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“The truth is, most of us discover where we are headed when we 
arrive” 
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1 General Summary 
 

Metamizole is a non-opioid analgesic with additional antipyretic and spasmolytic properties. It 

was introduced nearly 100 years ago, but due to a severe but rare side-effect agranulocytosis, 

it has been withdrawn from the market in several countries. Metamizole is a prodrug, which is 

spontaneously hydrolyzed in the gastrointestinal tract to 4-methylaminoantipyrine (4-MAA). 

4-MAA is rapidly and almost completely absorbed into circulation. The main fraction is oxidized 

to 4-formylaminoantipyrine (4-FAA) or demethylated to 4-aminoantipyrine (4-AA), which is 

then acetylated to 4-acetylaminoantipyrine. Other metabolites have been described, but these 

4 main metabolites reflect about 65-70% of the administered metamizole dose. The two 

metabolites 4-MAA and 4-AA exhibit an analgesic effect, while the end metabolites 4-AAA and 

4-FAA are considered inactive. Although metamizole has been available for nearly a century, 

there are still knowledge gaps such as the pharmacological mode of action. Furthermore, the 

enzymatic system responsible for the demethylation and the oxidation of 4-MAA has not been 

discovered yet. Participation of cytochrome P450 (CYP) has been suspected, but the specific 

isoforms have not been identified so far. Additionally, there is evidence that metamizole 

induces both CYP2B6 and CYP3A4 isoforms, the mechanism however has not been shown yet. 

A main focus of my thesis was to study the pharmacokinetics and metabolism of metamizole 

in clinical trials as well as in vitro experiments. These studies required reliable quantification of 

the metamizole main metabolites. In the first project, we therefore developed and validated a 

high-performance liquid chromatography tandem mass spectrometer (HPLC-MS/MS) method 

for the quantification of 4-MAA, 4-AA, 4-AAA, and 4-FAA in human plasma samples. A 

pentafluorophenyl analytical column resulted in a suitable retention of the polar metabolites 

by interacting with their aromatic structure. A gradient program with pre- and post-column 

infusion was applied for the retention and separation of the hydrophilic analytes. Formic acid 

was removed from the solvents and reintroduced after the chromatography to achieve 

sufficient ionization. The method was linear over the calibration range (R > 0.99), with an 

accuracy of 91.3% - 106.0% and an imprecision of <12.7%. Thus, the presented method fulfilled 

the criteria described in the F.D.A. guidelines for bioanalytical method validation for industry.  

The second project aimed to identify the enzymes responsible for the demethylation of 4-MAA. 

Incubation assays of 4-MAA in human liver microsomes combined with selective CYP inhibitors
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revealed that CYP2B6, CYP2C8, CYP2C9 and CYP3A4 contribute to the biotransformation of 4-

MAA to 4-AA. These results were confirmed by incubation of 4-MAA in human liver 

homogenate and HepaRG cells. Nonetheless, the formation of 4-AA was low and did not reflect 

the metabolic capacity observed of a human. Thus, other enzymatic systems were considered. 

Incubation assays with various peroxidases demonstrated that human myeloperoxidase was 

also capable to demethylate 4-MAA in presence of hydrogen peroxide. Furthermore, the 

determined affinity of the enzyme for the demethylation was in the range of pharmacologically 

relevant plasma concentrations. Further experiments in human promyelocytic leukemia cells 

expressing myeloperoxidase confirmed the demethylation of 4-MAA in presence of hydrogen 

peroxide. Since there is a high quantity of myeloperoxidase expressing cells (promyelocytes, 

myelocytes, metamyelocytes and granulocytes) located in the bone marrow, we suggested 

that the demethylation of 4-MAA may take also place in the bone marrow. 

In a third project, plasma samples from a pediatric, pharmacokinetic study with metamizole 

were analyzed. Children were treated with 10 mg/kg metamizole (intravenous application, i.v.), 

blood samples drawn over various time points to evaluate the dose-exposure relationship in 

different age cohorts. The bioanalysis of the plasma samples was performed in our laboratory, 

while the clinical study was conducted at the Children’s University Hospital Basel. 

Pharmacokinetic parameters of the metamizole metabolites were assessed by non-

compartmental and population pharmacokinetic analysis. Children younger between 2-6 years 

showed lower exposure of 4-MAA compared to adults when treated with the same weight 

adjusted dose, while children < 2 year exhibited a similar exposure. Interestingly, children 

younger than one year displayed a higher exposure, which was probably due to unmatured 

metabolic capacity. The conclusion was a reduced, weight-based i.v. dose recommendation for 

children < 1 year compared to older children and adults (5 mg/kg vs. 10-20 mg/kg). 

The last project examined the influence of metamizole treatment on the activity of various CYP 

isoforms. In a clinical study, the “Basel Cocktail” phenotyping approach was applied to assess 

the CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6 and CYP3A4 activity before and after 

metamizole intake. The probands received 3 grams of metamizole for 7 consecutive days. We 

observed an induction of CYP2B6, CYP2C19 and CYP3A4 and an inhibition of CYP1A2. CYP2C9 

and CYP2D6 activities were unaffected. The mechanism of induction was investigated in 

different HepaRG cell lines. Knock-out of the pregnane X receptor and control cells exhibited a 

significant mRNA upregulation of CYP2B6, CYP2C9, CYP2C19 and CYP3A4. In contrast, knock-



CHAPTER 1: GENERAL SUMMARY 

 12 

out of the constitutive androstane receptor resulted in the abolishment of the induction. 

Consequently, the constitutive androstane receptor is essential for the metamizole derived 

induction. 

In conclusion, we demonstrated that various CYP isoforms and human myeloperoxidase are 

able to mediate the demethylation of 4-MAA. The main responsible enzyme however has not 

been identified yet. In the PK study in children, we observed an overexposure of 4-MAA in 

children >1 year when treated with the recommended i.v. dose. Furthermore, we were able to 

show the impact of metamizole on the activity of various CYP isoforms. The co-administration 

of CYP1A2, CYP2B6, CYP2C19 and CYP3A4 substrates and metamizole may lead to altered drug-

exposure and may therefore promote adverse effects. 
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2 Abbrevations 
 

3-MC  3-methylchloranthrene  

4-AA  4-aminoantipyrine 

4-AAA  4-acetylaminoantipyrine 

4-DMAA 4-dimethylaminoantipyrine 

4-FAA  4-formylaminoantipyrine 

4-MAA  4-methylaminoantipyrine 

AH/POA preoptic are in the anterior hypothalamus 

AhR  aryl hydrocarbon receptor 

ARNT  aryl hydrocarbon receptor nuclear translocator 

ATP  adenosine triphosphate 

AUC  area-under-the-curve 

CAR  constitutive androstane receptor 

CB  cannabinoid receptor 

Cmax  maximal plasma concentration 

COS-8  monkey kidney fibroblast 

COX  cyclooxygenase 

CRF  corticotropin-releasing factor  

CSF  cerebrospinal fluid 

CYP  cytochrome P450 

D  detector 

EGF  epithelial growth factor 

EGFR  epithelial growth factor receptor 

F.D.A.  Food and Drug Administration of the Unites States of America 

Fe  iron 

HepaRG human hepatoma cell line 

HL-60  human promyelocytic leukaemia cell line 

HPLC-MS/MS high-performance liquid chromatography coupled tandem mass spectrometry  

i.c.v.  intracerebroventricular 

i.p.  intraperitoneal 
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i.v.  intravenous 

IDR  idiosyncratic drug reaction 

IL  interleukin 

K  potassium 

LPS  lipopolysaccharide 

m/z  mass-to-charge ratio 

MALDI  matrix-assisted laser desorption/ionization 

mRNA  messenger ribonucleic acid 

Na  natrium 

NADPH  nicotinamide adenine dinucleotide phosphate 

NAT2  N-acetyltransferase 2  

NSAID  non-steroidal anti-inflammatory drug(s) 

OVLT  organum vasulosum laminae terminalis 

PEG  periaqueductal gray matter 

PFPF  preformed pyrogenic factor  

PG  prostaglandin 

PK  pharmacokinetic 

PXR  pregnane X receptor 

Q1  first mass filter 

Q2  collision chamber 

Q3  second mass filter 

RXR  retinoid X receptor  

t1/2  half-life 

TCDD  2,3,7,8-tetrachlorodibenzo-p-dioxin  

tmax  time until the maximal plasma concentration is reached 

TNFa  tumor necrosis factor a  

TOF  time-of-flight 

Tsv  Tityus serrulatus venom  
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3 General Introduction 
 
My thesis primarily focuses on the drug metamizole (dipyrone) and its metabolites. 

Metamizole is an analgesic, spasmolytic and antipyretic drug with a long history. Its structure 

is based on antipyrine (phenanzone), which was discovered around the 19th century. The 

addition of an amino group to the pyrazolone ring led to 4-aminoantipyrine, which was 

subsequently methylated and resulted in the development of 4-dimethylaminoantipyrine 

(aminophenazone) and methylaminoantipyrine (metamizole) [1]. Metamizole was patented by 

Hoechst in 1922 and introduced to the market as “Novalgin”. The structures are illustrated in 

figure 1. In Switzerland, metamizole was brought to the market under the name “Minalgin” in 

1949 [2]. During my thesis, we concentrated on the pharmacokinetic properties of metamizole. 

For this reason, the preceding sections will introduce the drug in more detail. 

 
Figure 1: Structures of Pyrazolones 
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3.1 Pharmacology of Metamizole 

 

3.1.1 Thermogenesis 

 

Metamizole has been developed based on the structure of antipyrine, which was used as an 

antipyretic drug as its name states. The efficacy of metamizole to lower fever in patients is 

unquestioned and has been demonstrated in numerous studies [3-7]. However, the exact 

mechanism of influencing the thermoregulation is not fully understood.  

