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SUMMARY

SUMMARY

Metamizole is a non-opioid analgesic, antipyretic, and spasmolytic prodrug, which is widely
prescribed in certain countries due to its good efficacy and low gastrointestinal toxicity. Despite
the favorable safety profile overall, metamizole has been banned in several countries due to
reports of metamizole-associated neutropenia, a severe and potentially fatal decrease of
circulating neutrophil granulocytes. In Switzerland and Germany, metamizole use has increased

over the last fifteen years even though it has been restricted to narrow indications.

The aim of this PhD project was to elucidate the underlying toxicological mechanisms of
metamizole-associated neutropenia. The gained knowledge could lead to a better understanding
of the cellular mechanisms of metamizole-associated neutropenia and improve the safety of
metamizole treatment. Hence, this thesis is composed of toxicological 7z vitro investigations of
direct metamizole metabolite toxicity on neutrophils and neutrophil progenitor cells as well as of

clinical investigations composed of an observational case-control study.

For the /n vitro part of this thesis, I investigated the cytotoxicity of metamizole and its main
metabolites on the promyelocytic cell line HLL60 in comparison with mature neutrophils. To form
potentially cytotoxic secondary metabolites, I combined the metamizole metabolites with
components of the neutrophil antioxidative system. Furthermore, I assessed potential formation
of cytotoxic metabolites after combination of metamizole metabolites with various iron
compounds found in neutrophils and blood. None of the tested metamizole metabolites was
toxic in any cell line. The main metamizole metabolite N-methyl-4-aminoantipyrine (MAA) even
reduced cytotoxicity of the myeloperoxidase substrate hydrogen peroxide at low concentrations
(< 50 uM), but increased cytotoxicity at a concentration of 100 uM hydrogen peroxide. In
contrast, neutrophil granulocytes were resistant to any tested hydrogen peroxide concentration
and MAA. Furthermore, MAA did not increase the toxicity of the iron compounds lactoferrin,
hemoglobin or methemoglobin in HL60 cells. However, the hemoglobin degradation product
hemin was toxic on HLG60 cells and cytotoxicity was increased by MAA. The radical scavengers
N-acetylcysteine and glutathione as well as the iron chelator ethylenediaminetetraacetic acid
(EDTA) were able to reduce the toxicity of hemin and MAA-hemin. The interaction between the
trivalent iron ion of hemin and MAA was displayed in the absorption spectrum of hemin. The
spectrum changed concentration-dependently after addition of MAA, suggesting an interaction
between hemin iron and MAA. The corresponding NMR of the combination MAA and hemin

revealed the formation of a stable MAA reaction product with a reaction pathway involving the
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formation of an electrophilic intermediate. Hence, the main metamizole metabolite MAA
increased the cytotoxicity of hemin by a reaction involving the formation of an electrophilic
metabolite, which elicits apoptosis in promyelocytic HL60 cells but not in mature neutrophil
granulocytes. These results suggest that the cellular antioxidative defense system and/or heme-
metabolizing capacity changes during neutrophil differentiation, rendering mature cells less
susceptible to the reactive MAA intermediate. Thus, I assessed the toxicity of hemin and MAA
on differentiating HIL60 cells that were differentiated into mature neutrophils over 5 days. After 3
days differentiation, the cell population was predominantly metamyelocytic and resistant against
MAA-hemin, whereas hemin alone was still cytotoxic. At 5 days of differentiation, when the cell
population consisted mainly of mature neutrophils, hemin was not toxic anymore. These results
were compared with immature myeloid cells from umbilical cord blood, representing early
neutrophil precursor cells, which were differentiated over 14 days into the neutrophil lineage.
Similarly to promyelocytic HL60 cells, MAA-hemin was more toxic than hemin alone on
immature myeloid cells from umbilical cord blood. However, no cytotoxicity was observed on
freshly isolated human neutrophils. During differentiation of HL60 cells, the protein expression
of enzymes responsible for hemin metabolism increased. Inhibition of the heme-metabolizing
enzymes heme oxygenase-1 or cytochrome P450 reductase increased hemin and MAA-hemin
toxicity in undifferentiated HLLGO cells. In differentiated HL60 cells, only hemin was cytotoxic.
Furthermore, protein expression of enzymes involved in defense against superoxide radicals and
hydrogen peroxide degradation increased with HLGO0 cell differentiation. Accordingly, the cellular
glutathione pool, which represents the non-enzymatic antioxidative defense system, increased in
parallel with HL60 cell differentiation. Hence, the resistance of differentiated HLG0 cells is
associated with the development of heme metabolism and of the antioxidative defense system

including the cellular glutathione pool.

The observational case-control study aimed to identify possible risk factors for the development
of neutropenia associated with metamizole use. Therefore, 48 patients with metamizole-
associated neutropenia treated at the University Hospitals Basel and Bern (2005-2017) were
characterized and compared with 39 tolerant controls who took metamizole for at least 28 days
perpetually without developing neutropenia. Neutropenia patients were subdivided into inpatient
or outpatient cases who had developed neutropenia after metamizole treatment in the hospital or
at home, respectively. Hence, outpatient cases were compared in more detail with tolerant control
patients who had also received metamizole in an outpatient treatment setting. Due to the similar
treatment circumstances, it was possible to analyze risk factors in a regression-based model. The
main finding of this study was the increased frequency of acute infections among neutropenia

patients before neutropenia diagnosis compared to tolerant control patients. There was no
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association between the development of neutropenia after metamizole treatment and non-
myelotoxic and non-immunosuppressive co-medication (p=0.6627), history of drug allergy
(p=0.1304), or preexisting auto-immune diseases (p=0.2313). Thus, acute infections may increase
the risk to develop neutropenia during metamizole treatment. But since it cannot be distinguished
for all case patients, whether this is a consequence of or a risk factor for neutropenia, further

investigation is needed.

In conclusion, the main metamizole metabolite MAA can form an electrophilic intermediate in
presence of hemin and potentially also in presence of other highly oxidative compounds. Thus,
weak antioxidative defense, low heme-metabolizing capacity, or increased generation of free
heme or other highly oxidative compounds, as it might occur during infections, may render cells

more susceptible to MAA toxicity and therefore facilitate neutropenia development.
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INTRODUCTION

1. INTRODUCTION

1.1. Metamizole

1.1.1. History and background

Metamizole (dipyrone) was first synthesized by the German company Hoechst AG in 1920 and
was available over-the-counter in many countries worldwide until the 1970s (Nikolova et al.
2012). Due to several reports of cases with fatal agranulocytosis, metamizole was withdrawn from
the market in certain countries (e.g. Australia 1965, Norway 1976, USA 1977, Denmark 1979)
whereas its use has been restricted to second-line treatment and reclassified as prescription drug
in other countries (e.g. Germany 1987, Spain 1989, Switzerland 1992) (UnitedNations 2005). To
evaluate the actual risk of metamizole-associated neutropenia, several studies have been
performed. The International Agranulocytosis and Aplastic Anemia Study (IAAAS), a
population-based case-control study was conducted in the 1980s to assess the risk-benefit profile
of various analgesics IAAAS 1986). The study included agranulocytosis cases and controls from
several European countries, resulting in an estimated excess risk for any exposure to metamizole
in a one-week period of 1.1 per million. Strikingly, the incidences varied depending on the
country, which was reflected in later studies investigating metamizole-associated neutropenia risk.
This resulted in locally different incidence rates. In Sweden, metamizole had been banned in 1974
due to agranulocytosis reports and was reintroduced to the market in 1995 based on the IAAA
study. After several new agranulocytosis cases, metamizole has again been withdrawn from the
Swedish market in 1999 (UnitedNations 2005). A local Swedish study reported an incidence rate
of approximately 1:1500 prescriptions, which were based on eight community cases and over
10°000 prescriptions in the period of 1995 to 1999 (Hedenmalm and Spigset 2002). In contrary, a
Spanish study including several hematology units in the greater area of Barcelona, reported an
incidence of 0.56 cases per million inhabitants and year (Ibafiez et al. 2005). These results are in
line with a recent study from Switzerland, where an incidence of around 1 case per million
person-days of use was found for metamizole use between 2006 and 2012 (Blaser et al. 2015).
The apparent differences between the studies might derive from the different study designs and
inclusion criteria used in these studies. Additionally, a genetic predisposition could account for

the observed regional differences.
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1.1.2. Properties

Chemically, metamizole is a pyrazole consisting of an antipyrine substituted at C-4 by a
methyl(sulfomethyl)amino group (EMBL-EBI 2018). Metamizole is a prodrug, which after
application is immediately demethylated in the gut or mesenteric and portal circulation to its main
metabolite N-methyl-4-aminoantipyrine (MAA). MAA is the main active metamizole derivative
with a high oral bioavailability of >80% and elimination half-life of 3.3 hours (Documed 2017,
Ergun et al. 2004). MAA can either be demethylated to the less active metabolite 4-
aminoantipyrine (AA) or formylated to the inactive metabolite N-formyl-4-aminoantipyrine
(FAA) (Levy et al. 1995). Demethylation of MAA is catalyzed by a combination of CYP3A4, 2Bo,
2C8, and 2C9. Additionally, myeloperoxidase (MPO), which is contained in neutrophils, is able to
demethylate MAA in presence of hydrogen peroxide. The demethylation capacity of neutrophils
and MPO containing neutrophil precursor cells was found to be considerably larger than the
hepatic capacity and sufficient to account for the entire demethylation of MAA in humans
(Bachmann et al. 2018). The demethylation product AA can be further acetylated to the inactive
metabolite N-acetyl-4-aminoantipyrine (AAA) (Geisslinger et al. 1996). All four metabolites are
excreted predominantly in the urine (Zylber-Katz et al. 1992). Besides these four main
metabolites, additional minor metabolites have been described and some metabolites are still

unknown (Rogosch et al. 2012; Volz and Kellner 1980).

