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Metamizole is a Moderate Cytochrome P450
Inducer Via the Constitutive Androstane
Receptor and a Weak Inhibitor of CYP1A2

Fabio Bachmann'?, Urs Duthaler'?, Henriette E. Meyer zu Schwabedissen®, Maxim Puchkov4,
Jorg Huwyler®, Manuel Haschke™® and Stephan Krihenbiihl">*

Metamizole is an analgesic and antipyretic drug used intensively in certain countries. Previous studies have shown
that metamizole induces cytochrome (CYP) 2B6 and possibly CYP3A4. So far, it is unknown whether metamizole
induces additional CYPs and by which mechanism. Therefore, we assessed the activity of 6 different CYPs in 12
healthy male subjects before and after treatment with 3 g of metamizole per day for 1 week using a phenotyping
cocktail approach. In addition, we investigated whether metamizole induces CYPs by an interaction with the
constitutive androstane receptor (CAR) or the pregnane X receptor (PXR) in HepaRG cells. In the clinical study, we
confirmed a moderate induction of CYP2B6 (decrease in the efavirenz area under the plasma concentration time
curve (AUC) by 79%) and 3A4 (decrease in the midazolam AUC by 68%) by metamizole. In addition, metamizole
weakly induced CYP2C9 (decrease in the flurbiprofen AUC by 22%) and moderately CYP2C19 (decrease in the
omeprazole AUC by 66%) but did not alter CYP2D6 activity. In addition, metamizole weakly inhibited CYP1A2 activity
(1.79-fold increase in the caffeine AUC). We confirmed these results in HepaRG cells, where 4-MAA, the principal
metabolite of metamizole, induced the mRNA expression of CYP2B6, 2C9, 2C19, and 3A4. In HepaRG cells with

a stable knockout of PXR or CAR, we could demonstrate that CYP induction by 4-MAA depends on CAR and not
on PXR. In conclusion, metamizole is a broad CYP inducer by an interaction with CAR and an inhibitor of CYP1A2.
Regarding the widespread use of metamizole, these findings are of substantial clinical relevance.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

V] Several studies indicate that metamizole is an inducer of
CYP2B6 and CYP3A4. However, no studies have so far been
conducted to elucidate the interaction potential of metamizole
for other CYPs. Furthermore, the mechanism of induction is
currently not known.

WHAT QUESTION DID THIS STUDY ADDRESS?

M This study addressed the influence of metamizole on the
activity of CYP1A2, CYP2B6, CYP2C9, CYP2C19, and
CYP3A4 in healthy volunteers. Additionally, iz wvitro ex-
periments were conducted to explore the mechanism of CYP
induction.

Metamizole (dipyrone) is an old drug with analgesic, an-
tipyretic, and spasmolytic properties. In Germany and

Switzerland, metamizole is prescribed frequently because of

its favorable gastrointestinal and renal tolerability compared
with nonsteroidal anti-inflammatory drugs, while exhibiting

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M The results of the clinical study show that metamizole
weakly inhibits the activity of CYP1A2 and moderately in-
duces CYP2B6, CYP2C19, and CYP3A4 and weakly induces
CYP2C9. Interaction with the constitutive androstane recep-
tor is needed for the induction for CYP induction.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY AND TRANSLATIONAL SCIENCE?

[ This study adds valuable information about the drug-drug
interaction potential of metamizole. Because metamizole is
often also used in the geriatric population with a high preva-
lence of polypharmacy, this information is clinically important.

a similar analgesic and antipyretic activity.l_4 Metamizole is a
prodrug, which, after oral application, is spontaneously hydro-
lyzed in the intestinal tract to N-methyl-4-aminoantipyrine (4-
MAA).S The 4-MAA is the major metabolite in plasma, which
is demethylated to 4-aminoantipyrine (4-AA) or oxidized to
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4-formylaminoantipyrine, an end metabolite. Furthermore,
4-AA is acetylated by N-acetyltransferase 2 to 4-acetylamino-
12 The metabolic pathway
of metamizole is illustrated in Figure 1. The enzymes respon-
sible for the demethylation and the oxidation of 4-MAA have
so far not been conclusively identified. The prolonged half-life

antipyrine, another end metabolite.®”

of 4-MAA in patients with impaired liver function suggests
hepatic metabolism of 4-MAA with CYP3A4 as the most im-
portant CYP for N-demethylation. 2123 However, extrahepatic
metabolism by myelo4perox1dase in neutrophil granulocytes has
also been described.!