Generally, thermoregulation is divided in two pathways: prostaglandin-dependent and 

prostaglandin-independent. In an experimental setting, lipopolysaccharide (LPS)-induced fever 

promotes the release of endogen pyrogens such as interleukins IL-1a, IL-1b, IL-2, IL-6, IL-8, and 

tumor necrosis factors (TNFa), which stimulate the formation of prostaglandin E2 and F2a (PGE2 

and PGF2a) in the periphery. These pyrogens are also able to migrate into the brain where PGE2 

and PGF2a have been shown to be synthesized in astrocytes, dendrites and neurons. Both 

prostaglandins reach the preoptic area in the anterior hypothalamus (AH/POA), where they 

provoke a raise in body temperature (prostaglandin-dependent pathway). Intraventricular 

injection of preformed pyrogenic factor derived from LPS-stimulated macrophages (PFPF) led 

to the release of another key mediator, corticotropin-releasing factor (CRF). CRF release 

provokes a febrile response itself or may stimulate the production of endothelin-1 (ET-1), a 

peptide that has been shown to mediate fever. This pathway is considered to be prostaglandin-

independent, although PGF2a can also promote the release of CRF, affecting this pathway as 

well [8-11]. A summary of different thermoregulation pathways is depicted in figure 2. 

Metamizole affects those two pathways simultaneously: Shimada et al. showed that 

metamizole impaired the fever response in rats when interleukin 1b was injected intravenously 

(i.v). However, this effect was not observed when PGE2 was injected directly into the organum 

vasulosum laminae terminalis (OVLT), the circumventricular organs boarding to the AH/POA. 

They hypothesized that metamizole is able to inhibit PGE2 synthesis through cyclooxygenase 

(COX) inhibition like non-steroidal anti-inflammatory drugs (NSAID), thus downregulating the 

febrile response. As soon as PGE2 was present, the febrile response was not altered, indicating 

that metamizole does not inhibit nerve conduction or function [12]. Later on, de Souza et al. 

compared the antipyretic effect of indomethacin, a non-selective COX inhibitor and of 
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metamizole in rats. Fever was induced by i.v. injection of LPS, and intracerebroventricular (i.c.v) 

injection of IL-1b, IL-6, TNFa and arachidonic acid (AA). In addition, AA was combined with IL-

1b, PGE2, PGF2a, IL-8, PFPF, and corticotropin-releasing hormone (CRH). They showed that 

metamizole, in contrast to indomethacin, was able to suppress the fever response mediated 

by PGE2 independent pathways (IL-6, IL-8, PGF2a and PFPF). They speculated that metamizole 

probably also interferes with the release of CRH and thus is different from the mechanism of 

typical COX inhibitors, acting similarly as CRH-antagonists in fever response [13]. 

 

 

 
 
These results were confirmed by Malvar et al., showing the antipyretic effect of metamizole in 

LPS (i.v.) and ET-1 (i.c.v) induced fever in rats. In this study, indomethacin lowered plasma, 

cerebrospinal fluid (CSF) and hypothalamus PGE2 levels induced by both LPS and ET-1, but did 

 
Figure 2: Different pathways of fever induction 
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not show any antipyretic activity when the rats were treated with i.c.v. injected ET-1. In 

contrast, metamizole only lowered plasma and CSF PGE2 levels, but not in the hypothalamus. 

Nevertheless, the febrile response was suppressed in both LPS and ET-1 exposed rats. They 

surmised that metamizole acts in both PGE2 dependent and PGE2 independent pathways and 

does not impair the hypothalamic PGE2 synthesis [14]. Since metamizole is a prodrug, the same 

group published a further paper investigating the mechanism of fever suppression using 

metamizole and its main metabolites 4-methylaminoantipyrine (4-MAA), 4-aminoantipyrine 

(4-AA), 4-acetylaminoantipyrine (4-AAA), and 4-formlyaminoantipyrine (4-FAA). Again, rats 

were treated either LPS or Tsv (Tityus serrulatus venom) via intraperitoneal (i.p.) injection. LPS 

induced fever response seems to be mainly mediated by PGE2 and can therefore be reduced 

dose-dependently with NSAIDs. Tsv febrile response does not share this effect, suggesting an 

PGE2 independent pathway. They found that the metabolites 4-MAA, 4-AA and 4-FAA lowered 

LPS-induced fever in a dose-dependent manner, but only 4-MAA was able to influence the 

febrile response to Tsv. This suggested that 4-MAA influences the fever response both PGE2 

dependently and independently, which is in line with previous observations. Furthermore, they 

could show that 4-MAA also lowered the body temperature without any induction of fever, 

but did not elucidate the mechanism of action [15]. In summary, metamizole has been shown 

to have a distinct effect on fever response. In contrast to classic NSAID, metamizole seems to 

influence thermoregulation in a prostaglandin-dependent and prostaglandin-independent 

manner. 

 
 
3.1.2 Spasmolysis 

 

Although the spasmolytic properties of metamizole have been experimentally demonstrated, 

the exact mechanism of action remains unclear. Ergün et al. postulated that the vasodilatation 

of rabbit thoracic aortic smooth muscles by metamizole could be reverted by addition of 

ouabain, a Na-K+ ATPase pump inhibitor. In contrast, addition of tetraethylammonium, 

glybenclamide and methylene blue (inhibitors of calcium activated potassium channels, ATP-

dependent potassium channels and soluble guanylate cyclase, respectively) did not have an 

effect on the vasodilatation mediated by metamizole. Thus, they suspected the Na-K+ ATPase 

pump to be the main target of metamizole action [16]. 6 years later, Valenzuela et al. found 
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that the vasodilatative effects of metamizole could be blocked by addition of glybenclamide, a 

specific inhibitor of ATP-sensitive potassium channel, which contradicts the findings of Ergün 

and colleagues. Moreover, they could not reproduce the ouabain-induced reduction of the 

vasodilatation by metamizole [17]. However, glybenclamide only reversed the metamizole-

induced vasodilatation when the muscles were preconstricted with angiotensin II. This was not 

the case when norepinephrine was used, as Ergün did in his study. Another experiment by 

Gulmez et al. conducted in smooth airway muscles of male guinea pigs revealed that 

metamizole decreased ATP-induced calcium release and inhibited the inositol phosphate 

accumulation. They concluded that the mechanism may be either direct inhibition of 

phospholipase C, or impairment of the G-protein coupled receptor, which controls the activity 

of phospholipase C [18]. Overall, these groups demonstrated the spasmolytic effect of 

metamizole. Nevertheless, the mechanism of action remains controversial. The targets of 

metamizole mediated spasmolysis may be the Na-K+ ATPase pump, the ATP-dependent 

potassium channel or the inhibition of inositol phosphate accumulation. 

 
 
3.1.3 Analgesis 

 

Like the antipyretic mode of action, the analgesic mechanism of metamizole is not completely 

elucidated. As mentioned in the paragraph about thermogenesis, metamizole is thought to 

display part of its analgesic activity via COX inhibition. Current opinion in literature states that 

metamizole displays both central and peripheral activity [12, 19-21]. Lüthy et al. showed that 

coincubation of arachidonic acid with metamizole in human fibroblasts impaired the release 

of the prostaglandins 6-oxo-PGF1a, PGF2a and PGE2 in basal state [22]. When Souza et al. 

investigated monkey kidney fibroblasts (COS-8 cells) transfected with human COX 1 and 2, they 

found that metamizole only inhibited COX 1 activity in the millimolar range. Additionally, COX 

2 activity was utterly unaffected, however pathways mediated by PGE2 were impaired [13]. 

Later on, Campos et al. demonstrated potent inhibition of both COX 1 and COX 2 of metamizole 

in intact cells (COX 1: human platelets, COX 2: murine monocyte-macrophage cell line J774A.1) 

and isolated enzymes at clinically relevant plasma concentrations [23]. They explained the 

favorable gastrointestinal toxicological profile of metamizole compared to classical NSAID with 

the higher affinity of metamizole towards COX 2 than COX 1 [24]. These results were confirmed 
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by Pierre and colleagues [25]. They speculated that the mechanism of action was redirection 

of prostaglandin synthesis rather than inhibition at the active site of the enzyme [25]. The 

group suggested that the active metabolites 4-MAA and 4-AA impair the activity of COX 1 and 

2 by interfering with the heme contained in the catalytic center of the COX enzymes [26, 27]. 

Hinz et al. also investigated COX inhibition ex vivo in whole blood assays [20]. In contrast to 

Campos et al., they observed a higher affinity for COX 1 than for COX 2 in their assays. They 

surmised that the lack of acidity of metamizole and its metabolites 4-MAA and 4-AA was 

responsible for better gastrointestinal tolerability compared to common NSAID [20]. Rogosch 

et al. identified two new metabolites derived from the metabolites 4-MAA and 4-AA, which are 

acylating arachidonic acid and thus forming arachidonoyl amides [28]. Extracted from the 

central nervous system of mice, they displayed inhibitory activity against COX 1 and 2 in the 

lower micromolar range and bound with high affinity (lower µM range) to both cannabinoid 

CB1 and CB2 receptors in vitro [28]. While Silva et al. found that peripheral CB1 and CB2 did 

not contribute to the analgesic effect of metamizole, central mediation of pain reduction via 

CB1 has been shown for metamizole and its arachidonoyl amides [29-32]. Another mechanism 

may be the stimulation of the endogenous opioid system. Tortorici et al. could partially reverse 

the antinociception produced by metamizole through microinjection of naloxone, a 

competitive opioid receptor antagonist, into the periaqueductal gray matter (PEG) of rats [33]. 

These results were confirmed by Vasquez et al., who located the site of action in the rostral 

ventromedial medulla, an important relay between PEG and spinal cord, and by Hernandez et 

al. [34, 35]. Several groups reported interference with potassium channels involved in the 

nociception but could not agree on the type of potassium channel. Alves et al., dos Santos et 

al. and Valenzuela et al. surmised that ATP-sensitive potassium channels are modulated by 

metamizole [17, 36, 37], while Ortiz et al. found no difference in analgesic response when ATP-

sensitive potassium channels were blocked [38]. Further mechanisms include activation of the 

arginine-nitric oxide-cyclic guanosine monophosphate pathway [39, 40], activation of the 

adrenergic system [41], which is also linked to CB1 and CB2 mediated antinociception [42] and 

interaction with glutamate transmission [43, 44].  