1.1.3. Mechanism of action

Metamizole is used in human and veterinary medicine due to its analgesic, antipyretic and
spasmolytic effects (Blaser et al. 2015; Jasiecka et al. 2014; Sanchez et al. 2002). Although still

under debate, it is likely that the mode of action includes several different mechanisms.

113.1 Analgesic effect

Metamizole has been shown to inhibit cyclooxygenase (COX) and thus decreases prostaglandin
synthesis (Campos et al. 1999; Chandrasekharan et al. 2002; Hinz et al. 2007; Pierre et al. 2007).
Whereas some studies showed equipotent inhibition of COX-1 and COX-2 by metamizole,
others demonstrated lower 1Cs values for COX-2 inhibition compared to COX-1 (Campos et al.
1999; Hinz et al. 2007; Pierre et al. 2007). Additionally, COX-3 inhibition by metamizole has been
shown to be more potent than COX-1 and COX-2 inhibition (Chandrasekharan et al. 2002). The
underlying mechanism of COX inhibition has been investigated intensively. It has been suggested
that the main metamizole metabolite MAA targets the initiation of the catalytic reaction of
COX-1 and COX-2 by reducing the higher oxidation states of COX (Pierre et al. 2007). In

addition, MAA and AA can form metabolites with the COX substrate arachidonic acid that were
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tested positive for COX-1 and COX-2 inhibition and cannabis receptor binding (Rogosch et al.
2012). The latter would lead to analgesic and spasmolytic effects through the endocannabinoid
system. Various additional modes of action have been proposed, including interactions with
glutamate-dependent transmission and a modulating effect of glutamate-induced hyperalgesia
(Beirith et al. 1998; Siebel et al. 2004), potential release of noradrenaline and therefore interaction
with the adrenergic system (Silva et al. 2015), and activation of ATP-sensitive potassium channels
as well as large- and small-conductance calcium-activated potassium channels (Alves and Duarte

2002; Ortiz et al. 2003).

1132 Spasmolytic effect

The spasmolytic effect of metamizole is assumed to affect the vascular smooth muscles.
Proposed mechanisms are metamizole affecting ATP sensitive potassium channels by
angiotensinogen II inhibition resulting in vasodilatation (Valenzuela et al. 2005) or inhibition of
intracellular calcium release by direct inhibition of phospholipase C or impairment of

phospholipase C activation by G protein-coupled receptor (Gulmez et al. 2000).

1.1.3.3. Antipyretic effect

Metamizole exerts a strong antipyretic effect, whose mechanism is still not understood. It has
been assumed that metamizole acts centrally on the hypothalamic heat-regulating center
(Nikolova et al. 2012). Furthermore, COX inhibition and thus decreasing prostaglandin E,
synthesis in the CNS has been proposed as mechanism of the antipyretic effect. Recent studies
showed inhibition of prostaglandin E, synthesis in the hypothalamus by metamizole or its
metabolites MAA and AA in parallel with reduction of fever (Kanashiro et al. 2009; Malvar Ddo
et al. 2014). Additionally, metamizole and MAA have been linked to prostaglandin-independent
antipyretic effects but with still unknown mechanism (Malvar Ddo et al. 2014; Malvar Ddo et al.
2011). Accordingly, metamizole has been shown to reduce fever induced by lipopolysaccharides,
TNF-«, interleukin-18, interleukin-6, and the release of corticotrophin releasing hormone from

the hypothalamus (de Souza et al. 2002).

1.1.34. Effect on platelet aggregation

The effect of metamizole itself on platelet aggregation and thromboxane A2 synthesis as well as
potential interactions with other platelet aggregating drugs has been studied intensively. Several
studies showed effective inhibition of platelet aggregation and thromboxane A2 formation for 6
hours in patients treated with metamizole (Graff et al. 2007; Papp et al. 2014). Various case-
control studies evaluated the risk of upper gastrointestinal bleedings and most of them reported a
significantly increased risk associated with metamizole, which was generally lower than for

nonsteroidal anti-inflammatory drugs (NSAIDs) but higher compared to paracetamol (Andrade
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et al. 2016). Accordingly, the mortality associated with gastrointestinal complications related to
metamizole was lower than for NSAIDs (Andrade et al. 1998). However, metamizole reduced the
inhibitory effect of low-dose acetyl salicylic acid on platelet aggregation, potentially by a
competitive interaction between the two drugs (Papp et al. 2014). This unwanted effect of
metamizole on acetyl salicylic acid platelet aggregation inhibition can be circumvented by
metamizole intake after acetyl salicylic acid (Polzin et al. 2015). Furthermore, arachidonic acid-
induced platelet aggregation was inhibited by metamizole, maybe by exhausting the arachidonic
acid pool due to metabolite formation of metamizole with arachidonic acid (Pfrepper et al. 2019;

Rogosch et al. 2012).

1.1.4. Advantages of metamizole

The proposed mechanisms of metamizole action might also explain the observed advantages of
metamizole compared to NSAIDs. The described predominant COX-2 versus COX-1 inhibition
would explain the good gastrointestinal tolerability of metamizole. The low risk for renal
impairment might be based on the vascular smooth muscle relaxing effect improving renal blood
circulation. Additionally, a meta-analysis of epidemiologic studies of serious adverse drug effects
associated with various analgesics revealed that the absolute mortality risk associated with
metamizole is over 20-fold lower than for NSAIDs (Andrade et al. 2016). Hence, metamizole
represents a valuable reserve medication for patients with renal impairment, hypertension,
increased bleeding risk, or intolerance for NSAIDs. Additionally, it has been shown that
metamizole increases the analgesic effect of morphine also in presence of morphine tolerance
(Hernandez-Delgadillo and Cruz 2004). Furthermore, the combination of metamizole and
tramadol lead to synergistic analgesic effects, but only at dosages resulting in over 50% pain
reduction (Poveda et al. 2003). Hence, dose reduction of opiates by combination with
metamizole could reduce the risk for opiate adverse drug reactions (ADR) or addiction

development.

1.1.5. Toxicity beyond hematology

Although high metamizole dosage is not a risk factor for metamizole-associated neutropenia,
toxicity in other organs due to overdose has been reported. A review of metamizole overdoses
reported predominantly mild gastrointestinal toxicity without any hematological ADR (Bentur
and Cohen 2004). Accordingly, transient renal insufficiency and kidney injury has been described
after metamizole overdose (Abu-Kishk et al. 2010; Berruti et al. 1998; Hassan et al. 2011; Peces
and Pedrajas 2004; Stueber et al. 2017). The mechanism of kidney injury by metamizole might me
similar as for NSAIDs by inhibition of the prostaglandin synthesis (Zapater et al. 2015).

8
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Furthermore, it has been shown that the metamizole metabolite MAA is demethylated partly in the
liver where also further metabolism might take place, whereby the formed and potentially toxic
metabolites could cause liver injury. A study showed that metamizole was toxic for monocyte-
derived hepatocyte-like cells from patients who had experienced idiosyncratic drug-induced liver
injury after metamizole treatment (Benesic et al. 2018). The mechanism of metamizole-induced
liver toxicity is unknown and the incidence of metamizole-induced liver injury is very low

(Andrade et al. 20106).

1.2. Neutrophil granulocytes

The cellular immune system consists of leukocytes, which can be subdivided into granulocytes
(neutrophils, basophils, and eosinophils), lymphocytes (T-cells, B-cells, and natural killer cells),
and monocytes. Granulocytes can be distinguished from the mononucleated lymphocytes and
monocytes by their lobulated nucleus and the granules that have given the name to these cells
(Borregaard and Cowland 1997). Based on the staining properties of their granules, granulocytes
can be classified as eosinophils, which contain acidophilic granules, as basophils, which contain
granules susceptible to basic dyes, and as neutrophils, whose granules react minimally to staining
(Chan et al. 2010). Neutrophils represent the most abundant granulocytes and also the main part

of leukocytes in the blood (Rosales 2018).

Neutrophils originate from hematopoietic stem cells as initial precursors, which are slowly
dividing and capable of self-renewal (Orkin and Zon 2008). Hematopoietic stem cells lose their
self-renewing potential while developing into multipotent precursor cells that can give rise to all
blood cell lineages (Gorgens et al. 2013). These multipotent precursors differentiate into
granulocyte—monocyte progenitors in response to extracellular stimuli such as granulocyte-colony
stimulating factor (G-CSF) and cytokines, and intracellular regulators, such as transcription
factors. Subsequently, the cells commit to the neutrophil lineage by turning into myeloblasts
(Lieschke et al. 1994; von Vietinghoff and Ley 2008). By transition from myeloblast to
promyelocte stage, granulopoiesis is initiated and progresses onward the differentiation
(Borregaard and Cowland 1997). Promyelocytes still have a round nucleus but are larger than
myeloblasts and are characterized by the presence of azurophilic or primary granules. These
peroxidase-positive granules are defined by their MPO content (Borregaard and Cowland 1997
Kjeldsen et al. 1993). Following the neutrophil maturation process the cells differentiate into
myelocytes, which are characterized by appearance of specific or secondary peroxidase-negative
granules, which are defined by their lactoferrin content (Borregaard and Cowland 1997; von

Vietinghoff and Ley 2008). Next in the maturation sequence are metamyelocytes, which are

9
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characterized by their kidney-shaped nucleus (Mora-Jensen et al. 2011; von Vietinghoff and Ley
2008). Metamyelocytes differentiate into band neutrophils, characterized by their band-shaped
nucleus and the appearance of gelatinase or tertiary granules, which are defined by their gelatinase
content (Borregaard and Cowland 1997; Cowland and Borregaard 2016). Band neutrophils turn
into fully mature neutrophils with a segmented nucleus and the presence of secretory vesicles,

which are rich in various receptors (Cowland and Borregaard 20106).
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Figure 1 Neutrophil differentiation