Several studies in humans have shown that metamizole can in-
duce specific CYP enzymes. In liver microsomes extracted from
biopsies of patients having been treated with metamizole, Saussele
et al. showed that protein content and activity of CYP2B6 and
CYP3A4 were increased compared with patients not treated with
metamizole.”> Moreover, they showed that both 4-MAA and
4-AA increased the protein expression of CYP2B6 and CYP3A4
in primary human hepatocytes without directly interacting with
the constitutive androstane (CAR) or the pregnane X receptor
(PXR). Because these two nuclear receptors mediate induction of
CYP2B6 and CYP3A4 along with other CYPS,IG’17 the mecha-
nism of the metamizole derived CYP3A4 and CYP2B6 induction
is currently unknown. Qin and colleagues confirmed CYP2B6

N-Formyl-4-aminoantipyrine (4-FAA)
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induction in healthy volunteers treated with 1.5 g metamizole per
day for 4 days, as they observed a 2.1-fold increase in the bupro-
Caraco et al.
reported that the administration of metamizole decreased cyclo-

. o . . 1
pion hydroxylase activity after metamizole intake. 8

sporine blood concentrations in patients after organ transplanta-
tion, suggesting CYP3A4 induction."’ Finally, Gaebler ¢# al. found
in a retrospective study that patients treated with metamizole had
67% lower sertraline plasma concentrations than patients with-
out metamizole, suggesting CYP2B6 and CYP3A4 induction by
metamizole.”’ Whereas the currently available studies suggest that
metamizole is associated with CYP2B6 and possibly CYP3A4
induction, it remains unclear whether metamizole influences also
other CYPs and which is the mechanism of CYP induction.

The interaction of a compound with CYPs can be investigated
by a phenotyping cockrail approach, whereby specific substrates
of CYPs are administered at subtherapeutic doses to quantify the
metabolic activity of selected CYPs.*! The “Basel phenotyping
cocktail,” containing specific substrates for CYP1A2 (caffeine),
CYP2B6 (efavirenz), CYP2C9 (flurbiprofen), CYP2C19 (ome-
prazole), CYP2D6 (metoprolol), and CYP3A4 (midazolam), has
been proven to be a reliable tool to determine CYP inhibition as
well as CYP induction.”? 2* We therefore treated healthy subjects
with metamizole and determined CYP activities before and after
7 days of metamizole ingestion (3 grams per day). Furthermore,

Oﬁ/ N-acetyltransferase 2 O N\N/
_—
HN HN

4-Aminoantipyrine 0

(4-AA)
N-Acetyl-4-aminoantipyrine
(4-AAA)

Figure 1 Scheme of the metabolic pathway of metamizole. Metamizole is non-enzymatically hydrolyzed in the gastrointestinal tract to
N-methyl-4-aminoantipyrine (4-MAA), which has a high bioavailability. Later on, 4-MAA is enzymatically oxidized to N-formyl-4-aminoantipyrine
(4-FAA) or demethylated to 4-aminoantipyrine (4-AA). The 4-AA can be further acetylated by N-acetyltransferase 2 to N-acetyl-4-

aminoantipyrine (4-AAA).
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we assessed the effect of 4-MAA on CYP induction and inhibi-
tion in wild type HepaRG cells and the interaction of 4-MAA
with PXR and CAR using PXR or CAR knock-out HepaRG cells.

MATERIALS AND METHODS

Clinical study

We conducted a single center, open-label phase I study (clinicalrials.
gov, ID: NCT03990129) with healthy male White volunteers. The
study was approved by the ethics committee EKNZ (Ethikkommission
Nordwestschweiz/Zentalschweiz) and conducted in accordance
with good clinical practice guidelines and the current version of the
Declaration of Helsinki.

Healthy male volunteers were screened for any underlying discases
(physical examination, routine laboratory, and electrocardiogram). The
use of known enzyme inducers (e.g., St. John’s Wort) or inhibitors (e.g.,
grapefruit juice) within 2 weeks before study start was an exclusion crite-
rion as well as excessive caffeine consumption, smoking (> 5 cigarettes per
day) and use of over-the-counter medication.

After signing the informed consent, 12 healthy subjects were 1ncludcd
(mean age: 25.0 years, range 21-28 years, mean body mass index: 22.9 kg/ m’,
range 19.7-26.3 kg/m?) into the study. A venous blood sample was drawn
to determine routine laboratory parameters and the subjects’ CYP2B6,
CYP2C9, CYP2C19, and CYP2D6 genotype.