In summary, the analgesic properties are probably not caused by a single mechanism of action, 

but by affecting several nociceptive pathways both centrally and in periphery. 
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3.2 Pharmacokinetics 

 

3.2.1 Clinical pharmacokinetics 

 

Metamizole is a prodrug which is only detectable in plasma shortly after i.v. administration 

[45]. After oral administration, it is not present in either plasma or urine [46, 47]. Metamizole 

is rapidly hydrolyzed into 4-MAA, its pharmacological active state, which has a high oral 

bioavailability of 85-89% [48, 49]. 4-MAA can be demethylated to 4-AA, which is then further 

acetylated by N-acetyltransferase 2 (NAT2) to 4-AAA, an end metabolite [50-53]. Another end 

metabolite, 4-FAA, can be formed through oxidation of 4-MAA [54-56]. The metabolic pathway 

of metamizole is illustrated in figure 3. These 4 metabolites account for approximately 65-70% 

of the administered dose and are renally excreted. Volz et al. additionally detected at least two 

more metabolites and suspected the formation of 4-hydroxyantipyrine, although the structure 

was not determined [46]. 4-MAA is the first metabolite to reach the maximal concentration in 

plasma (Cmax), followed by 4-AA, 4-FAA and 4-AAA. 4-FAA and 4-AAA remained detectable in 

the urine even 48 hours after a single dose. Elimination of the main metabolites was correlated 

with the administered dose, except for 4-AAA, whose pharmacokinetics were not influenced 

at all by varying doses. Thus, the half-life (t1/2) of 4-FAA and 4-AAA was longest (9.6-11.2 hours 

and 8.6-11.2 hours, respectively), while t1/2 for 4-MAA and 4-AA was shorter (2.7-3.7 hours and 

3.7-9.9 hours) [49]. The metabolites exhibit low plasma protein binding (4-MAA: 57.6%, 4-AA: 

47.9%, 4-AAA: 14.2%, 4-FAA: 17.8%) and the plasma protein binding could not be associated 

with the total plasma protein concentration [57]. All metabolites have been shown to be 

distributed in saliva, breast milk and cerebrospinal fluid (CSF) and the distribution into these 

compartments correlated to the plasma levels [49, 58, 59]. 

Although the pharmacokinetic properties of metamizole and its main metabolites are well 

characterized, the enzymes responsible for the metabolism have not been elucidated yet. The 

only enzyme identified to play a major role in metamizole degradation is polymorphic NAT2, 

responsible for the acetylation of 4-AA to 4-AAA [50-53]. Apart from this metabolic step, the 

enzymes responsible for demethylation and oxidation have not been identified yet. It can be 

assumed that the metabolism of 4-MAA is mainly hepatic since Levy et al. found that liver 

disease impaired the t1/2 and the time until Cmax was reached (tmax) significantly. 
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3.2.3 Enzymes responsible for the metabolism 

 

Levy et al. showed that less metabolites were formed in patients with liver disease and a 

smaller fraction of the metabolites could be found in urine compared to healthy subjects [49]. 

Interestingly, the cytochromes P450 (CYP) which are involved in the demethylation and/or 

oxidation of 4-MAA have not been investigated thoroughly, only a few studies broach this 

topic. One study using to present an analytical method to detect the main metabolites in 

human liver microsomes revealed that the formation of 4-AA was rather slow and could be 

impaired with 10 µM ketoconazole (65.6% rest activity). Moreover, 4-FAA could not be 

detected at all. They concluded that the demethylation of 4-MAA is probably CYP3A4 derived 

because of the inhibitory effect of ketoconazole [60]. A second study investigated the influence 

  
Figure 3: Metamizole and its metabolic pathway. 4-MAA: 4-methylaminoantipyrine, 4-AA: 4-
aminoantipyrine, 4-AAA: 4-acetylaminoantipyrine, 4-FAA: 4-formylaminoantipyrine 
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of gender, CYP2C9, CYP2C19 and NAT polymorphisms in humans on the metabolic profile of 

metamizole. They found that carriers of CYP2C19*2 allele, which is linked to impaired CYP2C19 

activity, displayed lower demethylation capacity for 4-MAA. Formylation of 4-MAA was 

decreased in older probands and in carriers of dysfunctional CYP2C9 and CYP2C19 alleles [52]. 

A third study was conducted in patients with duodenal ulcers treated with cimetidine, a known 

CYP1A2, CYP2D6 and CYP3A4 inhibitor [61]. They found that co-administration of cimetidine 

increased 4-MAA bioavailability, prolonged the elimination t1/2 and the systemic clearance. 

Furthermore, decreased production and maximal concentrations of 4-FAA and 4-AA were 

observed [62]. Since more evidence about the metabolic pathways of metamizole is rare, it 

seems advisable to closer look into the demethylation of 4-dimethylaminoantipyrine (4-DMAA) 

as well. Its structure is nearly identical with 4-MAA. In contrast to 4-MAA, 4-DMAA contains 2 

methyl groups at the N-4 instead of 1. Therefore it is likely that 4-DMAA is metabolized in the 

same manner as 4-MAA [46]. Experiments in isolated human CYP recombinantly derived  from 

S. cerevisiae revealed that the CYP2C19 was the most efficient enzyme for the demethylation, 

followed by CYP2C8, CYP2D6 and CYP1A2 [63]. Additionally, demethylation of 4-DMAA has 

been correlated to demethylation of caffeine, indirectly suggesting participation of CYP1A2 

[53, 64].  

One must still consider that other enzymes than the hepatic CYP system are capable of 

demethylation of xenobiotics [65-67]. N-demethylation of xenobiotics and 4-DMAA have been 

demonstrated using various peroxidases with hydrogen peroxide as a cofactor, such as 

horseradish peroxidase [68] and soybean lipoxygenase [69, 70]. In summary, it remains unclear 

which enzymatic systems are responsible for both demethylation and oxidation of 4-MAA. 
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3.2.4 CYP modulation by metamizole 

 

The CYP system was discovered in 1954. It consists of a superfamily of hemeproteins that 

catalyze oxidative metabolism of both endo- and xenobiotics. They are involved in the 

synthesis of steroid hormones, metabolism of polyunsaturated fatty acids, activation of 

vitamins and the detoxification of drugs [71]. They contain a single heme prosthetic group in 

the catalytic center. The core of this heme group is an iron in ferric form (Fe3+), which enables 

the protein to incorporate one atom of oxygen to substrates through switch from low spin to 

high spin state. The other oxygen atom is reduced to water. The energy to catalyze this process 

is provided by electron transfer from nicotinamide adenine dinucleotide phosphate (NADPH) 

[72]. Of this superfamily, CYP1A1, CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and 

CYP3A4/5 account for about 65-70% of the drug metabolism. The major part of those drugs is 

metabolized by CYP3A4/5, followed by CYP2C9, CYP2C19, CYP2D6 and CYP1A2 which are 

responsible for approx. 95% of all the conversions mediated by the CYP system [73, 74]. One 

decisive factor for a medication to have clinical effect is exposure of the drug to the target site 

in the body. In most cases, exposure can be represented with plasma concentrations of the 

drug. Target concentrations are individual for each drug and usually aim for the therapeutic 

window. The therapeutic window describes the range of drug concentration which causes 

minimal effect, and maximal effect without displaying toxic reactions. The pharmacokinetic 

properties of a drug can be described by its absorption, distribution, metabolism and 

elimination [75]. As mentioned above, metabolism of drugs is mainly mediated by the human 

CYP system. Inhibition of these enzymes may lead to impaired elimination of the drugs and 

thus to toxic side effects due to increased exposure. On the other hand, activation of prodrugs 

may be impaired, which may reduce therapeutic efficacy because of decreased exposure. Vice 

versa, upregulation of CYP isoforms (induction) can alter exposure due to increased 

metabolism of the parent drug or faster activation of prodrugs. 

Generally, one can distinguish two types of CYP inhibition: reversible and irreversible 

(mechanism-based) inhibition. The difference between these types lies in the inactivation of 

enzymatic activity. Reversible inhibition requires the presence of the inhibitor and the activity 

of the enzyme returns to basal state after disappearance of the inhibitor. The inhibitors may 

share structure similarities with the substrate and bind to the active site instead of the 

substrate (competitive inhibition). Moreover, inhibitors may bind to a site different than the 
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active site, changing the conformation of the enzyme and thus blocking the substrate from 

binding to the enzyme (non-competitive inhibition). If an inhibitor shares both of those 

properties, it is a considered mixed-type inhibitor. Mechanism-based inhibition on the other 

hand results in permanent impairment of the enzyme activity through conformational changes 

induced by the inhibitor or to covalent binding to the catalytic heme structure. This inhibition 

is irreversible and therefore sustains long-term inhibition, typically until new, functional 

enzymes are biosynthesized [76-79]. 

Induction of drug metabolizing CYPs by xenobiotics is mainly mediated through an 

upregulation of mRNA production and consequently an increase in enzyme content.  Activation 

of the intracellular the aryl hydrocarbon receptor (AhR) or of the nuclear receptors constitutive 

androstane receptor (CAR) and pregnane X receptor (PXR) by xenobiotics leads to the majority 

of clinically observed CYP inductions [80]. AhR expression in human tissue is highest in 

placenta, followed by lungs, heart, pancreas and liver [81]. After activation by a ligand (e.g. 3-

methylchloranthrene (3-MC), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)) in the cytosol, AhR 

translocates to the nucleus. There, it binds to the aryl hydrocarbon receptor nuclear 

translocator (ARNT), which leads to transactivation of human CYP1A1, CYP1A2 and CYP1B1 [82, 

83]. Both CAR and PXR belong to the nuclear receptor/steroid receptor superfamily, which 

follow the same activation principle analogous to AhR. Located in the cytosol in resting state, 

they translocate into the nucleus upon activation and form heterodimers with the retinoid X 

receptor (RXR), and promote gene transcription of CYP2C, CYP2B and CYP3 enzymes. CAR and 

PXR contain similar ligand binding structures, which is one explanation for their ability to share 

ligands. Furthermore, they contain flexible ligand-binding pockets, which enables to bind 

structurally unrelated ligands. Their tissue distribution is highest in the intestine, liver and 

kidneys [84-87].  