During the differentiation process, the cells are located in the bone marrow until the mature
neutrophil stage at which the cells are able to enter the blood stream (Bainton et al. 1971). Once
released into circulation, neutrophils exert their primary function in innate host defense by
various methods. By contact and recognition of a pathogen, phagocytosis is induced and the
pathogens are engulfed by the neutrophil plasma membrane into a newly formed vacuole, the
phagosome. Next, the phagosome fuses with granules to form the phagolysosome (Murphy and
Weaver 2017). At the same time, the neutrophil undergoes respiratory burst by which the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex assembles at the
plasma or phagosomal membrane due to neutrophil activation (Nauseef 2004). NADPH oxidase
converts oxygen to superoxide, which is further converted to the MPO substrate hydrogen
peroxide by superoxide dismutases (SOD). MPO is a heme-containing enzyme located in the
azurophilic granules of neutrophils (Fiedler et al. 2000; Oren and Taylor 1995). MPO released
from granules after fusion with the phagosome uses hydrogen peroxide formed by NADPH
oxidase to catalyze the production of the antimicrobial hypochlorous acid (Bardoel et al. 2014).
Hence, the phagolysosome contains hydrogen peroxide, hypochlorous acid and degrading
enzymes to destroy the ingested pathogens (Rosales 2018). Neutrophils can also fuse their
granules with the plasma membrane to release their content and attack surrounding pathogens.
Further, neutrophils may produce extracellular traps (NET) consisting of DNA fibers and

proteins from the granules to fend invading microorganisms even after neutrophil cell death
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(Bardoel et al. 2014; Rosales 2018). In contrast to lymphocytes and monocytes, neutrophils have
a short lifespan of less than 24 hours in circulation, for which reason any disturbance in
myelopoiesis shortly ends in a lack of circulating neutrophils and risk of neutropenia (McCracken

and Allen 2014).

1.3. Metamizole-associated neutropenia

Despite the good efficacy and gastrointestinal tolerability, metamizole has been banned in several
countries (Sweden, USA, India) due to reports of metamizole-associated neutropenia (Blaser et al.
2015; Hedenmalm and Spigset 2002). Neutropenia is a decrease of circulating neutrophils below

1.5 x 107 cells/L and therefore represents a severe impairment of the innate immune system.

A decrease of the neutrophil count to less than 1.5 x 10’/L (neutropenia), or less than
0.5 x 10”/1. (severe neutropenia or agranulocytosis) increases the susceptibility of the organism to
infections. The first clinical manifestations often are inflammatory mucosal lesions, sore throat
with or without fever, which is followed by infections such as tonsillitis or pneumonia and in
severe cases sepsis and/or death. Depending on severity of the neutropenia and accompanying
infections, patients are treated with G-CSF and antibiotics and by removal of all potentially
neutropenia-causing drugs. Despite any treatment efforts, neutropenia is a serious disease with a

fatality rate of approximately 5% (Andres and Maloisel 2008).

The mechanisms of metamizole-induced neutropenia are still under debate and there are no
effective strategies to predict in whom it is likely to occur, nor to prevent this severe ADR
(Andres and Maloisel 2008; Garbe 2007). The chemical structure of metamizole is closely related
to aminopyrine, a drug which was withdrawn from the market after it had been associated with
agranulocytosis in the 1930s (Huguley 1964). Investigations of the underlying mechanism of
aminopyrine-induced agranulocytosis showed leucocyte agglutination with serum of previously
sensitized patients in the presence of aminopyrine. Additionally, an observed increase in
symptom-severity upon re-exposure as well as fever and rash in some patients suggest an
immunologic mechanism of metamizole-induced neutropenia (Moeschlin 1955; Moeschlin and
Wagner 1952). On the other hand, certain characteristics such as the rapid onset within a day
after the first few doses in some patients without known previous exposure and the observation
of bi- and pancytopenia are more compatible with direct toxicity of metamizole or its metabolites
on circulating cells and/or their precutsors in the bone marrow. This theoty is in agreement with
descriptions of bone marrow smears in patients with metamizole-associated agranulocytosis,

showing a stop at the promyelocyte stage in the maturation of granulocytes (Kummer et al. 2000).
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This observation indicates that the causing agent acts within the bone marrow by destroying
immature and therefore potentially more sensitive cells. Hence, peripheral destruction can be
excluded as the major mechanism, since in that case an increased proliferation of the entire cell
lineage would be expected due to a feedback mechanism. Additionally, the unique neutrophil
characteristic to form highly reactive compounds such as hydrogen peroxide and hypochlorous
acid might contribute to the formation of potentially cytotoxic metamizole metabolites in the

bone marrow.

Besides external influences, the patient’s genetic predisposition can have a major impact on the
risk to develop an ADR. Hence, pharmacogenetics testing for markers of ADR risk is used in the
USA for several drugs (e.g. carbamazepine, abacavir, azathioprine) to decrease the ADRs (Lesko
and Zineh 2010). For wvarious ADRs (e.g. drug-induced liver injury, Steven-Johnson
syndrome/toxic epidermal necrolysis) strong associations with variants in the human leukocyte
antigen (HLLA) region have been described (Daly et al. 2009; Hung et al. 2006; Mallal et al. 2002).
The identification of genetic variants associated with increased ADR risk might help to prevent
life-threatening ADRs and could also lead to a better understanding of the underlying
mechanisms of these reactions. Since patients experiencing metamizole-associated neutropenia
represent a very heterogeneous population with no clinical or demographic predictive factors, a

genetic basis for metamizole-associated neutropenia is likely.

1.4. Risk factors

There are currently no predictable risk factors for metamizole-associated neutropenia. This ADR
has been observed in infants up to elderly without any dose-dependency, which raises the urge to
find predictive factors to minimize the number of affected patients. With this aim, several studies
have been performed, reporting a higher rate of metamizole-associated neutropenia among
elderly people and women (Blaser et al. 2015; Maj and Lis 2002). This might be exposure-related
due to the higher analgesic use among elderly and the more frequent physician visits and
therefore higher prescription rate for women. No association has been described for dosage or
treatment duration and neutropenia occurrence (Andersohn et al. 2007; Andrade et al. 2016;

Blaser et al. 2015).

Co-medication with myelotoxic or immunosuppressive drugs might potentiate the risk of
neutropenia during metamizole treatment. Treatment with methotrexate combined with
metamizole has been shown to be a risk factor for fatal neutropenia (Blaser et al. 2015;

Stammschulte et al. 2015). Also non-myelotoxic and non-immunosuppressive drugs can elicit
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neutropenia and might increase the risk of metamizole-associated neutropenia when combined
(Andersohn et al. 2007). There are no reports about reduced metamizole metabolism and
therefore increased metamizole plasma levels due to other drugs. However, since metamizole-
associated neutropenia is not dose-dependent, reduced metamizole clearance can be excluded as

potential risk factor.

Comorbidities affecting the neutrophil count might amplify possible metamizole-induced
neutrophil loss. Especially immune depriving illnesses but also viral, bacterial, or fungal infections
are known to reduce the neutrophil count in the circulation and bone marrow (Boxer and Dale
2002; Celkan and Kog 2015; Galani and Andreakos 2015). It has been shown for HIV and its
equivalent in rhesus macaques, SIV, to induce neutrophil apoptosis leading to neutropenia
(Elbim et al. 2009; Salmen et al. 2007). Accordingly, influenza A virus infection accelerates
neutrophil apoptosis and the rate and extent of apoptosis was enhanced by an additional bacterial
infection (Colamussi et al. 1999). Infected cells may be more sensitive to drugs and metabolites
than healthy cells. This theory is supported by the observation that peripheral blood mononuclear
cells infected with HIV or SF-162 virus were more susceptible to sulfamethoxazole
hydroxylamine metabolite toxicity (Levy 1997). This observation is in line with the observation of
an increased prevalence of hepatitis C infections in patients who developed metamizole-

associated leukopenia (Blaser et al. 2017).

1.5. Heme metabolism

It has been shown that the metamizole metabolites MAA and AA can form stable complexes
with heme and that MAA is able to reduce Fe’ to Fe** (Pierre et al. 2007). Accordingly, in the
subsequent original research, the interaction of MAA and the hemoglobin degradation product
hemin is of central interest, for which reason a short overview about cellular heme metabolism

will complete this introduction.

When old erythrocytes are removed from the circulation, the contained hemoglobin is degraded
and the iron is recycled, avoiding any free heme generation (Chung et al. 2012; Kumar and
Bandyopadhyay 2005). Hemoglobin degradation mostly takes place in spleen, liver, bone marrow,
and macrophages and the accruing heme or its oxidized form hemin are further degraded by
heme-oxygenase to iron, biliverdin, and carbon monoxide (Pimstone et al. 1971; Wagner et al.
1962). Released iron is either stored as ferritin-bond iron (Fe’*) or exported in reduced form
(Fe*") by the iron exporter protein ferroportin (Hentze et al. 2010). Exported iron is immediately

bound by transferrin as ferric iron (Fe’), which is taken up by cells over the transferrin receptor.
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After binding of transferrin, the transferrin receptor complex is internalized through endocytosis
(Schultz et al. 2010). In the emerging endosome, ferric iron and transferrin dissociate from the
transferrin receptor due to the low pH and the iron is reduced to Fe** by STEAP
metalloreductases. Ferrous iron (Fe*) is then exported via the divalent metal transporter 1 to the
cytosol, where it enters the cellular labile iron pool. A further iron acquisition pathway is apical
absorption of dietary iron (Fe’") after reduction by duodenal cytochrome b. Macrophages can
also acquire heme-iron as heme-hemopexin complex or hemoglobin-haptoglobin complex or by
phagocytosis of erythrocytes (Boretti et al. 2014; Hvidberg et al. 2005). Iron from the labile iron
pool is utilized for direct incorporation into iron proteins or is transported into the mitochondrial
intermembrane space by mitoferrin for synthesis of hemo-proteins or iron-sulfur cluster
containing proteins (Chung et al. 2012; Hentze et al. 2010; Schultz et al. 2010). Heme is formed
through an enzymatic cascade in the cytosol and the mitochondria (Hentze et al. 2010; Schultz et
al. 2010). First, protoporphyrin IX precursor is synthesized in the mitochondrial matrix and
exported to the «cytosol, where it is converted to coproporphyrinogen III. Next,
coproporphyrinogen III is transported into the mitochondrial intermembrane space and
converted to protoporphyrin IX (Severance and Hamza 2009). Then iron is incorporated into
protoporphyrin IX by ferrochelatase (Dailey et al. 2000; Lange et al. 1999). Unused iron can be
either exported via ferroportin and loaded to transferrin or stored as ferritin-iron (Fe’*). The
amount of iron present in the labile iron pool depends on iron uptake, utilization, storage, and

export rates, which are tightly regulated to avoid iron excess or deficiency (Hentze et al. 2010).
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2. RATIONALE AND MOTIVATION