The subjects had to stop consuming caffeine containing nutrients
12 hours prior to both phenotyping cocktail administrations. For the
baseline assessment of CYP activity, the subjects fasted overnight and
arrived in the morning at the trial site. Prior to treatment, a blood sam-
ple was withdrawn from a venous catheter, placed in the nondominant
forearm, to determine the baseline drug concentrations of the subjects.
Afterward, the Basel phenotyping cocktail capsule was administered
containing 10 mg caffeine (CYP1A2 substrate), 2 mg midazolam (3A4
substrate), 50 mg efavirenz (CYP2B6 substrate), 12.5 mg flurbiprofen
(CYP2C9 substrate), 10 mg omeprazole (CYP2C19 substrate), and
12.5 mg metoprolol tartrate (CYP2D6 substrate). Venous blood samples
were withdrawn 0.25, 0.5,0.75, 1,2, 3,4, 6, 8, 12, and 24 hours after cock-
tail administration into EDTA coated tubes. Samples were centrifuged at
1,500 g for 10 minutes at 4°C and the plasma was stored at —80°C until
analysis. On the second study day, the subjects began to take 3 times per
day I g metamizole (2 Novalgin ® 500 mg tablets) for 7 consecutive days.
On study day 8, in the morning, the subjects received for a second time
the Basel phenotyping cockrail capsule, while metamizole administra-
tions were continued until the afternoon to capture also potential CYP
inhibition. The CYP phenotyping procedure was executed as on day 1.

To review compliance with metamizole treatment, subjects had to docu-
ment their drug intake in a pill-counting journal and had to return the re-
maining tablets as well as the empty blisters. In addition, plasma levels of
4-MAA, 4-AA, 4-acetylaminoantipyrine, and 4-formylaminoantipyrine Were
monitored on study days 3 or 4 and 8 and compared with reference data.?®

In the middle of the study, routine hematology was asscsscd to exclude
neutropenia, a rare and serious adverse reaction of metamizole. 26 Adverse
events were documented throughout the entire study period.

Genotyping

Genotyping was performed as described before.””?* In addition, single
nucleotide polymorphisms (SNPs) rs1057910 (CYP2C9*3,c.1075A>C,
assay: C_27104892_10) and rs1799853 (CYP2C9*2, c.430C>T, assay:
C_25625805_10) were determined, both associated with decreased
CYP2C9 activity.29 The gene copy number was not assessed.

Study drugs

Capsules containing the Basel phenotyping cocktail were produced
under good manufacturing practice condltlons by Dr. Hysek Apotheke,
Bicl, Switzerland, as described before.”* Metamizole was purchased
through the University Hospital Pharmacy, Basel, Switzerland.
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Chemicals and reagents

Chemicals and reagents for the determination of the Basel phenotyping
cockrail substrates and metabolites were purchased and prepared as de-
scribed previously.?® Standards for the quantification of the metamizole
metabolites were obtained and prepared as published before. Materials
and reagents for the cell culture were ordered and used according to the
protocols of a previous publication.14

Bioanalysis

The analytes were quantified in plasma by high performance liquid
chromatography (Shimadzu, Kyoto, Japan) tandem mass spectrometry
(ABSciex, Ontario, Canada). Analyses of the Basel phenotyping cocktail
substrates and metabolites was conductcd as described previously using
an API 5500 Qtrap mass spcctromctcr % An API 4000 mass spectrome-
ter was used to analyzc the metabolites of metamizole according to a fully
validated method.” Data were processed using Analyst software 1.6.2
(ABSciex, Ontario, Canada).

Cell culture

All cells were grown at 37°C in a humidified 5% CO, cell culture incu-
bator. HepaRG cells (Lot: 1964151) were purchased from Thermo Fisher
Scientific (Wohlen, Switzerland). HepaRG cells were counted with
the EVE Automatic Cell counter and seeded at 300,000 cells per well
into 6-well plates They were cultured and differentiated as previously
described.> For induction assays, cells were treated for 72 hours with
300 uM 4-MAA, 10 uM rifampicin, 2 mM metformin, or combinations
of 4-MAA/metformin (300 uM/2 mM) and rifampicin/metformin
(10 uM/2 mM). The vehicle concentration was 0.2% DMSO. During the
induction assays, the medium containing the drugs was replaced every
24 hours.

The hPXR-knockout HepaRG cells (Lot: 153429), hCAR-knock-
out HepaRG cells (Lot: 151345), and 5-F control HepaRG cells (Lot:
208137) were purchased from Sigma-Aldrich (Buchs, Switzerland).
Culture and differentiation conditions were similar as described above,
except that cell passaging required trypsin 0.25% (Thermo Fisher
Scientific, Wohlen, Switzerland) instead of TrypLE and the medium
was changed trice instead of twice a week. After differentiation, all
cells were incubated for 72 hours with 300 uM 4-MAA, or selective
inducers (hPXR-knockout: 10 pM rifampicin, hCAR-knockout:
1 uM 6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldchyde
0O-(3,4-dichlorobenzyl)oxime (CITCO; Sigma-Aldrich), and 5-F con-
trol: 10 uM rifampicin and 1 uM CITCO). Fresh medium was replen-
ished every 24 hours.