Typically, activation of these two receptors requires ligand binding and subsequent 

translocation in the nucleus, where they form heterodimers with retinoid X receptor (RXR) and 

activate various target genes [72, 78, 87-91]. However, CAR mediated induction is also possible 

without ligand binding, where a xenobiotic promotes translocation without binding to the 

receptor through other mechanisms. Recently, the role of epithelial growth factor (EGF) in 

retaining CAR in its inactive state has been shown. Activation of epithelial growth factor 

receptor (EGFR) represses dephosphorylation of CAR at threonine 38, which is the essential 

step for the translocation into the nucleus. Phenobarbital, an indirect activator of CAR, binds 
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to EGFR and reverses its signaling, which consequently allows CAR to translocate into the 

nucleus and form heterodimers with RXR [92]. This mechanism may be possible for PXR as well, 

but is more extensively investigated for CAR [93]. Furthermore, the nuclear estrogen receptor 

a has been shown to regulate expression of CYP2A6 [94], while CYP3A5 was induced after 

activation of the nuclear glucocorticoid receptor [95].  

Metamizole has been shown immunohistochemically to induce CYP2B enzymes in rats treated 

with metamizole for 3 to 7 days, but the mechanism of induction was not examined [96]. A 

study conducted in patients receiving cyclosporine, a CYP3A4 substrate, revealed that 

metamizole co-treatment lowered cyclosporine plasma levels. The interpretation of this 

observation was an increased metabolism of cyclosporine under metamizole treatment [97]. 

Later on, Saussele et al. investigated human liver microsomes from patients treated with 

metamizole and found a higher expression and activity of CYP2B6 and CYP3A4 [98]. They 

confirmed these findings in primary human hepatocytes, where they could show a time- and 

concentration dependent increase of CYP2B6 and CYP3A4 mRNA and protein. Reporter-gene 

assays ruled out direct ligand binding to either PXR or CAR, suggesting an indirect activation 

pathway [98]. The latest study from Qin et al. studied the effect of 4 days of metamizole 

treatment on the metabolism of a single dose of bupropion, a CYP2B6 substrate. They 

observed decreased bupropion plasma levels and increased 4-hydroxybuproprion plasma 

levels after metamizole treatment. They concluded that metamizole co-treatment increases 

both expression and activity of CYP2B6 in male healthy volunteers [99]. Because of the related 

structures of phenobarbital and metamizole, they hypothesized indirect CAR activation to be 

the responsible mechanism. 
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3.3 Toxicity 

 

Although metamizole has been on the market for over 100 years, its toxicological effects 

remain controversial. Metamizole shows similar frequency and nature of adverse events 

compared to other pain killers for short term application (less than 2 weeks) except for slight 

increase of the risk for cardiovascular events [100]. However, the only events observed were 

hypotension exclusively after i.v. application, which is a known effect [101].  

However, the treatment with metamizole and other pyrazolones such as phenazone and 

aminophenazone is associated with agranulocytosis [102, 103]. It is defined as a decrease of 

granulocytes under 0.5 x 109 per liter in combination with the onset of classical clinical 

symptoms such as fever, asthenia, buccopharynegeal and perineal ulcers [104-106]. The 

incidence rate of this rare adverse event is under constant discussion in literature and varies 

from 1 of 3000 users a year to 1 of 1.1 million patients a year with regional variabilities [107, 

108]. Reassessment of risk/benefit ratios led to the withdrawal of metamizole from the market 

in several countries (e.g. Great Britain, Sweden, United States of America, India). Nevertheless, 

it is still available on prescription or over-the-counter medication in many other regions 

(Switzerland, Germany, Latin and South America, Far East, Africa) [100, 109, 110].  

Metamizole-induced agranulocytosis is considered to be an idiosyncratic drug reaction (IDR), 

occurring unpredictably under normal dosing regiments. In literature, immune or non-immune 

mediated mechanisms are discussed as cause for an IDR.  

Immune-mediated mechanisms may rely on hapten production. A hapten is defined as an 

incomplete antigen, produced by covalent binding of a reactive small molecule to a 

macromolecule. This may result in drug-dependent antibodies or T-cell mediated immune 

reactions, destroying the hapten-presenting cells. The concept bases upon the discrimination 

between “self” and “nonself”. Thus, the immune system detects foreign structures (in this 

context haptens) and reacts with a response to cleanse the biological system from the 

exogenous molecules to prevent potential damage [111-113]. Matzinger introduced another 

theory where the immune system does not solely differentiate between “self” and “nonself”. 

It rather relies on additional stimulation by endogenous adjuvants after tissue damage has 

occurred. While impaired cells already signal tissue damage, co-stimulatory molecules may be 

upregulated according to the gravity of the damage. This acts as a second marker for the
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immune system. After this hypothesis, an immune reaction is only provoked when both signals 

are detected, therefore naming this theory danger hypothesis [114]. 

Most of the idiosyncratic drug reactions are suspected to be immune mediated, while non-

immune mediated toxicity lacks an immunological answer. Tissue damage caused by the drug, 

e.g. mediated by reactive oxygen species, may impair normal cell function, forcing the cells to 

initiate apoptosis or necrosis [115]. 

The possibility to develop an agranulocytosis over the course of metamizole treatment is 

undisputed, however small the risk is. Mechanistically, an immune mediated reaction seems 

to be the most probable explanation. Early on, it was demonstrated that aminopyrine-induced 

agranulocytosis is mediated by drug-dependent antibodies which destroy mature neutrophils 

[116]. Metamizole, being a metabolite of aminopyrine, seems to share cross reactivity and 

cross sensitivity with aminopyrine, although the publication referred to included only one 

proband [102]. A case was published in 1989 where a 35-year-old woman twice developed 

severe neutropenia after metamizole intake. In vitro studies revealed that clonogenic, lineage-

restricted myeloid precursor growth was suppressed (as well as clonogenic lineage-restricted 

erythroid and multipotential precursor) when incubated in the patient’s serum in combination 

with metamizole (10 µg/mL), but not without. Incubation in blank serum did not cause a 

suppression either, with or without the drug. The interpretation was an immunological 

mechanism with hapten-antibody interaction [117]. The hapten formation is likely located in 

or around neutrophils or their precursors. Employing the NADPH oxidase system, these cells 

produce superoxide, which is reduced to hydrogen peroxide. Another enzyme, 

myeloperoxidase, generates hypochlorous acid, utilizing hydrogen peroxide to oxidize chloric 

anion [115], which consequently oxidizes pathogens. Interestingly, patients suffering from 

metamizole-induced agranulocytosis have been shown to have impaired granulopoiesis at the 

promyelocytic stage [118], exactly at the maturation state when myeloperoxidase first starts 

to be synthesized [119]. Furthermore, promyelocytic precursors seem to be more susceptible 

to metamizole induced toxicity than mature neutrophils [120]. 

Although neutrophils use the hypochlorous acid to oxidize and kill pathogens, it has been 

shown that drugs can be oxidized as well, forming reactive metabolites which bind to proteins 

[121]. Uetrecht et al. demonstrated the oxidation of aminopyrine by hypochlorous acid, 

forming reactive metabolites, which may lead to hapten formation. However, the experimental 

conditions were far from physiological conditions [122]. Rudin et al. demonstrated cytotoxic 
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effects on human promyelocytic leukemia (HL-60) cells of 4-MAA when co-incubated with high 

levels of hydrogen peroxide (100 µM). Co-incubation of 4-MAA with hypochlorous acid did not 

have toxic effects on the cells, therefore reactive metabolite formation mediated by 

hypochlorous acid did not participate in the toxicity if even occurred. Nevertheless, co-

incubation of 4-MAA with hemin, a degradation product of hemoglobin, led to cytotoxic 

effects. These effects could be prevented when antioxidants such as N-acetylcysteine or 

glutathione were added. They detected a reactive intermediate, produced when 4-MAA 

reduced the Fe3+ to Fe2+ of hemin, which might be responsible for the displayed direct toxic 

effects [120].  

In conclusion, the mechanism of metamizole-derived agranulocytosis remains unresolved. 

Reactive metabolites can be produced; however, it is unclear whether they mediate direct 

toxic effects and/or provoke an immunological answer through oxidation of cellular proteins.   
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3.4 Bioanalysis 

 

Quantification of small molecules has become indispensable in the field of pharmacological 

research and routine analysis (e.g. therapeutic drug monitoring in hospitals). The results of the 

main part of my studies were based on quantification of various analytes (substrates and 

metabolites of the “Basel Cocktail”, metamizole main metabolites) in different matrices 

(plasma, buffer, cell culture medium). The samples were analyzed with a technique called high-

performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS), which is the 

state-of-the-art technique for the bioanalysis of small molecules. In the following chapter, I will 

provide an overview about this analytical method. 

Overall, HPLC-MS/MS is a combination of two individual methods. The Chromatography 

separates analytes and matrix components in one sample, which is crucial to enable selective 

detection. After separation, mass spectrometry is used for the identification and quantification 

of the analytes. Chromatography was introduced at the beginning of the 19th century by 

Russian botanist Mikhail Semenovich Tswett who managed to extract and separate plant 

pigments such as chlorophylls and carotenoids. He realized that although chlorophylls are 

soluble in non-polar solvents, they could not be extracted from plants using these solvents. He 

concluded that the interaction of molecular forces between plant pigments and plant tissues, 

adsorption, was the reason behind this phenomenon. Consequently, he passed different 

solvents containing his samples through columns with different lengths and diameters, which 

were packed with various different materials. With this research, he discovered the influence 

of the adsorptive properties of the used packing materials, solvents, column diameter and 

length on the separation of compound mixtures [123]. The findings of separating compounds 

due to their specific adhesion towards a stationary phase led to the development of different 

techniques such as paper chromatography and thin layer chromatography. With the 

introduction of gas chromatography, sensitivity and selectivity improved greatly. However, the 

main disadvantage of gas chromatography was the extensive sample preparation, since the 

analytes have to be volatile and thermostable and therefore often require to be derivatized. 