Although metamizole is an analgesic with several advantages compared to NSAIDs, it has been
banned in several countries or been restricted to narrow indications as in Switzerland due to the
rare occurrence of metamizole-associated neutropenia (UnitedNations 2005). Removing
medications from the market due to severe ADRs is not an adequate solution regarding the need
for effective alternative analgesics to NSAIDs. Patients intolerant to NSAIDs are left with fewer
therapeutic options or need to switch to opiates, which may be inappropriate for the indication.
A more preferable approach would be to elucidate the mechanisms of metamizole-associated
neutropenia to identify potential risk factors. Hence, patients at risk could be monitored or
excluded from metamizole treatment. The need for an alternative treatment option to NSAIDs
has led to a continuous increase in metamizole prescriptions in recent years accompanied by a
growing number of neutropenia reports (Blaser et al. 2015). The increasing use of metamizole in
parallel with the uncertainty of its safety for the individual patient emphasizes the need to
investigate the underlying mechanisms of this severe ADR. Despite the long history of
metamizole use and awareness of its potential to induce neutropenia, the underlying mechanisms
are still not understood. Immune-mediated mechanisms have been discussed as well as direct
cytotoxic effects of metamizole or its metabolites, whereas the immune-mediated theory seems to
be more accepted and widespread (Curtis 2014; Hamerschlak and Cavalcanti 2005; Uetrecht
1996). The four main metamizole metabolites reach sufficiently high plasma and potentially also
bone marrow concentrations to be hemotoxic (Blaser et al., unpublished data). Bone marrow
biopsies of patients with metamizole-associated neutropenia consistently showed a stop at the
promyelocyte differentiation stage in neutrophil maturation (Isik et al. 2014; Pfersdorff et al.
2011). This observation indicates that potential cytotoxic metamizole metabolites affect the
immature cells in the bone marrow and not mature cells in the circulation. Potentially cytotoxic
metabolites would be expected to be formed either in the liver or in the neutrophils itself. It has
been shown for the thienopyridine derivatives ticlopidin and clopidogrel to be metabolized by
liver microsomes to metabolites, which were cytotoxic for myeloid progenitor cells. Additionally,
MPO of neutrophils is able to convert ticlopidine and the main metabolite clopidogrel

carboxylate to myelotoxic metabolites (Maseneni et al. 2012).

The current work is part of a collaboration between pharmacology & toxicology, immunology,
and genetics groups to investigate the underlying mechanisms of metamizole-associated

neutropenia. This thesis covers the toxicological iz vitro investigations of direct metamizole
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metabolite toxicity on neutrophils and neutrophil progenitor cells as well as clinical investigations
composed of an observational case-control study. In the first part of this thesis, I will focus on
the toxicological 7z vitro investigations and in the second part, I will present the results of the

clinical data assessment of the observational case-control study.

The 7n vitro investigations were based on previous experiments showing no cytotoxicity of
metamizole and its main metabolites on mature neutrophils and the observation that bone
marrow biopsies of neutropenia patients showed a maturation stop at the promyelocytic stage.
Hence, I planned to investigate the cytotoxicity of metamizole and its main metabolites on the
promyelocytic cell line HL60 and myeloid progenitor cells from umbilical cord blood in
comparison with mature neutrophils. To form potentially cytotoxic secondary metabolites, I
combined the metamizole metabolites with components of the neutrophil antioxidative system:
MPO or horseradish peroxidase, hydrogen peroxide, and hypochloric acid. I further assessed
potential formation of cytotoxic metabolites after combination of metamizole metabolites with

various iron compounds found in neutrophils and blood.

In a second 7 vitro project, I aimed to investigate the difference between HL60 cells and mature
neutrophils leading to the observed higher resistance of mature cells. To assess potential cellular
changes, 1 differentiated promyelocytic HL.6O cells into mature neutrophils and investigated the
change in protein expression of heme-metabolizing enzymes and enzymes involved in the first

line antioxidative defense as well as the cellular glutathione pool.

The observational case-control study was based on a previous retrospective analysis of the
hematological safety of metamizole using reports from the WHO Global Database and the Swiss
Pharmacovigilance Database (Blaser et al. 2015). The main risk factors for fatal outcome found in
this analysis were female gender, higher age, and co-medication with methotrexate, an
immunosuppressive drug known to cause neutropenia. Interestingly, about a third of all
neutropenia cases occurred within a latency time of less than 7 days, questioning the concept of
an immunological reaction as underlying mechanism. In contrast to this previous retrospective
analysis, all included patients were interviewed personally to get a more complete image of the
cases, enabling a more detailed risk analysis. Additionally, only cases without any myelotoxic or
immunosuppressive co-medication were included. This allowed us to focus on the influence of
daily co-medication, which has also been reported to influence the neutrophil count as well as
other potentially involved risk factors (Andersohn et al. 2007). Case patients of this study were
compared to controls, which are expected to be tolerant to metamizole. This was accomplished
by inclusion of control patients, who had been under continuous metamizole treatment for at

least 28 days without any hematological adverse events. According to previous studies, the risk
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was very low that these patients would develop metamizole-associated neutropenia after this
treatment period (Blaser et al. 2015). This study design enabled me to compare tolerant control
patients, who received metamizole in an outpatient treatment setting, with a subgroup of all
included neutropenia cases, who had developed neutropenia after metamizole treatment at home.
Since these two groups had similar treatment circumstances, it was possible to analyze risk factors

in a regression-based model.

Since metamizole has been used as pain killer over almost 100 years and its potential to induce
neutropenia has been described extensively but no mechanism has been identified so far, it is

likely that several factors might influence the development of metamizole-associated neutropenia.
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ARTICLE INFO ABSTRACT

Metamizole is an analgesic and antipyretic, but can cause neutropenia and agranulocytosis. We investigated the
toxicity of the metabolites N-methyl-4-aminoantipyrine (MAA), 4-aminoantipyrine (AA), N-formyl-4-ami-
noantipyrine (FAA) and N-acetyl-4-aminoantipyrine (AAA) on neutrophil granulocytes and on HL60 cells
(granulocyte precursor cell line). MAA, FAA, AA, and AAA (up to 100 pM) alone were not toxic for HL60 cells or

Keywords:

Metamizole
N-methyl-4-aminoantipyrine
Agranulocytosis

ﬁiﬁg:ens granulocytes. In the presence of the myeloperoxidase substrate H0,, MAA reduced cytotoxicity for HL60 cells at
Iron low concentrations (< 50 uM), but increased cytotoxicity at 100 uM Hy0,. Neutrophil granulocytes were re-

sistant to H,0, and MAA. Fe?* and Fe** were not toxic to HL60 cells, irrespective of the presence of H,0; and
MAA. Similarly, MAA did not increase the toxicity of lactoferrin, hemoglobin or methemoglobin for HL60 cells.
Hemin (hemoglobin degradation product containing a porphyrin ring and Fe®*) was toxic on HL60 cells and
cytotoxicity was increased by MAA. EDTA, N-acetylcystein and glutathione prevented the toxicity of hemin and
hemin/MAA. The absorption spectrum of hemin changed concentration-dependently after addition of MAA,
suggesting an interaction between Fe®* and MAA. NMR revealed the formation of a stable MAA reaction product
with a reaction pathway involving the formation of an electrophilic intermediate. In conclusion, MAA, the
principle metabolite of metamizole, increased cytotoxicity of hemin by a reaction involving the formation of an
electrophilic metabolite. Accordingly, cytotoxicity of MAA/hemin could be prevented by the iron chelator EDTA
and by the electron donors NAC and glutathione. Situations with increased production of hemin may represent a
risk factor for metamizole-associated granulocytopenia.

1. Introduction severe and potentially fatal decrease of circulating neutrophil granu-

locytes [1,7]. The four major metabolites MAA, AA, AAA and FAA reach

Metamizole is a non-opioid analgesic, antipyretic, and spasmolytic
prodrug, which is widely used in certain countries due to its good ef-
ficacy and low gastrointestinal toxicity [1,2]. It is rapidly converted
non-enzymatically to the active drug N-methyl-4-aminoantipyrine
(MAA) in the gut and in the mesenteric and portal circulation (Fig. 1).
MAA has a good oral bioavailability and is converted enzymatically to
the 4-aminoantipyrine (AA) which is also physiologically active [3].
The majority of AA is acetylated to N-acetyl-4-aminoantipyrine (AAA)
and a smaller part is formylated to N-formyl-4-aminoantipyrine (FAA)
[4-6]. Although metamizole has a favourable safety profile overall,
susceptible patients may experience neutropenia or agranulocytosis, a

sufficiently high plasma (and presumably also bone marrow) con-
centrations to potentially be hematotoxic [8]. The mechanisms under-
lying metamizole-induced neutropenia are poorly understood, and
there are no effective strategies to predict in whom neutropenia is likely
to occur, nor to prevent this life-threatening adverse drug reaction
[9,10]. Bone marrow biopsies of affected patients showed a stop at the
myelocyte stage in granulocyte maturation [11], indicating that the
toxicity of metamizole affects the bone marrow and not peripheral
granulocytes. An HLA-linked toxicity has been proposed in one study,
suggesting an immunological mechanism [12]. On the other hand, the
absence of immunological features in affected patients and the onset

* Corresponding author at: Clinical Pharmacology & Toxicology, University Hospital, 4031 Basel, Switzerland.