mRNA quantification

After induction, cells were harvested and mRNA was extracted and
purified using Qiagen RNeasy Mini Extraction kit (Qiagen, Hilden,
Germany). The mRNA quantity and quality were determined with a
NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific).
cDNA was synthesized with the Qiagen Omniscript system using 0.2-1 ug
mRNA. Amplification reactions were performed in triplicate using
SYBR green (Roche Diagnostics, Rotkreuz, Basel, Switzerland). Primers
are listed in the Supplementary Table S1. Real-time polymerase chain re-
action was performed on a ViiA 7 Real-Time polymerase chain reaction
system (Applied Biosystems, Bedord, MA) and the relative quantity of
specifically ampllﬁcd cDNA was assessed using the comparative-thresh-
old cycle method.* 34 Glyceraldehyde 3-phosphate dehydrogenase served
as endogenous reference and no-template and no-reverse-transcription
controls confirmed the absence of unspecific amplification.

Pharmacokinetic calculations and statistics

The primary end point of the study was the cffect of metamizole
treatment on the metabolic activity of CYP 1A2, 3A4, 2B6, 2C9,
2C19, and 2D6. CYP activity was determined by quantifying the
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following reactions: 1A2: caffeine to paraxanthine, 2B6: efavirenz
to 8-hydroxyefavirenz, 2C9: flurbiprofen to 4"-hydroxyflurbipro-
fen, 2C19: omeprazole to 5-hydroxyomeprazole, 2D6: metoprolol to
a-hydroxymetoprolol, 3A4: midazolam to 1-hydroxymidazolam. The
metabolic ratio (MR) was used as a measure for the individual CYP
activity and calculated by dividing the area under the plasma concen-
tration time curve to infinity (AUC, ) of the probe drug by the AUC, ,
of the corresponding metabolite. Caffeine and paraxanthine plasma
concentrations were corrected because both were present in the base-
line samples of every subject. The lowest concentration within the first
2 hours (¢, ,;) postdosing was st as the basal concentration C. We
determined the individual elimination rate constant (£,), calculated the

residual concentration (C__., ) for every time point with the formula:
residual

C, sidual — CYO X g_k[At (1)

re.

and subtracted the respective residual concentration from the measured
concentration at each time point.

AUC, ¢ maximal plasma concentration (C__ ), terminal half-life (z, /2),
and k&, of the cockeail drugs before and after treatment with metamizole
were estimated with the noncompartmental methods using PKanalix
(version 2019R1; Lixoft SAS, Abtony, France). AUCs were determined
using the linear log trapezoidal method. The elimination rate constant
was estimated using linear regression of log concentrations and time.

MR, ¢, ,, and AUC, , of the parent drugs were compared before and
after metamizole treatment by the nonparametric Wilcoxon signed-rank
test. Iz vitro conditions in different HepaRG cell systems were compared
using one-way analysis of variance (ANOVA) with Dunnett’s multiple
comparison test. GraphPad Prism 8 (GraphPad Software, La Jolla, CA)
was used for both analyses. A P value of < 0.05 was considered as statis-
tically significant (*: < 0.05,**: < 0.01, ***: < 0.001, and ***: < 0.0001).

RESULTS

Bioanalysis

As shown in the supplement, the analysis of the substrates and
the metabolites of the Basel phenotyping cocktail as well as the
metamizole metabolites met the criteria specified by the US Food
and Drug Administration (FDA) guidelines for the bioanalysis of
study samples.”

Compliance

Inspection of the pill-counting journals and evaluation of the re-
maining tablets and the empty blisters suggested that all the subjects
were compliant to the metamizole treatment regimen. Furthermore,
as shown in Figure S1, trough levels of the metamizole metabolites
determined during and at the end of the study were detectable in all
subjects. In comparison to a previous study with the same metamizole
dosage in healthy subjects,25 the plasma concentration of all metabo-
lites of the current were either above or within the trough concentra-
tion range of the previous study. Based on these results we assumed
that the subjects were compliant to the metamizole treatment.

Effect of metamizole on plasma concentrations, AUC, and
MR of CYP substrates

The average plasma concentration-time curves of the 6 CYP
probe drugs and their CYP-specific metabolites are shown
in Figure 2 and the corresponding pharmacokinetic param-
eters are listed in Table 1. The individual AUCs and the 7, ,
of the probe drugs are displayed in Figure S2 and Figure S3,
respectively.

