kim, J.-S. Protective Effect of Artemisia annua L. Extract against Galactose-Induced Oxidative Stress in Mice. PLoS ONE 2014, 9, e101486. [Google Scholar] [CrossRef]

	



Wang, Y.; Chen, J.; Zhang, D.; Zhang, Y.; Wen, Y.; Li, L.; Zheng, L. Tumoricidal Effects of a Selenium (Se)-Polysaccharide from Ziyang Green Tea on Human Osteosarcoma U-2 OS Cells. Carbohydr. Polym. 2013, 98, 1186–1190. [Google Scholar] [CrossRef]

	



Septembre-Malaterre, A.; Lalarizo Rakoto, M.; Marodon, C.; Bedoui, Y.; Nakab, J.; Simon, E.; Hoarau, L.; Savriama, S.; Strasberg, D.; Guiraud, P.; et al. Artemisia annua, a Traditional Plant Brought to Light. Int. J. Mol. Sci. 2020, 21, 4986. [Google Scholar] [CrossRef]

	



Omura, T.; Sato, R. The Carbon Monoxide-binding Pigment of Liver Microsomes: II. Solubilization, Purification and Properties. J. Biol. Chem. 1946, 239, 2379–2385. [Google Scholar] [CrossRef]

	



Hakkola, J.; Hukkanen, J.; Turpeinen, M.; Pelkonen, O. Inhibition and induction of CYP enzymes in humans: An update. Arch. Toxicol. 2020, 11, 3671–3722. [Google Scholar] [CrossRef]

	



Hukkanen, J.; Pelkonen, A.; Hakkola, J.; Raunio, H. Expression and rcgulation of xcnobiotic-mctabolizing cytochromc P450 (CYP) cnzymes in human lung. Crit. Rcv. Toxicol. 2002, 32, 391–411. [Google Scholar] [CrossRef]

	



Rendic, S.; Guengcrich, F.P. Survcy of Human Oxidoreductases and Cytochrome P450 Enzymes lnvolved in thc Metabolism of Xenobiotic and Natural Chcmicals. Chem. Res. Toxicol. 2015, 28, 38–42. [Google Scholar] [CrossRef]

	



Lozić, M.; Rimac, H.; Bojić, M. Citokrom P450 i metabolizam lijekova—Značenje i novosti. Farm. Glasnik. 2016, 72, 747–760. [Google Scholar]

	



Drug Interactions. Available online: https://drug-interactions.medicine.iu.edu/MainTable.aspx (accessed on 30 November 2022).

	



Yim, D.; Kim, M.J.; Shin, Y.; Lee, S.J.; Shin, J.G.; Kim, D.H. Inhibition of Cytochrome P450 Activities by Sophora flavescens Extract and Its Prenylated Flavonoids in Human Liver Microsomes. Evid. Based. Complement. Alternat. Med. 2019, 13, 2673769. [Google Scholar] [CrossRef]

	



Kondža, M.; Bojić, M.; Tomić, I.; Maleš, Ž.; Rezić, V.; Ćavar, I. Characterization of the CYP3A4 Enzyme Inhibition Potential of Selected Flavonoids. Molecules 2021, 26, 3018. [Google Scholar] [CrossRef]

	



Hernandez-Maldonado, J.; Grundmann, O. Drug-Drug Interactions of Artemisinin-Based Combination Therapies in Malaria Treatment: A Narrative Review of the Literature. J. Clin. Pharmacol. 2022, 62, 1197–1205. [Google Scholar] [CrossRef]

	



Guengerich, F.P.; Martin, M.V.; Sohl, C.D.; Cheng, Q. Measurement of cytochrome P450 and NADPH-cytochrome P450 reductase. Nat. Protoc. 2009, 4, 1245–1251. [Google Scholar] [CrossRef] [PubMed]

	



Mashati, P.; Esmaeili, S.; Dehghan-Nayeri, N.; Bashash, D.; Darvishi, M.; Gharehbaghian, A. Methanolic Extract from Aerial Parts of Artemisia annua L. Induces Cytotoxicity and Enhances Vincristine-Induced Anticancer Effect in Pre-B Acute Lymphoblastic Leukemia Cells. Int. J. Hematol. Oncol. Stem. Cell. Res. 2019, 13, 132–139. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, Z.R.; Cheng, Y.S.; Ding, D.Y. Determination of mephenytoin and 4’-hydroxymephenytoin in urine by high performance liquid chromatography. Yao Xue Xue Bao 1994, 29, 624–628. [Google Scholar] [PubMed]