Development of high-performance liquid chromatography reduced the need for work-

intensive sample preparation. With this technique, mobile phase carrying the sample is 

directed through a column packed with beads covered with adsorbent materials (stationary 
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phase), thus thermostability and volatility are not a necessity anymore. While analytes could 

now be separated from a mixture, the quantification of the analytes proved to be the major 

obstacle due to the lacking sensitivity of the detectors. However it improved greatly with the 

development of fluorescent and ultraviolet detectors [124]. Unfortunately, selective detection 

could not always be accomplished, especially when analytes, who shared characteristic 

chemical structures and emitted similar signals upon excitation, were analyzed simultaneously 

(e.g. parent compounds and their respective metabolites). This selectivity was achieved by 

coupling high-performance liquid chromatography to mass spectrometers. These detectors, 

first built and used for the characterization of atomic structures and discovery of stable 

isotopes, were able to distinguish analytes by their specific mass-to-charge ratios (m/z). 

Through ionization of the analytes, they are sorted according to their m/z using a magnetic or 

electric field. Afterwards, they are detected by a channel electron multiplier, which registers 

the incoming analytes and amplifies the signal. [125, 126].  

Figure 4 provides a schematic overview of our HPLC-MS/MS. The HPLC system is illustrated on 

the left side. Four individual pumps allow to generate mobile phase with individual starting 

gradient of aqueous (mainly water) and non-polar solvent (e.g. methanol or acetonitrile) which 

can be adjusted for the chromatography. To further enhance separation and increase the 

ionization of the analytes, solvents can be spiked with either organic acids (e.g. formic acid, 

acetic acid) or weak basic salts (ammonium formate, ammonium acetate) which improve the 

ionization of the analytes. Over the run time of the chromatographic method, the composition 

of polar and non-polar may remain constant, which is called isocratic flow. The separation can 

further be optimized by the introduction of a gradient, where the composition of polar and 

non-polar solvent is altered over the run-time. The packing material of the column strongly 

influences separation and retention of the analytes. One distinguishes between normal phase 

(NP, polar) and reverse-phase (RP, non-polar) columns. They are chosen according to the 

polarity of the compounds of interest. While most of the molecules can be separated using RP 

chromatography, small polar compounds may require NP because they are not sufficiently 

retained with RP columns and thus, elude simultaneously. When applying a gradient, NP 

chromatography usually starts with 95% non-polar solvent, while for RP chromatography 

commences with 95% aqueous phase.  

In summary, successful chromatographic separation depends on the proper composition of 

the mobile phase, an according gradient program and appropriate column selection.



 

 

 
 
 
 

 
 
Figure 4: Set-up of a HPLC/MS instrumentation. IS: ion spray, Q1: first mass filter, Q2: collusion chamber, Q3: second mass filter, D: detector 
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Detection of the compounds is ensured with a triple quadrupole mass spectrometer (right part 

of figure 4). Mobile phase containing the separated analytes flows into the ion source, where 

it is volatilized and ionized. Using an electrical field gradient and a generated vacuum, the 

ionized analytes pass a curtain of dry inert gas (usually elementary nitrogen) and are drawn 

into the first mass filter (Q1). With four electric poles (quadrupoles), an electric field is 

generated and only the analytes with a selected m/z ratio pass through the mass filter. These 

analytes could already be detected (single mass spectrometry), however analytes with 

identical molecular weight and constitution (e.g. isomers) are difficult to distinguish. 

Furthermore, the sensitivity may be impaired because of a high level of back ground noise in 

our mass spectrometers, which is probably because of remaining constitutes of the sample 

matrix due to the simple sample preparation (protein precipitation). Therefore, fragmentation 

of the ionized analytes assists to achieve a higher level of selectivity and sensitivity in the 

analysis. Analytes with a selected m/z ratio reach the collision chamber (Q2) where they are 

fragmented by collision with neutral gas molecules (e.g. elementary nitrogen). The fragments 

then enter the second mass filter (Q3) where fragments with a selected m/z ratio are passing 

to the detector, while other fragments are deviated. Consequently, the filtering process of 

both Q1 and Q3 masses of an analyte yield a high selectivity and sensitivity. Thus, it allows to 

detect and quantify concentrations in the lower nanomolar range, which is essential for the 

pharmacokinetic analysis of drugs. Furthermore, it was necessary for the analyses of my in vitro 

experiments and the clinical studies. 
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4 Objectives  
 

Metamizole has been on the market for nearly 100 years and a lot of its pharmacodynamic and 

pharmacokinetic properties have been described by various research group in the past. 

However, there are still a lot of open questions in both fields. In my thesis, we mainly addressed 

the pharmacokinetic properties which have not been thoroughly investigated in the past.  

We planned to conduct both in vitro and in vivo studies with metamizole. Therefore, one goal 

was to establish a reliable method for the quantification of the main metabolites of 

metamizole. The idea was to determine pharmacokinetic parameters of the main metabolites 

in our samples. Furthermore, an in vitro study was designed to identify the enzymatic system 

responsible for the demethylation of 4-MAA. In a later phase, the quantification of the 

metamizole metabolites in samples from a pediatric study was performed. The results were 

used to calculate the dose-exposure relationship of metamizole in different age cohorts in 

children. The last project aimed to characterize the influence of metamizole on the activity of 

various CYP isoforms with a clinical study and in vitro investigations. 

 

Listed below is a short summary of the projects during my PhD thesis: 

 

Chapter 5: Development and validation of a LC-MS/MS method for the bioanalysis of the 

major metabolites of metamizole 

 

We aimed to develop and validate an analytic method for the main metabolites of metamizole 

after the latest FDA guidelines for bioanalytic method validation in industry. 

 

 

Chapter 6: N-Demethylation of N-methyl-4-aminoantipyrine, the main metabolite of 

metamizole 

 

This study investigates the metabolism of metamizole. We conducted in vitro experiments with 

isolated enzymatic and cellular systems to discover and characterize the enzymes responsible 

for the step of the demethylation of 4-MAA. For the characterization, hepatic systems such as 
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human liver microsomes and hepatic cell lines were used, as well as various peroxidases and 

peroxidase-expressing cell lines.  

 

 

Chapter 7: Dose evaluation of intravenous metamizole (dipyrone) in infants and children: 

a prospective population pharmacokinetic study 

 

In collaboration with the University Children’s Hospital Basel, we analyzed plasma samples of 

children treated i.v. with metamizole. The study aimed to evaluate the dose-exposition 

relationship in different age cohorts in pediatrics. Furthermore, the dose recommendations of 

the professional information of metamizole were evaluated according to the exposure to the 

metamizole metabolites. 

 

 

Chapter 8: Metamizole is a broad cytochrome P450 inducer by an interaction with the 

constitutive androstane receptor 

 

Metamizole is suspected to be an inducer of CYP2B6 and probably CYP3A4. We intended to 

examine the inducing or inhibiting properties of 7-day metamizole treatment in a clinical study. 

We planned to assess the change in the phenotype of the 6 most abundant CYP isoforms with 

a cocktail approach. In a second phase, we conducted in vitro experiments to assess the 

mechanism responsible for the induction.  
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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 FDA 

guidelines for the bioanalysis of study samples (1). The method was linear over a range of 0.25 - 500 

ng/mL for paraxanthine, omeprazole, metoprolol and α-hydroxymetoprolol, 0.1 - 500 ng/mL for 

efavirenz, 5ʹ-hydroxyomeprazole and midazolam, 0.5 - 500 ng/mL for 1’-hydroxymidazolam, 1 - 250 

ng/mL for 8ʹ-hydroxyefavirenz, 1 - 500 ng/mL for 4’-hydroxyflurbiprofen, 1 - 5000 ng/mL for 

flurbiprofen and 10 - 5000 ng/mL for caffeine (R > 0.99). Inter-assay accuracies were between 88.2% 

- 113.6% and the methods imprecision was lower than 11.1% for all analytes.

The calibration range for 4-MAA, 4-AA, 4-AAA and 4-FAA was linear in the range of 25 to 25’000 ng/mL 

(R >0.99). The average accuracy was between 85.7% - 108.7% with a maximal imprecision of 13.4% 

taking all 4 metabolites into account. Overall, our methods were reliable for the quantification of all 

analytes in human plasma. 

Reference 

(1) U.S. Department of Health and Human Services, Food and Drug Andministration (FDA):
Bioanalytical Method Validation, Guidance for Industry, 2018
https://www.fda.gov/downloads/drugs/guidances/ucm070107.pdf (10.01.2019).
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Table S2: Genotypes of the subjects. NM: normal metabolizer, IM: intermediate metabolizer, PM: poor metabolizer, RM: rapid metabolizer, UM: 
ultrarapid metabolizer. 

Subj CYP1A2 CYP2B6 CYP2C9 CYP2C19 CYP2D6 
Diplotype Predicted 

Activity 
Diplotype Predicted 

Activity 
Diplotype Predicted 

Activity 
Diplotype Predicted 

Activity 
Diplotype Activity 

Score 
Predicted 
Activity 

1 *1F/*1F NM /UM *1/*6 IM *1/*2 IM *1/*1 NM *1/*41 1.5 NM 

2 *1/*1 NM *1/*1 NM *1/*3 IM *1/*1 NM *1/*1 2 NM 

3 *1F/*1F NM /UM *1/*6 IM *1/*1 NM *1/*1 NM *1/*2 2 NM 

4 *1/*1 NM *1/*6 IM *1/*1 NM *2/*17 IM *29/*41 1 IM 

5 *1F/*1F NM /UM *1/*6 IM *1/*3 IM *1/*1 NM *2/*2 2 NM 

6 *1/*1 NM *1/*1 NM *1/*1 NM *1/*17 RM *1/*1 2 NM 

7 *1/*1 NM *1/*1 NM *1/*2 IM *1/*1 NM *4/*10 0.25 IM 

8 *1/*1F NM *1/*6 IM *1/*1 NM *1/*17 RM *2/*41 1.5 NM 

9 *1F/*1F NM /UM *1/*6 IM *1/*2 IM *1/*1 NM *1/*2 2 NM 

10 *1/*1F NM *1/*6 IM *1/*3 IM *1/*17 RM *1/*2 2 NM 

11 *1F/*1F NM /UM *1/*1 NM *3/*3 PM *1/*1 NM *1/*1 2 NM 

12 *1/*1F NM *1/*6 IM *1/*1 NM *1/*2 IM *4/*10 0.25 IM 
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Tables 

Table S1: Primers used for mRNA quantification of the CYPs. Fw: forward, Rev: reverse. 