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 109 NUMBER 6 | June 2021

All subjects had residual caffeine and paraxanthine in their
plasma, because they were allowed to consume caffeine-containing
beverages up to 12 hours before the study days 1 and 8. Therefore,
the caffeine and paraxanthine baseline levels were calculated using
Eq. 1 and subtracted from the respective measured plasma concen-
trations to isolate the effect of 1A2 phenotyping. High caffeine
and paraxanthine levels were observed in 24-hour samples of 3
subjects, indicating that these subjects had consumed caffeine be-
tween 12 and 24 hours post-treatment. These 24 hour values were
excluded from the analysis and the corresponding 24 hour time
points were calculated using Eq. 1. Metamizole delayed the con-
version of caffeine to paraxanthine, leading to a 1.79-fold increase
in the caffeine AUC, , whereas the AUC, ; of paraxanthine was
not significantly affected. In contrast to caffeine, metamizole de-
creased the elimination ¢, , for efavirenz and reduced the AUC, ;
by 79%. The AUC, ; of 8 -hydroxyefavirenz, the principal metab-
olite formed by CYP2B6, was increased by 34%. Because 4-hy-
droxyflurbiprofen, the principal metabolite of flurbiprofen formed
by CYP2C9, can be glucuronidated,36 we determined 4’-hydroxy-
flurbiprofen after deglucuronidation. Metamizole decreased the
12 and the AUC, . of flurbiprofen by 22% and the
AUC, , of 4’-hydroxyflurbiprofen by 12%. Regarding omepra-
zole, the probe drug for CYP2C19, metamizole had no signifi-
cant impact on the elimination velocity but decreased the AUC, ;
by 66% and for 5'-hydroxyomeprazole by 32%. Metamizole did
not significantly affect the elimination velocity of metoprolol, the
probe drug for CYP2D6, but decreased the AUC, by 32% and of
a-hydroxymetoprolol by 28%. The decrease in the AUC, , of me-
toprolol and a-hydroxymetoprolol is most likely explained by the
observation that CYP3A4, 2B6, and 2C9, which are induced by
metamizole, contribute to O-demethylation and N-dealkylation
of metoprolol.37 Metamizole decreased the elimination ¢, /2 of
the CYP3A4 substrate midazolam and its AUC, , by 68% and
increased the AUC, ; of 1'-hydroxymidazolam (determined after

elimination #

deglucuronidation) by 22%.

The individual metabolic ratios are displayed in Figure 3. For
CYP1A2, we found asignificant increase in the caffeine: paraxan-
thine MR with metamizole, indicating inhibition (P =0.0024).
We found a reduction in the efavirenz:8’-hydroxyefavirenz MR
from 90.4 to 13.9, demonstrating CYP2B6 induction by metam-
izole (P = 0.0005). Similarly, metamizole lowered the flurbipro-
fen:4’-hydroxyflurbiprofen MR (from 13.8 to 12.2), indicating
CYP2C9 induction (P = 0.0342). Furthermore, metamizole
reduced the MR of omeprazole to 5’-hydroxyomeprazole by
~ 50% (P = 0.0005), demonstrating CYP2C19 induction.
CYP2DG6 is described in the literature as not inducible.”* In
agreement with this notion, we observed no significant change
in the MR of metoprolol by metamizole. In contrast, CYP3A4
activity was induced by metamizole as demonstrated by the de-
crease in the midazolam:1’-hydroxymidazolam MR from 0.40 to
0.10 (P = 0.0005).

Genotype, inducibility, and phenotype correlation

Allsubjectswereanalyzed for the SNPs CYP1A2*1F; CYP2B6*6;
CYP2C9*2,*3; CYP2C19*2, *17; CYP2D6*2, *3, *4, *6, *9, *10,
*17, *29, and *41 in order to identify poor metabolizers (PMs),
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Figure 2 Plasma concentration-time profiles of the constituents of the Basel phenotyping cocktail substrates and their CYP-specific
metabolite before and at the end of treatment with metamizole. Healthy subjects (n = 12) were treated with a capsule of the Basel
phenotyping cocktail containing caffeine, efavirenz, flurbiprofen, omeprazole, metoprolol, and midazolam before (white circle) and after intake
of 3 times per day 1 g metamizole for 7 consecutive days (black circle). Plasma concentrations were determined by liquid chromatography
tandem mass spectrometry. Plasma concentrations for caffeine and paraxanthine were baseline corrected. Data are presented as

mean + SEM.

intermediate metabolizers (IMs), normal metabolizers (NMs),
rapid metabolizers (RMs), and ultra-rapid metabolizers (UM)
for the respective CYPs and to investigate their influence on
the phenotyping results. The individual values are displayed in
Table S2.