	



Flink, E.B.; Watson, C.J. A Method for the Quantitative Determination of Hemoglonin and Related Heme Pigments in Feces, Urine, and Blood Plasa. J. Biol. Chem. 1942, 146, 171–178. [Google Scholar] [CrossRef]

	



Paul, K.G.; Theorell, H.; Åkeson, Å.; Virtanen, A.I.; Sörensen, N.A. The Molar Light Absorption of Pyridine Ferroprotoporphrin (Pyridine Haemochromogen). Acta Chem. Scand. 1953, 7, 1284–1287. [Google Scholar] [CrossRef]

	



Bojić, M.; Barbero, L.; Dolgos, H.; Freisleben, A.; Gallemann, D.; Riva, S.; Guengerich, F.P. Time- and NADPH-dependent Inhibition of Cytochrome P450 3A4 by the Cyclopentapeptide Cilengitide: Significance of the Guanidine Group and Accompanying Spectral Changes. Drug Metab. Dispos. 2014, 42, 1438–1446. [Google Scholar] [CrossRef]

	



Zhou, S.; Gao, Y.; Jiang, W.; Huang, M.; Xu, A.; Paxton, J.W. Interactions of herbs with cytochrome P450. Drug. Metab. Rev. 2003, 35, 35–98. [Google Scholar] [CrossRef]

	



Usia, T.; Watabe, T.; Kadota, S.; Tezuka, Y. Mechanism-based inhibition of CYP3A4 by constituents of Zingiber aromaticum. Biol. Pharm. Bull. 2005, 28, 495–499. [Google Scholar] [CrossRef]

	



Tsukamoto, S.; Aburatani, M.; Yoshida, T.; Yamashita, Y.; El-Beih, A.A.; Ohta, T. CYP3A4 inhibitors isolated from Licorice. Biol. Pharm. Bull. 2005, 28, 2000–2002. [Google Scholar] [CrossRef]

	



Melillo de Magalhães, P.; Dupont, I.; Hendrickx, A.; Joly, A.; Raas, T.; Dessy, S.; Sergent, T.; Schneider, Y.J. Anti-inflammatory effect and modulation of cytochrome P450 activities by Artemisia annua tea infusions in human intestinal Caco-2 cells. Food. Chem. 2012, 134, 864–871. [Google Scholar] [CrossRef]

	



Špičáková, A.; Bazgier, V.; Skálová, L.; Otyepka, M.; Anzenbacher, P. Beta-caryophyllene oxide and trans-nerolidol affect enzyme activity of CYP3A4—In vitro and in silico studies. Physiol. Res. 2019, 68, S51–S58. [Google Scholar] [CrossRef]

	



Šarić Mustapić, D.; Debeljak, Ž.; Maleš, Ž.; Bojić, M. The Inhibitory Effect of Flavonoid Aglycones on the Metabolic Activity of CYP3A4 Enzyme. Molecules 2018, 23, 2553. [Google Scholar] [CrossRef]

	



Ueng, Y.F.; Chen, C.C.; Yamazaki, H.; Kiyotani, K.; Chang, Y.P.; Lo, W.S.; Li, D.T.; Tsai, P.L. Mechanism-based inhibition of CYP1A1 and CYP3A4 by the furanocoumarin chalepensin. Drug. Metab. Pharmacokinet. 2013, 28, 229–238. [Google Scholar] [CrossRef]

	



National Library of Medicine. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Luteolin (accessed on 1 December 2022).