Target Gene Organism Primer Sequence (5'-3') Length (bp) 

CYP1A2 human Fw GGACAGCACTTCCCTGAGAG 20 

Rev GCTCCTGGACTGTTT TCTGC 20 

CYP2B6 human Fw CAGTGAATTCAGCCACCAGA 20 

Rev ATTTTGGCTCGGTCATGAAG 20 

CYP2C9 human Fw AGGAAAACGGATTTGTGTGG 20 

Rev GGCCATCTGCTCTTCTTCAG 20 

CYP2C19 human Fw GGATTGTAAGCACCCCCTG 19 

Rev TAAAGTCCCGAGGGTTGTTG 20 

CYP2D6 human Fw TAGTGGTGGCTGACCTGTTCTCT 23 

Rev TCGTCGATCTCCTGTTGGACA 21 

CYP3A4 human Fw TACACAAAAGCACCGAGTGG 20 

Rev TGCAGTTTCTGCTGGACATC 19 

GAPDH human Fw AGCCACATCGCTCAGACAC 19 

Rev GCCCAATACGACCAAATCC 19 
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Figures 

Figure S1: Plasma concentrations of metamizole metabolites. The trough plasma concentrations of N-methyl-4-aminoantipyrine (4-MAA), 4-
aminoantipyrine (4-AA), N-acetyl-4-aminoantipyrine (4-AAA) and N-formyl-4-aminoantipyrine (4-FAA) were analyzed by LC-MS/MS after 3 or 4 and 8 days 
of metamizole treatment (black circles). The trough levels were compared with trough levels of a pharmacokinetic study that applied the same 
metamizole treatment regimen (Blaser L, Duthaler U, Bouitbir J, Leuppi-Taegtmeyer AB, Liakoni E, Dolf R et al. Effect of metamizole (dipyrone) on renal 
function in salt-depleted healthy subjects. Unpublished data). The reference data are summarized in boxplots. 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. 
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Figure S2. Area under the curve (AUCinf) of the six probe drugs used for CYP phenotyping. Twelve 
healthy male subjects were treated with the “Basel phenotyping cocktail” capsule containing caffeine 
(1A2), efavirenz (2B6), flurbiprofen (2C9), omeprazole (2C19), metoprolol (2D6) and midazolam (3A4) 
before and after metamizole treatment (3 g/day, 7 days). Individual values are plotted before (white 
circles) and after (black circles) metamizole intake. The black line corresponds to the median. *p<0.05, 
**p<0.01 and ***p<0.001 vs. before treatment with metamizole. 
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Figure S3. Elimination half-lives of the six probe drugs used for CYP phenotyping. Twelve healthy male 
subjects were treated with the “Basel phenotyping cocktail” capsule containing caffeine (1A2), 
efavirenz (2B6), flurbiprofen (2C9), omeprazole (2C19), metoprolol (2D6) and midazolam (3A4) 
contained in 1 capsule before and after metamizole intake (3 g/day, 7 days). Individual values are 
plotted before (white circles) and after (black circles) metamizole treatment. The black line 
corresponds to the median of the values. *p<0.05, **p<0.01 and ***p<0.001 vs. before treatment 
with metamizole. 
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Figure S4. Effect of genotype on the metabolic ratio (MR) of 5 CYPs before metamizole treatment. The genotype of 5 CYPs (CYP1A2, 2B6, 2C9, 
2C19, 2D6) was determined in 12 healthy subjects. The genotype of CYP3A4 was not determined. The subjects received the “Basel phenotyping 
cocktail” capsule containing caffeine (1A2), efavirenz (2B6), flurbiprofen (2C9), omeprazole (2C19), metoprolol (2D6) and midazolam (3A4). The 
MRs were calculated for the CYPs investigated as the ratio of the AUCinf of the parent drug divided through the AUCinf of the respective metabolite. 
The individual metabolic ratios (circles) are assorted by the genotype (PM: poor metabolizer, IM: intermediate metabolizer, NM: normal 
metabolizer, RM: rapid metabolizer, UM: ultrarapid metabolizer). 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 Kruskall Wallis test (2C19) revealed no significant effect of the genotype on the corresponding metabolic ratio. 
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9 General Discussion and Outlook 
 

During my thesis, I focused on several projects which investigated the pharmacokinetic and 

pharmacodynamic properties of metamizole. I started with the characterization of the 

demethylation pathway of 4-MAA. Incubation assays in human liver microsomes with 4-MAA 

and selective CYP inhibitors gave us a first idea that CYP2B6, CYP2C8, CYP2C9 and CYP3A4 were 

participating in this metabolic step. Furthermore, incubation assays with isolated peroxidases 

and subsequent experiments in HL-60 cells indicated that human myeloperoxidase was 

capable of the N-demethylation (Chapter 4). For the monitoring of the 4-MAA degradation and 

the 4-AA formation, samples were analyzed by HPLC-MS/MS. In consideration of future 

projects with metamizole, we decided to develop and validate a stable and reliable HPLC-

MS/MS method for the quantification of 4-MAA, 4-AA, 4-FAA, and 4-AAA (Chapter 3). During 

validation process, we encountered various challenges, which prolonged the duration of the 

project. Therefore, we used a preliminary method to analyze the pharmacokinetics of 

metamizole in children. This study was conducted in the Children’s University Hospital Basel 

with the aim to evaluate the dose-exposure relationship in different age cohorts in pediatrics 

(Chapter 5). After completion of the validation, we conducted a clinical study to evaluate the 

drug-drug interaction properties of metamizole. We could confirm the induction of CYP2B6 

and CYP3A4 by metamizole. Moreover, a strong induction of CYP2C19 and a significant 

inhibition of CYP1A2 was observed. Successive in vitro experiments in different human 

hepatoma (HepaRG) cells confirmed the induction of CYP2B6, CYP2C9, CYP2C19 and CYP3A4. 

Furthermore, we identified CAR to be essential for the induction of the CYP isoforms (Chapter 

6).  

In the following chapter, I will discuss the following topics in more detail as before in the 

discussion of the respective chapters:     

 

o Unresolved questions about the hepatic metabolism of metamizole 

o Possible link between myelotoxicity and extrahepatic metabolism 

o Bioanalysis of metamizole and its limitations 

o Drug-drug interaction properties of metamizole and its possible clinical implications 

55
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Unresolved questions about the hepatic metabolism of metamizole 

In 1996, Geisslinger et al. performed a method validation for the analysis of the main 

metabolites of metamizole. In this process, he observed that incubation of 4-MAA in human 

liver microsomes resulted in poor formation of 4-AA. Nevertheless, he was partially able to 

inhibit the conversion by addition of 10 µM ketoconazole [60]. He concluded that the 

responsible enzyme must be CYP3A4. However, literature shows that ketoconazole is not a 

selective inhibitor for a single CYP isoform at this concentration anymore, as it may also inhibit 

CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP2D6 to some extent [127-129]. Furthermore, co-

incubation with 10 µM ketoconazole only resulted in an average inhibition of approximately 

34%, which indicates as well that more than one isoform was performing the demethylation. 

This agrees with our findings, where CYP2B6, CYP2C8, CYP2C9 and CYP3A4 also seemed to be 

mediating the demethylation. 

However, another clinical study in humans examining the impact of CYPC9 and CYP2C19 

genotype on the metabolic profile of metamizole showed that CYP2C19 genotype influenced 

both demethylation and formylation of 4-MAA [52]. Additionally, a clinical study revealed that 

the co-treatment of cimetidine, a CYP1A2, CYP2D6 and CYP3A4 inhibitor [61], led to diminished 

metabolism of 4-MAA (increased bioavailability, elimination t1/2 and clearance) in patients. This 

indicates that these enzymes may play a role in the demethylation and formylation of 4-MAA 

[62]. Furthermore, experiments in rat liver microsomes revealed that 50 µM omeprazole, an 

CYP2C19 inhibitor [130], led to significant lower formation of 4-AA when 4-MAA was incubated 

for 20 minutes compared to control. Subsequent experiments in recombinant CYP enzymes 

demonstrated that CYP2C19 and CYP1A2 were capable to perform the demethylation [131]. 

As mentioned in the introduction, 4-DMAA is structurally closely related to 4-MAA, thus the 

two compounds are likely to be metabolized by the same enzymatic systems [46]. There is 

proof that CYP2C19, CYP2C8, CYP2D6 and CYP1A2 may mediate the demethylation of 4-DMAA 

[63], which was shown with recombinantly produced CYP isoforms. Additionally, 4-DMAA 

methylation seems to correlate with caffeine demethylation, indirectly indicating involvement 

of CYP1A2 [53, 64]. 

Interestingly, the results obtained from CYP inhibition experiments in human liver microsomes 

could only partially be reproduced in recombinant CYP isoforms. While recombinant human 

CYP1A2 and CYP2C19 were able to demethylate 4-MAA, we could not detect participation of 
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either CYP isoform in our studies (see Chapter 4) [131]. Additionally, supersomal experiments 

conducted by our lab resulted in similar findings, where the most potent enzymes for the 

demethylation were CYP2C19 and CYP1A2, while the involvement of CYP2B6, CYP2C8 and 

CYP2C9 was minor (unpublished data). Furthermore, our PK studies of metamizole in children 

showed that the age cohort younger than 1 year have a higher exposure of 4-MAA compared 

to adults when treated with the same weight adjusted dose (Chapter 7). The higher exposure 

of 4-MAA in this age group may be explained with reduced metabolic capacity which infants 

exhibit in the first year of their life. Various CYP isoforms including CYP1A2, CYP2B6, CYP2C and 

CYP3A4 exhibited significant lesser activity and protein content in infants after birth compared 

to adults because CYP activity has been shown to develop in the first year of life towards 

average functionality [132-134].  