To judge a possible effect of the genotype on inducibility,
we calculated the ratio of MR , .~ -MR_ . ' and cor-
related the values with the genotype of the subjects (Figure 4).
The relationship between genotype and the basal MR is shown
in Figure S4. Five subjects were homozygous for CYP1A2*1F
(classified as NM/UM), a genotype associated with higher

1510

inducibility of CYP1A2, for instance in smokers.”® Because
we did not include heavy smokers, we did not expect an im-
pact of *IF genotype on the MR of caffeine. The data illus-
trated in Figure S$4 confirmed this assumption. Carriers of the
CYP1A2*IF genotype showed a similar distribution of the
MR .. oMR, . ratio as wild types (Figure 4), indi-
cating that the *1F genotype did not affect CYP1A2 inhibition by
metamizole. CYP2B6*6 is associated with impaired efavirenz me-
tabolism.*” The population studied included eight heterozygous
(*1/*6) and four wild-type allele carriers (*1/%1), categorized as
IM and NM, respectively. Considering the genotype-phenotype
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Figure 3 Metabolic ratios of the six substrates contained in the Basel phenotyping cocktail before and at the end of treatment with
metamizole. Healthy subjects (n = 12) were treated with a capsule of the Basel phenotyping cocktail containing caffeine (1A2), efavirenz
(2B6), flurbiprofen (2C9), omeprazole (2C19), metoprolol (2D6), and midazolam (3A4) before and at the end of treatment with metamizole

(3 x 1 g per day for 7 days). Plasma concentrations were determined using liquid chromatography tandem mass spectrometry. Metabolic
ratios were calculated as the area under the plasma concentration time curve to infinity (AUC, ) of the parent drug divided by the AUC, . of the
CYP-specific metabolite. Data represent individual values before (-Metamizole, white circles) and after (+Metamizole, black circles) treatment
with metamizole. The black line corresponds to the geometric mean. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. values before treatment

with metamizole (baseline).
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Figure 4 Effect of the CYP genotype on CYP inducibility and inhibition. Genotyping of CYP1A2, CYP2B6, CYP2C9, CYP2C19, and CYP2D6
was performed for all 12 healthy subjects by real time polymerase chain reaction. For CYP3A4, no genotyping was performed. The genotypes
are presented on the x-axis. For phenotyping, the same subjects received the Basel phenotyping cocktail capsule containing caffeine (1A2),
efavirenz (2B6), flurbiprofen (2C9), omeprazole (2C19), metoprolol (2D6), and midazolam (3A4) before and at the end of treatment with
metamizole (3 x 1 g per day for 7 days). Metabolic ratios (MRs) were calculated as the area under the plasma concentration time curve to

infinity (AUC, ) of the parent drug divided by the AUC,

inf: inf
before and at the end of treatment with metamizole. The MR

—Metamizole® R+Metamizo|e

of the CYP-specific metabolite. CYP inducibility was assessed as the ratio of the MRs

ratios are presented according to the genotype (PM, poor

metabolizer; IM, intermediate metabolizer; NM, normal metabolizer; RM, rapid metabolizer; UM, ultrarapid metabolizer). The boxes represent
the 25th to 75th percentile and the line in the middle corresponds to the median value. The whiskers designate the range of the data. The
statistical analysis using t-tests or Mann-Whitney tests (CYP1A2, 2B6, 2C9, and 2D6) or a one-way analysis of variance (2C19) revealed no

significant effect of the genotype on the corresponding MR_,,...izote:

correlation in the basal state, the MR of NM and IM were similar
(96.3 vs. 87.5 in NM vs. IM) (Figure $4). As shown in Figure 4,
the MR ,, . MR . . of NM and IM were compara-
ble, indicating that the *6 genotype did not affect the inducibil-
ity of CYP2B6. Regarding CYP2C9, we found 5 NM (*1/*1),
3 heterozygous CYP2C9*2 carriers (*1/*2), and 3 heterozygous
CYP2C9*3 carriers (*1/*3), both categorized as IM, and one ho-
mozygous CYP2C9*3 carrier, categorized as PM.% Surprisingly,
the subject with the highest MR was an NM and not, as expected,
the only PM. The only PM among the subjects had unexpectedly
one of the lowest MR (Figure $4), suggesting the presence of ad-
ditional SNPs affecting the phenotype. As shown in Figure 4, the
MRmemimle: R+Mmmizole ratios among NM, IM, and PM were
not different, suggesting that the genotype did not affect the in-
ducibility of CYP2C9. Genotyping of CYP2C19 revealed 7NM
(*1/*1), 2 heterozygous carriers of the CYP2C19*2 allele (*1/*2
and *2/*17) classified as IM and 3 heterozygous carriers of the
CYP2C19 *1/*17 variant classified as RM.* Although not statis-
tically significant due to the small number of subjects, we would
not exclude the possibility that IM have impaired CYP2C19
inducibility (Figure 4). Regarding the effect on the basal MR,
CYP2C19 IM had the highest and RM the lowest values but
this difference did not reach statistical significance due to the
small number of subjects investigated (Figure $4). Concerning
CYP2D6, we found 9 NM (*1/*1, *1/*2,*2/*2,*1/*41 or *2/*41
diplotype, activity score 1.25-2.25) and 3 IM (*4/*10 or *29/41
diplotype, activity score 0.25-1.00). The SNPs *10, *29, and *41
are associated with decreased CYP2D6 activity, and the *4 allele
with no activity.zﬂ_43 As shown in Figure 4, the inducibility ap-
peared not to be affected by metamizole.
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Mechanism of CYP induction