	



Desrosiers, M.R.; Mittelman, A.; Weathers, P.J. Dried Leaf Artemisia annua Improves Bioavailability of Artemisinin via Cytochrome P450 Inhibition and Enhances Artemisinin Efficacy Downstream. Biomolecules 2020, 7, 254. [Google Scholar] [CrossRef]

	



Fu, C.; Zhang, K.; Wang, M.; Qiu, F. Multi-component pharmacokinetics assessment of Artemisia annua L. in rats based on LC-ESI-MS/MS quantification combined with molecular docking. Arab. J. Chem. 2022, 15, 104254. [Google Scholar] [CrossRef]

	



Bojić, M. Pretklinička ispitivanja inhibicijskog i interakcijskog potencijala novih lijekova na razini citokroma P450. Farm. Glasnik. 2015, 71, 229–242. [Google Scholar]

	



Tang, L.W.T.; Verma, R.K.; Fan, H.; Chan, E.C.Y. Mechanism-Based Inactivation of Cytochrome P450 3A4 by Benzbromarone. Mol. Pharmacol. 2021, 99, 266–276. [Google Scholar] [CrossRef]

	



Lee, M.H.; Graham, G.G.; Williams, K.M.; Day, R.O. A benefit-risk assessment of benzbromarone in the treatment of gout. Was its withdrawal from the market in the best interest of patients? Drug. Saf. 2008, 31, 643–665. [Google Scholar] [CrossRef]

	



Sevrioukova, I.F.; Poulos, T.L. Structure and mechanism of the complex between cytochrome P4503A4 and ritonavir. Proc. Natl. Acad. Sci. USA 2010, 107, 18422–18427. [Google Scholar] [CrossRef]








[image: Biomedicines 11 00232 g001 550] 





Figure 1. Artemisia annua L. [4]. 
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Figure 2. Residual activity (%) of CYP2B6 and CYP3A4 enzymes after incubation with AAE (10 μg/mL) expressed as mean of triplicate; MDI−metabolism-dependent inhibition; TDI−time-dependent inhibition; DI−direct inhibition. 
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Figure 3. Spectra showing heme destruction with incubations containing AAE and AAE with SOD and CAT. 
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Figure 4. Residual activity (%) of CYP2B6 and CYP3A4 enzymes after incubation with AAE and dialysis and AAE with PCF and dialysis expressed as mean of triplicate; No statistically significant difference was observed between the samples with and without PCF (p > 0.05); CON—control. 
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Table 1. Main compounds found in Artemisia annua L.
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	Monoterpenes
	Sesquiterpenes
	Phenolic Compounds
	Coumarins





	1,8-cineole
	artemisinin
	quinic acid
	scopolin



	α-and-β-pinene
	arteannuin B
	caffeic acid
	scopoletin



	camphene
	artemisinic acid
	luteolin
	



	borneol
	
	quercetin
	



	camphor
	
	rutin
	



	carvone
	
	apigenin
	



	limonene
	
	isorhamnetin
	



	α-terpinene
	
	kaempferol
	



	myrtenol
	
	mearnsetin
	



	
	
	artemetin
	



	
	
	eupatorine
	







Adjusted according to [13].
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Table 2. Enzyme residual activity (%) after incubation with AAE in each individual test and incubation type.
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CYP2B6




	
Incubation

	
MDI

	
TDI

	
DI




	
1

	
11.1

	
99.8

	
39.9




	
2

	
12.1

	
101.2

	
40.4




	
3

	
11.5

	
98.9

	
38.9




	
Mean

	
11.5 ± 0.5

	
99.9 ± 1.1

	
39.7 ± 0.7




	
statistical significance

	
p < 0.05

	
p > 0.05

	
p < 0.05




	
CYP3A4




	
1

	
29.9

	
95.4

	
48.8




	
2

	
29.1

	
96.7

	
48.2




	
3

	
28.2

	
97.1

	
50.2




	
Mean

	
29.1 ± 0.8

	
96.4 ± 0.8

	
49.1 ± 0.9




	
statistical significance

	
p < 0.05

	
p > 0.05

	
p < 0.05
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Table 3. Heme concentration (%) after incubation with AAE and with AAE containing SOD and CAT.
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Incubation

	
Heme Concentration (%)




	
Without SOD and CAT

	
With SOD and CAT






	
1

	
52.9

	
62.5




	
2

	
53.2

	
61.9




	
3

	
53.5

	
60.9




	
Mean

	
53.2 ± 0.3

	
61.8 ± 0.3




	
statistical significance

	
p < 0.05

	
p < 0.05
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