We concluded that multiple CYP isoforms are possibly involved in the demethylation of 4-MAA. 

Nevertheless, the CYP isoforms responsible has not been definitely identified. Furthermore, 

the enzymatic process for the formylation has not been elucidated yet. For this reason, we plan 

a clinical study with healthy probands to examine the effect of CYP inhibitors on the 

pharmacokinetic profile of the metamizole metabolites. In metabolic assays with recombinant 

CYP enzymes, we detected the highest demethylation rate when 4-MAA was incubated with 

CYP1A2 and CYP2C19. Furthermore, we observed that CYP2B6, CYP2C8 and CYP2C9 

participation was minor. The planned clinical study stipulates a 3-day treatment with either 

ciprofloxacin (CYP1A2 inhibitor [135-137]), fluconazole (strong CYP2C19, moderate CYP2C9 

and CYP3A4 inhibitor [137-139]) or placebo, followed by a study day, where a single dose of 

metamizole is applied. Plasma concentrations of the metamizole metabolites will be measured 

and pharmacokinetic parameters will be calculated. With the generated results, we plan to 

elucidate the participation of CYP2C19 and CYP1A2 in the demethylation and formylation of 4-

MAA.  
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Possible link between myelotoxicity and extrahepatic metabolism 

Overall, we observed low conversions of 4-MAA to 4-AA in the employed hepatic systems, 

which is in line with the observations in literature [60, 131]. This suggests that a large fraction 

of 4-MAA may be metabolized extra-hepatically. However, it was shown that patients with liver 

cirrhosis had prolonged elimination of 4-MAA compared to healthy subjects, indicating the 

importance of a hepatic metabolism. Nevertheless, there is evidence in literature that enzymes 

other than CYP are involved in the demethylation of 4-MAA.  

Taking into consideration that peroxidases were also capable of demethylation [65, 68-70, 

140], we characterized the ability of human myeloperoxidase to oxidize 4-MAA. The 

determined Michaelis-Menten constant of the enzyme for this reaction and the sufficient 

quantity in the human body indicate that human myeloperoxidase might be able perform the 

proposed extrahepatic metabolism (Chapter 6). During our experiments with isolated 

peroxidases, we found that the efficacy of the reaction was depending on the enzyme content 

in the assay and on the cofactor concentration (hydrogen peroxide). Remarkably, we observed 

that the combination of high enzyme and high cofactor concentration led to rapid digestion of 

the complete 4-MAA content within the first 5 minutes of the reaction. 4-AA formation was 

only formed within the first 5 minutes. In addition, the mass balance between 4-MAA and 4-

AA was not even, as 4-MAA was usually degraded to a higher extent than 4-AA was formed. 

Thus, another metabolite than 4-AA was most likely formed under these conditions. 

Furthermore, 4-AA was digested after 5 minutes with increasing hydrogen peroxide 

concentration, indicating the formation of another unknown metabolite. Other research 

groups have showed that oxidation mediated by peroxidases can promote radical formation. 

These radicals may bind to cellular components and produce either direct toxic effects or cause 

hapten formation [69, 141-143]. If reactive metabolites were produced in granulocytes or 

granulocyte precursors during metamizole metabolism, the toxicity of these radicals would 

possibly lead to cell death. Of course, we would observe a higher frequency of myelotoxic 

effects in patients treated with metamizole than are reported. We must assume that 

protective mechanisms such as the anti-oxidative system are able to prevent radical-derived 

toxicological or immunological effects. It has been demonstrated in HL60 cells that 4-MAA 

incubated with high concentrations of hydrogen peroxide resulted in elevated adenylate 

kinase release and shifted a great part of the cells into apoptosis. Thus, radicals may have been 



CHAPTER 9: GENERAL DISCUSSION AND OUTLOOK 

 116 

formed and as a consequence, toxic effects on the cells occurred. However, these toxic effects 

could be prevented when radical scavengers were co-incubated, underlining the importance 

of oxidative stress in the development of toxicity in this setting [120]. Mature granulocytes 

have been shown to be less susceptible towards toxicity derived by radicals formed from 4-

MAA compared to promyelocytic cells. Unsurprisingly, mature granulocytes exhibited a more 

developed antioxidant defense system than their precursors, making them more resistant 

towards oxidative stress provided by radical formation [144].  

Peripheral neutrophil counts in children are similar to adults. However, infants are struggling 

with proliferation of neutrophils from the bone marrow since their content of progenitors in 

the bone marrow is significantly lower [145].  Assuming metamizole may also be demethylated 

in the bone marrow by neutrophils and their progenitors, an adult would exhibit higher 

metabolic capacity with increasing content of total cell mass, which would fit the observations 

of the PK study conducted in children (Chapter 7). However, these findings should be 

interpreted with caution since only 3 children younger than 1 year were included and a higher 

population would be needed to draw a valid conclusion. Nonetheless, demethylation of 4-MAA 

in the bone marrow may actually happen. Kummer et al. analyzed bone marrow biopsies of 

patients affected by metamizole-induced neutropenia and saw that granulocyte maturation 

stopped at promyelocytic and myelocytic stage [118]. Furthermore, it has been suggested that 

viral and bacterial infections increase the risk for developing an metamizole-induced 

neutropenia [146, 147]. During infections, neutrophils are exposed to oxidative stress [148, 

149]. To prevent cellular damage, the intracellular antioxidative system neutralizes reactive 

oxygen species. Reactive metabolites formed during the process of metamizole metabolism 

through myeloperoxidase may represent additional oxidative stress. Consequently, these 

radicals may overwhelm the intracellular anti-oxidative defense system in susceptible patients, 

which may result cell death and cause neutropenia. 

One option to assess the participation of myeloperoxidase in the metabolism of metamizole 

would be a pharmacokinetic animal study. Co-administration of selective myeloperoxidase 

inhibitors and metamizole may possibly lead to different exposure of the main metabolites in 

the animals [150]. Quantification of 4-AA and 4-FAA in the bone marrow might even indicate 

the location of the demethylation and the oxidation of 4-MAA. A major obstacle would be the 

evaluation of myeloperoxidase activity under inhibitor treatment because to my knowledge, 

no marker for myeloperoxidase activity has been discovered so far. The activity has been 
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measured locally in animal models at the site of inflammation. However, the process involves 

imagining based on fluorescence, bioluminescence or magnetic resonance, which are all not 

applicable for a pharmacokinetic study [151]. A possible solution would be the use of 

myeloperoxidase knockout animals, which are viable and have been used for preclinical trials 

before [152, 153]. Additionally, it might be expected that the reactive metabolite formation 

rises with increasing myeloperoxidase activity, which might lead to more distinctive toxic 

effects due to the increased metabolism. Therefore, overexpressing animals could be utilized 

to examine possible links between the metabolism of 4-MAA and the rare occurring 

myelotoxicity of metamizole.  
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Bioanalysis of metamizole and the limitations 

Before I started my PhD project, the clinical pharmacology and toxicology research group 

already conducted a clinical study where metamizole was applied to healthy probands. The 

plasma samples were analyzed using HPLC-MS/MS and PK profiles of the four metabolites 4-

MAA, 4-AA, 4-AAA and 4-FAA were generated. At first, we used the same method to measure 

the concentration of these metabolites in microsomal assay samples and realized that the 

analytical method was not sufficiently robust. Therefore, we aimed to improve and validate 

the method, given that the bioanalysis of the metamizole metabolites would be essential for 

my upcoming projects. The result was a validated method after the latest F.D.A guidelines for 

bioanalysis in industry (Chapter 3). We were able to avoid extensive sample work-up and 

reduced the required sample volume to 20 µL. 

Thus, the method might allow micro sampling in human studies and the use of less invasive 

methods for sample collection, for example sampling of capillary blood instead of venous 

blood. However, it is crucial that to assess the correlation of the metamizole metabolites 

between venous and capillary blood to interpret levels found in capillary blood as it has been 

done before for ivermectin, antimalarial drugs and cyclosporine [154-156]. Additionally, 

collection of smaller sample volume in animal studies would follow the 3R principle for 

replacement, reduction and refinement of animals in research.  

Unfortunately, we were not able to detect any reactive metabolites of 4-MAA in our assays, 

which may be a crucial part for the elucidation of the myelotoxic properties. Reactive 

metabolite formation and cytotoxicity was observed when HL-60 cells were incubated with 4-

MAA and hemin [120]. Therefore, reactive metabolites may also be produced in promyelocytic 

and myelocytic cells in the bone marrow, since they are capable of 4-MAA demethylation 

(Chapter 6). This has been suggested for other myelotoxic drugs such as clozapine and 

amodiaquine [143]. A major attribute of these reactive metabolites is their instability, which 

makes conventional bioanalysis with HPLC-MS/MS difficult. During the sample preparation and 

the chromatography, the radicals can already react with other components of the plasma. This 

reaction may change their molecular weight and the corresponding [m/z], which makes the 

identification of the radicals more complicated. However, methods for the detection of 

reactive metabolites have been suggested. For instance, a radio-labelled substrate which is 

suspected to be generate reactive metabolites can be incubated with CYP or other 
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metabolizing enzymes in vitro. The protein pellet derived from the experiment is then 

examined for unextractable radioactivity. Presence of radioactivity in the pellet may already 

suggest that reactive metabolites were formed during the experiment, which have formed 

covalent bindings with the proteins. For the characterization of these metabolites, they need 

to be stabilized. One approach is the co-incubation of the substrate with a trapping agent (e.g. 

glutathione) in an enzymatic system, because trapping agents can form stable adducts with 

the reactive metabolites [157]. The glutathione adducts can then be detected by neutral loss 

and precursor ion scan (constant neuron loss at 129 daltons, negative precursor ion scan for 

the product ion m/z 272). After purification of the adducts, the structures can be analyzed 

using nuclear magnetic resonance techniques [158]. Furthermore, detection of protein 

adducts is possible with proteomic methods such as matrix-assisted laser 

desorption/ionization (MALDI) and time-of-flight (TOF) mass spectrometry. This method allows 

characterization of proteins, lipids and other macromolecules and importantly has been used 

for the identification of reactive metabolite adducts with macromolecules [159, 160]. The 

described techniques may be able to identify and characterize the occurring reactive 

metabolites as well as the involved proteins. This together may help to elucidate the 

mechanism behind metamizole-induced neutropenia. 
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Drug-drug interaction properties of metamizole and its possible clinical 

implications 

In literature, there is evidence that metamizole may act as an inducer of CYP2B6 and CYP3A4 

[96-99]. With our clinical study, we could confirm the induction of CYP2B6 and CYP3A4. 