We used differentiated HepaRG cells, which have a hepato-
cyte-like morphology and a similar expression and activity of
most CYPs as human hepatocytes.”* As shown in Figure S,
treatment with 300 uM 4-MAA for 72 hours increased the
mRNA content of CYP2B6, CYP2C9, CYP2C19, and
CYP3A4 significantly (4.8-fold, 1.4-fold, 1.5-fold, and 2.0-
fold, respectively), whereas CYP1A2 and CYP2D6 were unaf-
fected. Incubation with 10 uM rifampicin, a PXR activaror,*4
resulted in an increased mRNA content of the same CYPs
(CYP2B6 4.3-fold, CYP2C9 1.4-fold, CYP2C19 2.2-fold,
and CYP3A4 6.0-fold), proving the functionality of the sys-
tem. Co-incubation with metformin, an inhibitor of PXR and
CAR mediated CYP induction,” suppressed both 4-MAA and
rifampicin-induced upregulation of CYP mRNAs. CYP2Dé6
mRNA expression was not significantly affected, whereas met-
formin also suppressed CYPIA2 mRNA expression, suggesting
a negative effect on the aryl hydrocarbon receptor.

To further investigate the role of both CAR and PXR in 4-MAA
mediated CYP induction, CAR-knockout, PXR-knockout, and
control HepaRG cells (5-F cells) were treated for 72 hours with
300 uM 4-MAA and specific ligands for the respective nuclear
receptors (CAR: 1 uM CITCO, and PXR: 10 uM rifampicin;
Figure 6). In 5-F cells (corresponding to HepaRG wild type cells),
4-MAA showed the expected induction of the mRNA of CYP2B6,
2C9, 2C19, and 3A4. Surprisingly, CITCO not only induced the
mRNA of CYP2B6 and 2C19 (the increases in CYP3A4 and 2C9
mRNA were not significant), but also of CYP1A2. Rifampicin in-
creased the mRNA expression of CYP2C19 and 3A4, whereas the
increases in the mRNA of CYP2B6 and 2C9 were not significant.
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Figure 5 Induction of CYP mRNA expression in differentiated HepaRG cells by N-methyl-4-aminoantipyrine (4-MAA).

After differentiation, cells

were treated with 300 pM 4-MAA for 72 hours. Treatment with 10 pM rifampicin was used as a positive control. The pregnane X receptor
and constitutive androstane receptor inhibitor metformin was used at a concentration of 2 mM. Data are presented as the mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. DMSO control incubations.

In HepaRG cells lacking CAR, 4-MAA exhibited only a minor
CYP2C9 mRNA induction, whereas CITCO still induced
CYP1A2, but no other CYPs. In HepaRG cells lacking PXR,
4-MAA induced mRNA expression of CYP2B6, 2C9, 2C19, and
CYP3A4, whereas rifampicin showed no CYP induction. The
results indicate that CAR expression is essential for CYP mRNA
induction by 4-MAA.

DISCUSSION

Metamizole has been used as an analgesic drug for nearly a
century in multiple regions of the world. So far, the potential
that metamizole can induce CYP2B6 and CYP3A4 has been
suggested in one iz vitro investigation'” and in 3 clinical stud-
ies."* 2% In one of these studies, Qin ez 4/. found a significantly
increased bupropion hydroxylation after 4 days of metamizole
treatment in 16 healthy men,'® suggesting that metamizole in-
duces CYP2B6 activity. The authors suspected CYP2B6 in-
duction via an interaction with CAR because of the structural
similarity of metamizole with phenobarbital and the concom-
itantly increased hydroxybupropion clearance. Metabolism of
hydroxybupropion is UDP-glucuronosyltransferase depen-
dent, whose induction depends on CAR." Some years carlicr,
Saussele er al. had observed increased expression and activity
of CYP2B6 and CYP3A4 in human liver microsomes from
patients treated with metamizole and confirmed induction of
CYP2B6 and CYP3A4 by 4-MAA in primary human hepato-
cytes but reporter-gene assays failed to show a direct PXR or
CAR activation by 4-MAA." Similar to Qin ez al., they also

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 109 NUMBER 6 | June 2021

suspected a phenobarbital-like mechanism of induction due
the structural similarity of metamizole and phenobarbital.”®
Although phenobarbital is known to induce various CYPs
via indirect activation of CAR,*® it has been shown recently
that CYP3A4 induction by phenobarbital is mainly mediated
via PXR.* In support of the notion that metamizole can in-
duce CYP2B6 and CYP3A4, Gacebler ez al. reported decreased
sertraline serum concentrations™’ and Caraco ef al. decreased
cyclosporine blood concentrations in patients treated concom-
itantly with metamizole."” Taken together, there was some evi-
dence that metamizole induces CYP2B6 and CYP3A4 whereas
information about induction of other CYPs and the mecha-
nism of CYP induction was lacking. We therefore conducted a
single center crossover study to assess the effect of metamizole
treatment on six specific CYP substrates (CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4) using the cock-
tail approach.