E-mail address: stephan.krachenbuehl@usb.ch (8. Krihenbiihl).

https://doi.org/10.1016/j.bcp.2019.01.011

Received 14 December 2018; Accepted 11 January 2019
Available online 14 January 2019

0006-2952/ © 2019 Elsevier Inc. All rights reserved.

29



TOXICOLOGICAL IN ITTRO INVESTIGATIONS

D. Rudin, et al.

Na*

‘0
\ -0

/S>

—N
N

o] E—
N/N\

Metamizole

O,

—NH

/N\

© N

N-methyl-4-aminoantipyrine
(MAA)

Biochemical Pharmacology 163 (2019) 345-356

//—NH

(0]

)

N-formyl-4-aminoantipyrine

(FAA)

O>;'
HN
. f(
0 N/N\

N-acetyl-4-aminoantipyrine
(AAA)

4-aminoantipyrine
(AA)

Fig. 1. Metabolism of metamizole. Metamizole is rapidly converted non-enzymatically in the intestinal tract to the active metabolite N-methyl-4-aminoantipyrine
(MAA). MAA has a good oral bioavailability and can be converted enzymatically to 4-aminoantipyrine (AA) or formylated to N-formyl-4-aminoantipyrine (FAA). The

majority of AA is acetylated to N-acetyl-4-aminoantipyrine (AAA).

within a few days after start of therapy in some previously unexposed
patients are compatible with direct metabolic toxicity on bone marrow
granulocyte precursors.

Uetrecht et al. have shown that aminopyrine (N,N-dimethyl-4-
aminoantipyrine), which is structurally closely related to MAA, can
form reactive metabolites after oxidation by hypochlorite [13]. Hypo-
chlorite can be produced by myeloperoxidase, a heme-containing en-
zyme detectable in granulocyte maturation starting from promyelo-
cytes, which are direct myelocyte precursors [14]. Myeloperoxidase
could therefore be involved in myelotoxicity associated with MAA.
Myeloperoxidase is also present in circulating neutrophil granulocytes
and in HL60 cells [15,16], a human promyeloid cell line. The main
function of myeloperoxidase is to destroy phagocytosed microorgan-
isms by generating reactive intermediates within the phagosome
[17,18]. The generation of reactive intermediates needs the presence of
hydrogen peroxide (H,O,) and an anion such as chloride-H,O, arises
mainly from the respiratory burst produced by phagocyte NADPH
oxidase [19]. In the presence of H,0,, myeloperoxidase catalyzes the
formation of reactive intermediates such as hypochlorous acid (HOCI),
which can destroy phagocytosed microorganisms [20]. Importantly,
H,0, is also a substrate for the Fenton reaction, which is dependent on
Fe?* and produces reactive hydroxyl radicals [21,22]. Since iron in the
form of free iron (mainly Fe3™), ferritin (Fe**) or complexed in heme
(as Fe*™ or Fe?*) is abundant in bone marrow [23], an iron-mediated
mechanism is a possibility for explaining the bone marrow toxicity of
MAA. In favour of an iron-associated mechanism, Pierre et al. have
shown that MAA and AA (but not FAA and AAA) react with heme-
bound Fe3* [24].

In the current study, we investigated the possibility of direct (non-
immunological) toxicity of metamizole and its metabolites (MAA, FAA,
AA, and AAA) on circulating neutrophil granulocytes and on the human
granulocyte precursor cell line HL60. For that, we investigated the
possible involvement of myeloperoxidase, the Fenton reaction and of
heme-bound iron in the cytotoxicity of MAA. The studies show that
MAA reacts with Fe** in hemin, leading to the formation of electro-
philic MAA metabolites that are cytotoxic.
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2. Materials and methods
2.1. Chemicals and cell culture reagents

We purchased metamizole, N-methyl-4-aminoantipyrine, N-formyl-
4-aminoantipyrine, 4-aminoantipyrine, and N-acetyl-4-aminoanti-
pyrine, natrium chloride (NaCl), Tris-HCl, Fe(NOs)3, nitrilotriacetic
acid (NTA), doxycycline, lactoferrin, iron chloride (Fe3™), iron sulfate
(Fe?™), sodium hydroxide (NaOH), hemoglobin, methemoglobin,
hemin, glutathione (GSH), N-acetyl-cysteine (NAC), and ethylenedia-
minetetraacetic acid (EDTA) from Sigma-Aldrich (Buchs, Switzerland).
We obtained RPMI 1640 medium, fetal bovine serum (FBS), and
phosphate buffered saline (PBS) from GIBCO (Lucerne, Switzerland),
dextran 500 from Roth AG (Arlesheim, Switzerland), Ficoll-Paque from
GE Healthcare (Glattbrugg, Switzerland) and BD Pharm Lyse lysing
buffer as well as the 96-well cell culture plates from BD Biosciences
(Franklin Lakes, NJ, USA).

2.2. Promyelocytic HL60 cells

We maintained HL60 cells (CCL-240, lot number 7703261, ATCC,
Wesel, Germany) in RPMI medium supplemented with 10% FBS at
37°C in a humidified atmosphere containing 5% CO,. For all sub-
sequent described assays, HL60 cells from passages 11 to 25 were used.

2.3. Mature neutrophil granulocytes

We isolated the neutrophil granulocytes freshly from human whole
blood obtained from the local blood donation center Basel
(Switzerland). Since the donors remained anonymous, the study did not
require approval from the local Ethics Committee. We isolated the
neutrophils from the blood by a modification of the method described
by Klebanoff et al. [25]. Briefly, we diluted 20 mL blood with 25 mL
phosphate-buffered saline (PBS), carefully layered it over 15 mL Ficoll-
Paque and centrifuged it at 200g for 20 min. We discarded the super-
natant and mixed the pellet with 4% dextran in 0.9% NaCl solution and
allowed the erythrocytes to settle for 30min. We washed the
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supernatant layer with PBS and lysed the remaining erythrocytes with
BD Pharm Lyse lysing buffer. Subsequently, we washed the cells twice
with PBS and resuspended them in RPMI medium containing 10% fetal
bovine serum (FBS). Viability was assessed by using trypan blue ana-
lysis and always exceeded > 90%. We stained some samples with
CD66b antibody (BioLegend, San Diego, CA, USA) and confirmed by
flow cytometry analysis > 92% content of neutrophil granulocytes.

2.4. Effect of metamizole and metamizole metabolites on plasma membrane
integrity

For the experiments, we seeded 2 x 10° HL60 cells or 1 x 10°
freshly isolated neutrophils in 1 mL RPMI containing 10% FBS in 2 mL
Eppendorf tubes. The stock solutions of test compounds (metamizole,
MAA, FAA, AA, and AAA) were prepared in DMSO (Sigma-Aldrich,
Buchs, Switzerland). We added the test compounds to the cell-suspen-
sion at a concentration of 1-100 uM for metamizole, FAA, AA, AAA and
1-200 puM for MAA. We chose these concentrations based on available
pharmacokinetic data in humans [4]. Subsequently, we added 50 pL of
each suspension-mixture in triplicate to a 96-well plate and incubated
the plate for 24 and 48 h at 37 °C, 5% CO,. The DMSO concentration did
not exceed 0.1% in all incubations, including control incubations, as
this DMSO concentration is not cytotoxic [26]. We used Triton X
(Sigma-Aldrich, Buchs, Switzerland) at a final concentration of 0.1% as
a positive control for plasma membrane toxicity. We performed all
experiments in triplicate and repeated them at least three times using
different cell isolations.

To assess a possible loss of plasma membrane integrity, reflected by
the release of adenylate kinase, we used the firefly luciferase system
(ToxiLight® BioAssay Kit, Lonza, Basel, Switzerland). After incubation
for 24 and 48h in presence of test compounds, we added 50 pL assay
buffer to 50 uL cell suspension from treated cells and measured lumi-
nescence after 5min of incubation with a Tecan Infinite pro 200 mi-
croplate reader (Tecan, Mannedorf, Switzerland).

2.5. Determination of the cellular ATP content after incubation with
metamizole and metamizole metabolites

We incubated HL60 cells and neutrophil granulocytes with test
compounds as described before. To assess the ATP content, which re-
flects the cellular energy metabolism, we used the CellTiter-Glo® lu-
minescent assay (Promega Corporation, Madison, USA). After incuba-
tion for 24 and 48 h in presence of test compounds, we added 50 pL
assay buffer to 50 pL cell suspension from treated cells and measured
luminescence after 10 min incubation with a Tecan Infinite pro 200
microplate reader (Tecan, Mannedorf, Switzerland).

2.6. Determination of apoptosis and necrosis

To determine the percentage of dead cells (including necrotic cells
and cells in late apoptosis), we used propidium iodide (PI) (Molecular
probes, Oregon, USA), a red fluorescent dye incapable to permeate
intact or early apoptotic cells, but able to stain permeable necrotic cells
by binding to nucleic acid. After the incubation of HL60 cells with
100uM MAA and co-incubation with different concentrations
(10-100 uM) of H,0,, (Sigma-Aldrich, Buchs, Switzerland) for 24 h, the
cells were centrifuged at 500g for 5 min and washed with PBS before PI
staining (Molecular probes, Oregon, USA) at a final concentration of
10 ug/mL. After 15 min incubation in the dark, we analyzed the cells
with a CytoFLEX flow cytometer (Beckmann Coulter, Indianapolis,
USA) and assessed the data using FlowJo software 10.08 (Tree Star,
Ashland, OR, USA).