Furthermore, we observed induction of CYP2C19 and inhibition of CYP1A2. Subsequent 

experiments in HepaRG cells confirmed the upregulation of CYP2B6, CYP2C19, and CYP3A4 

mRNA after metamizole treatment for 3 days and we observed a minor increase of CYP2C9 

mRNA. Using stable CAR knock-out and PXR knock-out HepaRG cells, we could show that CAR 

plays a vital role in the induction derived by metamizole (Chapter 8).  

We observed a strong decrease in metabolic ratio for CYP1A2 (AUC24h paraxanthine/AUC24h caffeine). 

Furthermore, we saw a decreased AUC and prolonged half-life for caffeine after metamizole 

treatment, which supports the thesis that metamizole might act as an inhibitor for CYP1A2. It 

has been shown in literature that caffeine may act as a weak CYP1A2 inhibitor through 

competitive inhibition [161, 162]. Similarly, metamizole may act as a competitive inhibitor by 

saturation of the metabolizing capacity of CYP1A2. Unfortunately, we could not detect 

participation of CYP1A2 in 4-MAA metabolism (Chapter 6). However, the content in CYP1A2 in 

the human liver microsomes used in the experiments was low and the inhibition of the control 

substrate was less than 50%. In literature, there are several hints that CYP1A2 might participate 

in 4-MAA metabolism [53, 63, 64]. Furthermore, a study conducted by Abdalla et al. 

investigated the participation of several CYP isoforms in the demethylation of 4-MAA. His 

results show that the biotransformation of 4-MAA in rat liver microsomes could not be 

inhibited by a CYP1A2 inhibitor (50 µM alpha-naphtoflavone [163]). Nevertheless, he could 

demonstrate valid participation of CYP1A2 using recombinant enzymes [131]. In view of an 

upcoming clinical study where the participation of CYP isoforms in metamizole metabolism will 

be investigated, we incubated 4-MAA with various recombinant CYP isoforms and saw that 

CYP1A2 indeed could plays a role in the demethylation step (unpublished data). This 

strengthens the argument that CYP1A2 participates in the 4-MAA demethylation. Inhibition of 

CYP1A2 activity by metamizole as we have observed in our clinical study might follow the same 

proposed principle as inhibition of CYP1A2 by caffeine, by saturation of the enzyme. 

Interestingly, probands had higher caffeine and paraxanthine baseline concentrations after 

metamizole intake. Since paraxanthine is also partially metabolized over CYP1A2, inhibition of 
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CYP1A2 may lead to an accumulation of both caffeine and paraxanthine [164]. However, we 

cannot exclude the possibility that the probands consumed more caffeine containing products 

during the treatment phase than before. 

We have seen in our clinical study that metamizole is a potent inducer of CYP2B6, CYP2C19 

and CYP3A4, probably a slight inducer of CYP2C9 and an inhibitor of CYP1A2. This might lead 

to drug-drug interactions when metamizole is co-administered with other drugs metabolized 

over these enzymes. Since metamizole may potentially act as a CYP modulator, the target 

exposure of another drug may be disturbed when metamizole is newly introduced or abruptly 

stopped. Consequently, start or abrupt stop of metamizole treatment could potentially 

become dangerous when the other drug is a CYP1A2, CYP2B6, CYP2C19, CYP2C9, or CYP3A4 

substrate and has a tight therapeutic window. Inhibition of CYP1A2 might result in elevated 

levels of e.g. atypical antipsychotic drugs clozapine and olanzapine since both are mainly 

metabolized by this enzyme. Overexposure to this category of drugs may lead to various 

dangerous side effects like sedation, seizures and the neuroleptic malignant syndrome [165-

167]. Another example for possible drug-drug interaction might be ifosfamide and 

cyclophosphamide, two anti-cancer agents. They are prodrugs and rely on CYP2B6 and CYP3A4 

for bioactivation [168]. Their dose is calculated individually according to the body surface and 

adjusted to the blood cell count of the patient. As metamizole induces both enzymes, the 

bioactivation may be accelerated. Thus, higher plasma concentrations may promote more 

severe cytotoxic effects, which could be fatal for oncological patients. CYP3A4 has a great 

variety of substrates since it is responsible for about 30% of all drugs metabolized by the CYP 

system [90]. The effect of short term metamizole application on cyclosporine plasma 

concentrations has already been demonstrated, which may lead to transplant rejection 

reactions [97]. Other immunosuppressive drugs, e.g. tacrolimus, sirolismus and everolimus, 

are CYP3A4 substrates as well [169]. It can be assumed that plasma concentrations of these 

drugs might be affected under metamizole treatment.  

Although the professional information of metamizole for products in Switzerland already states 

caution when metamizole is co-administered with cyclosporine and bupropion, an overall 

warning for metamizole acting as a modulator of several CYP isoforms is lacking as it is the case 

of phenobarbital. This addition to the official document may help physicians and pharmacist 

to screen more generally for possible drug-drug interactions and improve drug safety. Of 

course, more research is necessary to determine the actual effect of metamizole treatment on 
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individual drugs. Additionally, analysis of medical databases focusing on metamizole co-

medication and adverse reactions may illuminate the clinical impact of metamizole derived 

CYP induction. 
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10 Conclusions 
 

For in vitro and clinical studies, an analytical method for the determination of the main 

metabolites of metamizole was developed and validated. Through selection of the appropriate 

chromatographic column and optimized composition of solvents, we minimized both sample 

volume and sample work-up. The hydrophilic properties of the analytes were addressed by 

precolumn in-line dilution of the injected sample with water. Formic acid in the solvents led to 

varying retention times, thus it was removed and reintroduced post-column for optimal 

ionization of the analytes. The result was a reliable method with a short run-time, simple 

sample preparation and low sample volume. The quantification of the main metabolite of 

metamizole enabled us to investigate the metabolism of 4-MAA in vitro. Through selective 

inhibition of CYP isoforms in human liver microsomes, the participation of CYP2B6, CYP2C8, 

CYP2C9 and CYP3A4 in the demethylation of 4-MAA could be demonstrated. However, the in 

vitro experiments in hepatic systems all resulted in poor 4-AA formation. Thus, we extrapolated 

the in vitro results and compared them with the demethylation capacity displayed in a human 

body. We calculated that the human body demethylates 4-MAA more effectively (approx. 30-

fold higher capacity). This difference pointed to another, extrahepatic metabolic pathway. 

Published literature also suggests that other enzymes than CYP may be involved in the 

metabolism of xenobiotics. We could demonstrate that human myeloperoxidase was capable 

of the demethylation of 4-MAA in isolated enzymes and cellular systems with an affinity for 

the reaction in the range of pharmacologically relevant 4-MAA plasma concentrations. 

Myeloperoxidase can be synthesized from promyelocytic stage. The bone marrow contains a 

vast share of promyelocytic precursors and successors, hence it was hypothesized that the 

demethylation might take place in the bone marrow. Furthermore, we analyzed samples from 

a PK study of metamizole in children. 4-MAA AUC within different age cohorts revealed higher 

exposure in children younger than one year compared to adults treated with the same, weight 

adjusted dose. CYP1A2, CYP2B6, CYP2C and CYP3A4 develop within the first year of life, which 

might explain the reduced metabolism in this age cohort. Finally, we conducted a clinical study 

to examine the influence of metamizole treatment on CYP1A2, CYP2B6, CYP2C9, CYP2C19, 

CYP2D6, and CYP3A4 activity with a cocktail approach. Ingestion of 3 grams metamizole for 7 

days resulted in an induction of CYP2B6, CYP2C19 and CYP3A4, and an inhibition of CYP1A2. 
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Subsequent in vitro experiments in HepaRG cells confirmed the induction of the CYP isoforms. 

Furthermore, it was shown that the CAR was essential for the induction of the CYP isoforms.  

Although we identified CYP isoforms which were able to participate in the demethylation of 4-

MAA, the metabolism of 4-MAA is not entirely elucidated yet. The main responsible enzyme 

has not been identified yet. While involvement of human myeloperoxidase seems possible, the 

demethylation of 4-MAA through this enzyme may promote radical formation. Assuming that 

the metabolism of 4-MAA is located in the bone marrow, radical derived damage towards 

granulocytes and their precursors may lead to metamizole induced neutropenia. We could 

show that children >1 year have a higher exposure to 4-MAA compared to older children and 

adults when treated with the same, weight adjusted dose. Therefore, a dose adjustment for 

this age cohort seems necessary to avoid overexposure to 4-MAA. Lastly, we demonstrated 

that metamizole acts as a CYP modulator through activation of CAR. This might potentially lead 

to more adverse events in patients when they are co-treated with CYP1A2, CYP2B6, CYP2C19 

and CYP3A4 substrates. 

Overall, metamizole has been on the Swiss market for nearly a century, the experience with 

this drug is vast and thus, its use is generally considered safe. However, more research is 

needed to finally address the question of the metabolic pathway of metamizole. Furthermore, 

the link between the rare myelotoxicity and metabolism requires further attention, as does the 

impact of the CYP modulation mediated by metamizole. 
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