We observed a significant decrease in the metabolic ratios for
efavirenz, flurbiprofen, omeprazole, and midazolam, demon-
strating a moderate induction of CYP2B6, 2C19, and 3A4, and
aweak induction of CYP2C9. Although CYP2B6 and CYP3A4
upregulation due to metamizole are in line with the previ-
ously published studies,'>"®'”*° induction of CYP2C9 and
CYP2C19 has so far not been reported. Surprisingly, we found
a decreased metabolism of caffeine to paraxanthine by metam-
izole, indicating weak inhibition of CYP1A2. Because there is
some evidence that CYP1A2 may be involved in the demeth-
ylation of 4-MAA,’" it is possible that the observed decrease in
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Figure 6 Induction of CYP mRNA expression in HepaRG cells with stable knock-out of constitutive androstane receptor (CAR; -/- CAR) or
pregnane X receptor (PXR; -/- PXR) and control cells (5-F) by N-methyl-4-aminoantipyrine (4-MAA). After differentiation, cells were treated with
300 puM 4-MAA for 72 hours. Treatment with 10 pM rifampicin was used as a positive control for PXR stimulation and 1 pyM CITCO for CAR
stimulation. Data are presented as the mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. the respective DMSO

control incubations.

CYP1A2 activity is the result of a competition between 4-MAA
and caffeine.

We could not detect an impact of the genotype on the induc-
ibility of CYP2B6, CYP2C9, and CYP2C19. However, these
findings must be viewed with caution considering the limited
number of subjects studied. Furthermore, with our genetic anal-
ysis we only assessed single nucleotide polymorphisms, but not
the number of gene copies. Thus, we could have missed CYP2D6
UMs. Considering that we found no induction of CYP2D6, it is,
however, unlikely that this omission has an impact on the inter-
pretation of the results of this study.

To confirm the results of the clinical study, we performed 7 vitro
experiments in HepaRG cells. After differentiation, this human hep-
atoma cell line has similar drug metabolizing properties as human
hepatocytes.”” After 72 hours of treatment with 300 uM 4-MAA, we
observed a significant increase in CYP2B6, CYP2C9, CYP2C19,
and CYP3A4 mRNA, which confirmed the findings of our clini-
cal study. Incubation of HepaRG cells with rifampicin showed
upregulation of CYP2B6, CYP2C9, CYP2C19, and CYP3A4,
as shown previously,” proving the validity of the chosen iz vitro
model. Co-incubation with metformin, an inhibitor of CAR and
PXR,” blocked both 4-MAA and rifampicin-mediated induction.
Because activation of CAR and PXR is associated with upregulation
of CYP2B, CYP2C, and CYP3A, it was at this point not clear via
which transcription factor MAA acted as a CYP inducer.””

To answer this question, we treated HepaRG cells carrying a
stable PXR or CAR knock-out and corresponding 5-F control

1514

HepaRG cells with 4-MAA and selective inducers (CITCO for
CAR and rifampicin for PXR) to verify the functionality of
the knock-out. In 5-F control cells, we observed the expected
induction of CYP2B6, CYP2C9, CYP2C19, and CYP3A4
mRNA by MAA and to a variable extent also by CITCO and
rifampicin. To our surprise, CITCO also induced CYP1A2 in
CAR knock-out and 5-F control cells, suggesting an interac-
tion with the aryl hydrocarbon receptor. This phenomenon has
been described in similar experiments before.” Although PXR
knock-out HepaRG cells showed a comparable upregulation of
CYP2C9 and CYP2C19 mRNA and an even more extensive
induction of CYP2B6 and CYP3A4 mRNA compared with the
5-F control cell line in the presence of 4-MAA, CAR knock-out
HepaRG did not show a significant upregulation by 4-MAA,
except for CYP2C9. The specific inducers CITCO and ri-
fampicin showed no CYP mRNA induction in the absence of
the nuclear factor that they activate. These results show that
4-MAA-derived induction of CYP2B6, 2C9, 2C19, and 3A4
is mediated via CAR activation. Our study does not answer the
question, however, whether the induction via CAR is direct or
indirect.

In conclusion, metamizole is a broad CYP inducer via its
major metabolite 4-MAA, which interacts directly or indirectly
with CAR. In addition, metamizole is an inhibitor of CYP1A2.
Regarding the widespread use of this analgesic in some countries,
particularly in the elderly with numerous comedications, these in-
teractions are of major clinical relevance.
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