To determine the percentage of early apoptotic cells, we used
Annexin V, a Ca®* -dependent phospholipid-binding protein with a high
affinity for phosphatidylserine (PS). PS is located on the inner cyto-
plasmic surface of intact cell membranes. In apoptotic cells, PS is

347

Biochemical Pharmacology 163 (2019) 345-356

translocated to the outer leaflet of the plasma membrane, where
Annexin V binds to it. After the incubation of HL60 cells with 100 uM
MAA and different concentrations (10-100 uM) of H,O, for 24 h, the
cells were centrifuged at 500g for 5min and washed with PBS before
Alexa Fluor 488® Annexin V staining (Molecular probes, Oregon, USA).
After 15min incubation in the dark, we analyzed the cells with a
CytoFLEX flow cytometer (Beckmann Coulter, Indianapolis, USA) as-
sessed the data using FlowJo software 10.08 (Tree Star, Ashland, OR,
USA).

2.7. Incubation of metamizole metabolites with H,0,

We prepared 2 x 10° HL60 cell suspensions or 1 x 10° freshly
isolated neutrophils and added 100 pM MAA as described above. To
simulate the neutrophil oxidation system, we also used H,O, in PBS pH
7.4 at final concentrations of 10-100 pM. One hundred uM was the only
concentration of H,O, in HL60 cells, where the addition of MAA in-
creased the cytotoxicity. For neutrophil granulocytes, we therefore used
only this concentration. For that, 10° freshly isolated neutrophils were
co-incubated with 100 uM H,0, and MAA as described above. We then
assessed membrane integrity and ATP content as described previously.

2.8. Cytotoxicity of MAA in the presence of HOCI

We prepared 2 x 10° HL60 cells in 2 mL Eppendorf tubes and added
100 uM MAA as described above. We then immediately added 100 uM
HOCI (Sigma-Aldrich, Buchs, Switzerland), which would be the highest
reachable concentration when 100 uM hydrogen peroxide is converted
to HOCI by myeloperoxidase. We incubated the cells and assessed
membrane toxicity and ATP content as outlined before.

2.9. Cytotoxicity of MAA in the presence of H;0, and free iron

We prepared 2 X 10° HL60 cells in 2 mL Eppendorf tubes and added
100 uM MAA as described above. Before adding 10-100 pM of H,0,, we
pre-incubated the reaction solution with 50 pL of ferrous iron (FeSO,)
at a final concentration of 12.5 uM. Then, we incubated the cells for
24h and assessed membrane toxicity, ATP content and percentage of
apoptotic and necrotic cells as outlined previously.

2.10. Preparation of apo- and hololactoferrin

To obtain apolactoferrin, 4 mg/mL lactoferrin was dissolved in
MilliQ water and dialyzed intensively against 0.1 M citric acid/citrate
buffer (pH 3.0) containing 0.1 M NaCl for 24 h using a dialysis mem-
brane with a molecular weight cutoff of 10°000 Da (Slide-A-Lyzer®
Dialysis Cassette, Thermo Scientific, USA). Afterwards, we dialyzed the
obtained apolactoferrin solution against MilliQ water for 24 h.

To obtain hololactoferrin, we dissolved 4 mg/mL lactoferrin in
10 mM Tris-HCI buffer (pH 7.2) containing 74 mM NaCl. We then added
freshly prepared Fe nitrilotriacetic acid (NTA) solution consisting of
9.9 mM Fe(NOs)3 and 8.5 mM NTA in water and adjusted the pH to 7.0
with 5M sodium bicarbonate solution. To achieve the highest possible
iron saturation, we used an iron to lactoferrin molar ratio of 4:1 [27].

To determine the iron saturation of the different lactoferrin vari-
eties, we measured the absorption spectrophotometrically at 280 nm
and 465 nm [28]. We determined an iron content of 15.5%, 63%, and
87% for apolactoferrin, lactoferrin, and hololactoferrin, respectively.

2.11. Cytotoxicity of MAA in the presence of lactoferrin or different free
iron compounds

For the cytotoxicity assays we prepared 2 x 10°> HL60 cells in 2 mL
Eppendorf tubes and added 100 uM MAA as described above as well as
4 pug/mL lactoferrin, or apo- or hololactoferrin or 12.5uM FeSO,4 or
FeCls. Then, we incubated the cells for 24 h and assessed membrane
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Fig. 2. Effect of N-methyl-4-aminoantipyrine (MAA), 4-aminoantipyrine (AA), N-formyl-4-aminoantipyrine (FAA) and N-acetyl-4-aminoantipyrine (AAA) on cyto-
toxicity for HL60 cells and freshly isolated neutrophil granulocytes. Cells were treated with the toxicants for 24 h. Membrane integrity was determined as the release
of adenylate kinase into the supernatant of HL60 cells (A) and neutrophil granulocytes (C). The cellular ATP content was determined in HL60 cells (B) and neutrophil
granulocytes (D). There were no statistically significant differences between treatments and controls in HL60 cells or neutrophil granulocytes. Ctrl: control, Tx: 0.1%

Triton X.

toxicity and ATP content as outlined previously.

2.12. Cytotoxicity of MAA in the presence of hemoglobin, methemoglobin or
hemin

We prepared 2 x 10° HL60 cells in 2 mL Eppendorf tubes and added
100 uM MAA and 500 pg/mL hemoglobin, methemoglobin or 12.5 uyM
hemin. Similarly, we prepared 1 x 10° neutrophil granulocytes in 2 mL
Eppendorf tubes and added 100 pM MAA and 12.5 and 25 pM hemin.
Since hemin is not readily soluble in PBS, we first dissolved it in 10 mM
NaOH as a 1 mM stock solution and then diluted it to the final con-
centration. We also added an equivalent concentration of NaOH to the
vehicle control. Then, we incubated the cells and assessed membrane
toxicity, ATP content and Annexin V/PI staining as outlined previously.

To chelate the added iron of hemin, we added 100 uM EDTA [29] to
the reaction solution 15min before addition of hemin. Further, to
scavenge possible radicals 1 mM glutathione (GSH) or 1 mM N-acet-
yleysteine (NAC) (final concentrations) were added to the reaction so-
lution in the same way as EDTA mentioned before.

2.13. Activation of pro-apoptotic caspase-3/7

We prepared 2 % 10° HL60 cells in 2 mL Eppendorf tubes and added
100 uM MAA and 12.5 uM hemin as mentioned before. To assess the
activity of caspase-3/7, which plays a key effector role in apoptosis, we
used the Caspase-Glo® 3/7 luminescent assay (Promega Corporation,
Madison, USA). After incubation for 24 h in presence of the test com-
pounds, we added 50 uL assay buffer to 50 uL cell suspension from
treated cells and measured luminescence after 60 min of incubation
with a Tecan Infinite pro 200 microplate reader (Tecan, Ménnedorf,
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Switzerland).
2.14. Interaction of MAA with hemin

We performed a spectrophotometric titration to assess whether
MAA has an effect on hemin absorption. The chromophoric character of
hemin makes it possible to follow a possible reaction via absorption
spectroscopy. Absorption spectra were measured using a Varian-Cary
5000 spectrophotometer. Hemin disodium salt (0.35 mM) was dissolved
in D,O and an absorption spectrum was recorded in the range
200-700 nm. MAA was added to the solution in steps of 0.5 equivalents
up to 4 equivalents. An absorption spectrum was recorded after each
addition of MAA.

2.15. NMR kinetic

Hemin (0.5 mM) was dissolved in D;0 in a 5mL round-bottomed
flask. After the addition of MAA (2 mM), the solution was heated to
37 °C. The flask was equipped with a septum containing a needle to
guarantee diffusion of atmospheric oxygen. After defined time points,
'H and '®C NMR spectra were recorded at room temperature using a
Bruker Advance III-500 NMR spectrometer. Stability of MAA in D,0
was confirmed by NMR kinetic runs on a solution of MAA in D,0 kept at
37 °C over the course of one week (data not shown).

2.16. Data analysis
Data are presented as the mean * SEM from at least three in-

dependent experiments. We measured each value in triplicate. We used
GraphPad Prism software (GraphPad Software Inc., San Diego, CA,
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Fig. 3. Effect of H;0, and MAA on HL60 cells. Cells were treated with different H;O, concentrations in the absence or presence of 100 uM MAA for 24 h. (A) Effect on
adenylate kinase release (marker of membrane integrity), (B) effect on intracellular ATP concentration and (C) effect on cell death by apoptosis or necrosis. Apoptosis
and necrosis were assessed by staining with Annexin V and propidium iodide, respectively. *p < 0.05 vs. control incubations (Ctrl), “p < 0.05 vs. incubations w/o
MAA of the same treatment group. Ctrl: control, Tx: 0.1% Triton X, MAA: N-methyl-4-aminoantipyrine.

USA) for statistical analyses. Differences between many groups were
tested by one-way ANOVA followed by Bonferroni's multiple compar-
ison test to localize significant results in the ANOVA. Differences within
two groups were tested by an unpaired t-test. A p < 0.05 was con-
sidered to be a significant difference.

3. Results

3.1. Plasma membrane toxicity and ATP depletion by metamizole and
metamizole metabolites in HL60 cells and neutrophil granulocytes

Freshly isolated human granulocytes and HL60 cells, a granulocyte
precursor cell line expressing myeloperoxidase [15], were used as cell
models for assessing plasma membrane toxicity of metamizole and
metamizole metabolites. Metamizole (up to 100 uM), N-methyl-4-ami-
noantipyrine (MAA, up to 200 pM), 4-aminoantipyrine (AA), N-acetyl-
4-aminoantipyrine (AAA) and N-formyl-4-aminoantipyrine (FAA) (all
up to 100 pM) showed neither toxicity for HL60 cells (Fig. 2A and B),
nor for freshly isolated human granulocytes after 24 h incubation
(Fig. 2C and D) or 48 h incubation (data not shown).
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3.2. Possible role of MPO in MAA associated plasma membrane toxicity in
HL60 cells

Membrane toxicity of MAA and AA could be related to myeloper-
oxidase activity, which is expressed in HL60 cells [14,15]. In the pre-
sence of chloride and H,0,, MPO can form hypochlorite, which is used
by granulocytes for destroying bacteria [18,20] and which could react
with MAA or AA and form toxic metabolites [13]. We therefore assessed
the toxicity of MAA and AA in the presence of H;0O,, the substrate of
MPO, in the presence of chloride.

As shown in Fig. 3A, 100 uM MAA did not impair membrane in-
tegrity of HL60 cells, whereas H,0, showed a concentration-dependent
toxicity, reaching significance at 10 uM. Up to 25 uM H,0,, MAA sig-
nificantly prevented the toxicity of H,0.,, but at 100 uM, MAA rendered
H,0, more toxic. The cellular ATP content dropped H;0O, concentra-
tion-dependently to less than 10% of control values for 100 uM H,0,,
whereas 100 uM MAA did not significantly reduce the cellular ATP
content (Fig. 3B). MAA partially prevented the H,05-associated drop in
the cellular ATP content for all H,O, concentrations investigated. The
assessment of the apoptotic and necrotic cell fractions showed a H,0,
concentration-dependent increase predominantly in necrotic cells
(Fig. 3C). The apoptotic cell fraction increased up to 25uM H,0,,
whereas at higher H,0, concentrations only the necrotic fraction
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Fig. 4. Effect of FeS0,4, Hz0;, lactoferrin and MAA on HL60 cells. Cells were treated with FeSO, (12.5 uM) and different H;O concentrations in the absence or
presence of 100 uM MAA for 24 h. Apoptosis and necrosis were assessed by staining with Annexin V and propidium iodide, respectively. (A) Effect of FeSOy (12.5 uM)
and H;0; on adenylate kinase release (marker of membrane integrity), (B) effect of FeSO, (12.5 pM) and H,0; on intracellular ATP concentration and (C) effect on
cell death by apoptosis or necrosis. Apo-lactoferrin and holo-lactoferrin were prepared as described in Methods. Cells were treated with the different lactoferrins in
the presence or the absence of MAA for 24 h. (D) Effect of lactoferrin on adenylate kinase release (marker of membrane integrity), (E) effect of lactoferrin on
intracellular ATP concentration. *p < 0.05 vs. control incubations (Ctrl). *p < 0.05 vs. control incubations (Ctrl), *p < 0.05 vs. incubations w/0 MAA of the same
treatment group. Ctrl: control, Tx: 0.1% Triton X, MAA: N-methyl-4-aminoantipyrine.

further increased. Similar to the findings for membrane toxicity, MAA
was protective up to 25 pM H,0, but increased the necrotic cell fraction
at 100 pM H,0,. Similar results regarding membrane toxicity and cel-
lular ATP content were found for the incubation of 100 uM AA with
100 pM H,0,, whereas FAA and AAA had no effect on H;0; cytotoxicity
(data not shown).

Interestingly, freshly isolated neutrophils were much more resistant
to the toxic effects of H,O, and MAA (data not shown). H,O, alone was
not membrane-toxic and did not deplete the cellular ATP pool.
Furthermore, the addition of MAA (up to 200uM) did not affect
membrane toxicity or cellular ATP depletion in the presence of H;O..

In order to test directly the possibility that hypochlorite could
mediate the toxicity of MAA or AA, we incubated HL60 cells with up to
200 uM MAA or AA in the presence of 100 pyM NaClO (data not shown).
Under these conditions, we did not observe membrane toxicity or cel-
lular ATP depletion, excluding a role of hypochlorite in MAA-associated
toxicity.

We also performed experiments in the presence of the MPO in-
hibitor PF1335 [30], which did not change the effect of 100 uM H,05 in
the absence or presence of 100 uM MAA on membrane integrity and
ATP content of HL60 cells (results not shown).

These results indicated that myeloperoxidase has no important role
in the toxicity of MAA and AA. We therefore concentrated on a possible
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role of the Fenton reaction or other iron-related mechanisms for mye-
lotoxicity of MAA and AA. Iron compounds are common in the human
body and are known to be reactive and to be able to form cytotoxic
metabolites from organic compounds [22].

3.3. Cytotoxicity of MAA in the presence of different free iron compounds

In a next step, we assessed the cytotoxicity of the iron compounds
FeSO, and FeCly, which contain Fe?* and Fe** respectively. These iron
compounds provide free iron ions in aqueous solution and MAA may
react with them to give cytotoxic metabolites. However, that neither
the Fe** and Fe®' ions were associated with membrane toxicity or
decreased cellular ATP levels of HL60 cells in the presence of MAA
(data not shown).

Next, we investigated the possibility that MAA could increase cy-
totoxicity of the combination Fe** and H,0,. As shown in Fig. 4, cy-
totoxicity of H,0, was not increased in the presence of Fe**. Similar to
incubations containing only H,0, (shown in Fig. 3), the addition of
MAA decreased membrane toxicity (up to 10 uM H,0,), ATP depletion
and cytotoxicity in incubations containing Fe?* and H,0,.
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Fig. 5. Effect of hemoglobin, methemoglobin, hemin and MAA on HL60 cells. Cells were treated with hemoglobin, methemoglobin or hemin in the absence or
presence of 100 uM MAA for 24 h. (A) Effect on adenylate kinase release (marker of membrane integrity) by hemoglobin and methemoglobin, (B) effect on in-
tracellular ATP concentration by hemoglobin and methemoglobin and (C) effect on cell death by apoptosis or necrosis by hemoglobin and methemoglobin. (D) Effect
on adenylate kinase release (marker of membrane integrity) by hemin, (E) effect on intracellular ATP concentration by hemin and (F) effect on cell death by apoptosis
or necrosis by hemin. Apoptosis and necrosis were assessed by staining with Annexin V and propidium iodide, respectively. *p < 0.05 vs. control incubations (Ctrl),
“p < 0.05 vs. incubations w/0 MAA of the same treatment group. Ctrl: control, Tx: 0.1% Triton X, MAA: N-methyl-4-aminoantipyrine.

3.4. Cytotoxicity of MAA in the presence of different forms of lactoferrin

Lactoferrin, a protein containing Fe®*, is found in secondary gran-
ules of neutrophils [31,32] and, to a lower extent, in blood and plasma
[33]. During inflammation, the plasma lactoferrin concentration as well
as the amount on the neutrophil surface increase due to neutrophil
degranulation [21,32]. MAA and AA may react with lactoferrin and
form cytotoxic metabolites. In order to test this hypothesis, we in-
cubated HL60 cells and MAA with lactoferrins of different iron sa-
turation and assessed membrane toxicity and ATP content of the cells.
As shown in Fig. 4D and E, none of the different lactoferrin forms was
more cytotoxic (membrane damage and ATP content) when incubated
with MAA. Lactoferrin itself slightly impaired membrane integrity, but
had no effect on the cellular ATP content. Since we chose a 2-3 fold
higher lactoferrin concentration than the highest concentrations ob-
served in human plasma [33], we considered it as unlikely that lacto-
ferrin contributed to metamizole-induced neutropenia. This may be due
to the fact that the iron in lactoferrin is well embedded and protected
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against environmental effects, making reactions with MAA and cyto-
toxic metabolite formation unlikely.

3.5. Cytotoxicity of MAA in the presence of hemoglobin, methemoglobin or
hemin

Hemoglobin is another physiologically occurring compound con-
taining iron. It is contained in erythrocyte precursors in bone marrow
(in the vicinity of granulocyte precursors) and in mature erythrocytes in
the blood. Both hemoglobin (containing Fe®*) and its oxidized form
methemoglobin (containing Fe®*) represent an iron source that could
possibly react with MAA to form cytotoxic intermediates. Hemoglobin
consists of four subunits, each with a heme group containing an iron in
its center [34]. Hemoglobin can be degraded to heme (Fe?™) or the
oxidized form hemin (Fe®*) by macrophages in liver, bone marrow and
spleen [35]. As shown in Fig. 5A and B, hemoglobin, and even more
methemoglobin, affected the membrane integrity, but did not decrease
the ATP content of HL60 cells. The addition of MAA did not lead to a
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Fig. 6. Effect of hemin and MAA on caspase 3 activity in HL60 cells as well as effect on cytotoxicity in neutrophil granulocytes. (A) HL60 cells were treated with
12.5 uM hemin in the absence or presence of 100 uM MAA for 24 h. Caspase 3 activity was measured using luminescence as described in Methods. Doxorubicin was
used as a positive control. (B-C) Freshly isolated neutrophil granulocytes were treated with 12.5 or 25 puM hemin in the absence or presence of 100 uM MAA for 24 h.
(B) Effect on adenylate kinase release (marker of membrane integrity), (C) effect on intracellular ATP concentration. *p < 0.05 vs. control incubations (Ctrl), Ctrl:

control, Tx: 0.1% Triton X, MAA: N-methyl-4-aminoantipyrine.

significant increase in the observed membrane toxicity or a decrease in
the cellular ATP content. These findings were confirmed by the staining
for apoptotic and necrotic cells, where only methemoglobin showed a
significant higher percentage of apoptotic (but not necrotic) cells than
control incubations (Fig. 5C). The addition of MAA did not significantly
increase the percentage of apoptotic or necrotic cells in the presence of
hemoglobin or methemoglobin.

Since hemoglobin and methemoglobin represent large molecules
wherein the iron ions are embedded, it is uncertain whether MAA was
able to get in contact with the iron ions. We therefore also assessed the
cytotoxicity of hemin, an early breakdown product of hemoglobin.
Hemin consists of Fe?* within a protoporphyrin ring but, in contrast to
hemoglobin, without the globin chains [36]. The iron is therefore
probably more accessible for external molecules. As shown in Fig. 5D,
hemin alone affected membrane integrity and this toxicity was sig-
nificantly increased by MAA. Similarly, hemin alone reduced the ATP
content of HL60 cells and this effect was accentuated in the presence of
MAA (Fig. 5E). These results were confirmed by staining for apoptotic
and necrotic cells, where the percentage of apoptotic cells was sig-
nificantly increased by MAA and hemin compared to hemin alone
(Fig. 5F). In order to confirm these results, we determined the activity
of the pro-apoptotic caspases 3 and 7. After 24 h of incubation, the
combination of hemin and MAA significantly increased the activity of
caspase 3 in comparison to MAA or hemin alone (Fig. 6A), confirming
the results shown in Fig. SE.

Interestingly, freshly isolated neutrophils were much more resistant
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to the toxic effects of hemin and MAA (Fig. 6B and C). The hemin
concentration (12.5 uM) that induced membrane toxicity in HL60 cells
was not cytotoxic and depleted the cellular ATP pool only slightly.
Furthermore, the addition of MAA did not increase plasma membrane
toxicity or cellular ATP depletion in the presence of hemin. In contrary,
MAA attenuated the drop in ATP in presence of 12.5 uM hemin.

3.6. Effect of EDTA on plasma membrane toxicity of MAA in HL60 cells

The next step was to expose HL60 cells to EDTA in order to chelate
iron. In incubations containing MAA and hemin, EDTA reduced the
plasma membrane toxicity of MAA and hemin to almost control levels.
EDTA also attenuated the ATP depletion associated with MAA and
hemin. These findings confirmed the important role of iron in the
toxicity of hemin and MAA (data not shown).

3.7. Prevention of the plasma membrane toxicity of MAA with antioxidants

A possible explanation of the toxicity of MAA associated with hemin
is the formation of reactive metabolites (radicals) from MAA [22]. We
investigated this possibility by the addition of antioxidants to the in-
cubations, which can trap electrophilic reactive metabolites such as
radicals. As shown in Fig. 7A and B, the addition of NAC efficiently
prevented plasma membrane toxicity and ATP depletion associated
with hemin or the combination of hemin and MAA, suggesting that the
formation of reactive intermediates was responsible for the observed
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Fig. 7. Effect of N-acetylcysteine (NAC), glutathione (GSH), and MAA on the effect of hemin on HL60 cells. Cells were treated with hemin in absence or presence of
NAC or MAA for 24 h. (A) Effect on adenylate kinase release (marker of membrane integrity), (B) effect on intracellular ATP concentration and (C) effect on cell death
by apoptosis or necrosis. Apoptosis and necrosis were assessed by staining with Annexin V and propidium iodide, respectively. Cells were treated with hemin in
absence or presence of GSH or MAA for 24 h. (D) Effect on adenylate kinase release (marker of membrane integrity), (E) effect on intracellular ATP concentration.
*p < 0.05 vs. control incubations (Ctrl), "p < 0.05 vs. incubations w/o NAC or GSH of the same treatment group. Ctrl: control, Tx: 0.1% Triton X, MAA: N-methyl-

4-aminoantipyrine.

toxicity. As shown in Fig. 7C, NAC also increased the percentage of
viable and reduced the percentage of apoptotic cells when co-incubated
with hemin or the combination hemin and MAA compared to the re-
spective incubations without NAC. As shown in Fig. 7D and 7E, glu-
tathione also reduced membrane toxicity and ATP depletion when co-
incubated with hemin or the combination hemin and MAA compared to
the respective incubations without glutathione.

These results confirm the iron-associated formation of reactive
metabolites as a mechanism for the toxicity of MAA on HL60 cells.

3.8. Spectrophotometric monitoring of the interaction of MAA with hemin

It is known that MAA interacts with Fe*" ions in aqueous solution
through an electron exchange that reduces Fe** to Fe*". The reaction
of MAA with FeCl; has been used as an analytical method to detect the
presence of MAA. The amount of analyte has been assessed from both
absorption of the Fe®*-(MAA) complex [37] and of [Fe(pherl)g]2 * after
reduction of Fe®* to Fe** by MAA [38].

Once iron is coordinated by a rigid square-planar ligand such as
hemin, it is not available to form a complex with either MAA or 1,10-
phenanthroline. If Fe®* is reduced to Fe?* in hemin by MAA, the re-
duction process should result in different spectroscopic properties of the
porphyrin core. Keeping this in mind, we performed a spectro-
photometric titration to assess the effect of MAA on hemin absorption.
As shown in Fig. 8A, the addition of small amounts of MAA resulted in a
decrease and redshift of the hemin absorption bands. In the region
between 450 and 650 nm two bands remained, a spectroscopic signal of
a metallated porphyrin core. In comparison, the spectrum of non-me-
tallated protoporphyrin contains four bands in this region
[39,40,38,37].
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The absorption spectrum indicated that the electronic properties of
the hemin ring were changing, possibly due to a change in the oxidation
state of the aromatic ring or of the coordinated metal centre.

3.9. Product identification by NMR

After having confirmed an interaction between MAA and hemin, we
moved on to the identification of the product resulting from this reac-
tion. NMR spectroscopy was the analytical method of choice, since it
allows structural elucidation at both the proton and carbon level. We
therefore incubated MAA and hemin in D,O at 37 °C for 192 h. From 'H
NMR spectra obtained at different time points, it is evident that MAA
converted to a single reaction product in less than 95h under our ex-
perimental conditions (Fig. 8B). The product did not undergo further
transformations when incubated under these conditions for another
four days.

Fig. 8C and D show a comparison of the 'H and '*C NMR spectra of
the starting material MAA, the demethylated derivative AA and the
reaction product detected under our experimental conditions. The sig-
nals have been assigned through 2D NMR experiments (COSY, NOESY,
HMBC and HMQC) (Fig. 9A-C). The spectra show that the reaction
product was not AA and allowed us to propose a possible structure of
the reaction product (Fig. 8C).

A possible reaction sequence leading to the proposed product is
given in Fig. 9E. Finally, we simulated the 13C NMR spectrum of the
proposed product using the ChemBioDraw Ultra 14.0 software, which
yielded a good match with the experimental spectrum (Fig. 9D).
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4. Discussion

The current study shows that MAA, AA, FAA and AAA alone were
not toxic for HL60 cells, that MAA did not significantly increase the
toxicity of Fe?*, Fe**, hemoglobin or lactoferrin and that MAA in-
creased the toxicity of H,O, only at high concentrations (100 uM). On
the other hand, MAA reduced Fe** to Fe?" in hemin by a reaction
producing reactive intermediates which may explain the increased cy-
totoxicity of hemin by MAA.

After having shown that MAA, AA, AAA and FAA are not toxic on
HL60 cells and freshly isolated granulocytes up to 200 uM, we in-
vestigated the possibility that active and possibly cytotoxic metabolites
could be formed via substrates and/or products of the myeloperoxidase
reaction. Utrecht et al. have shown previously that toxic products can
be formed from aminopyrine (dimethylaminoantipyrine) by hypo-
chlorite, which is a reaction product of MPO [13]. We therefore tested
the effect of MAA on HL60 cells and granulocytes at different H,O,
concentrations. At low H,0, concentrations (< 50pM), MAA was
protective for membrane toxicity and ATP depletion by H,0;, and only
at the highest H,O, concentration tested (100 uM), we observed an
increased cytotoxicity associated with MAA. In plasma, H;O, con-
centrations are dependent on race and gender and vary between 1 and
S5uM [41,42], In patients with inflammatory diseases, the H,0O, con-
centration in plasma can reach 50 uM and up to 100 uM in activated
phagocytes [42,43]. We could therefore not completely exclude the
possibility that MAA in combination with high H,0, concentrations
could become cytotoxic for cells in bone marrow. On the other hand,
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taking also into account the lack of toxicity on HL60 cells for the
combination 100 uM hypochlorite and MAA, led us to the conclusion
that substrates and/or reaction products of MPO are an unlikely cause
for MAA-associated myelotoxicity.

Next, we studied the possibility that the Fenton reaction could play
a role in MAA-associated myelotoxicity. The Fenton reaction describes
the oxidation of organic substrates in the presence of iron salts and
H,0, [22]. It has recently been described by Giri and Golder that me-
tamizole can be degraded by a Fenton reaction [44]. Although Giri and
Golder used different conditions compared to the current study, e.g. a
cell-free system, high H;0, concentrations (22.5mM) and an acid
milieu (50 mM H,S0,), they demonstrated that metamizole can be
degraded in the presence of Fe?* and H,0, via several steps eventually
leading to the production of hydroxyl radicals. In the current study,
aqueous Fe?* and Fe** were not cytotoxic for HL60 cells, irrespective
of the absence or presence of MAA. In addition, Fe*" did not increase
the toxicity of H,0,, and, similar to incubations containing only H,0,,
MAA was protective in the presence of Fe** and H,0, combinations at
H,0; concentrations < 100 uM. These results suggested that the Fenton
reaction played no important role in the myelotoxicity of MAA. Pierre
et al. have described a change in the absorption spectrum of MAA in the
presence of Fe** (or Fe®*) and H,0,, suggesting that MAA can react
with Fe?* (or an intermediate of the Fenton reaction) under these
conditions [24]. However, in the study of Pierre et al., the change in the
absorption spectrum of MAA in the presence of Fe?* and H,0, was
much smaller than the change observed in the presence complexed iron
such as hemin. Taking into account the study of Pierre et al. [24] and



TOXICOLOGICAL IN ITTRO INVESTIGATIONS

D. Rudin, et al. Biochemical Pharmacology 163 (2019) 345-356
HE HE
A H12 " B iz w E
Wil WO HIL g |
I | ol y
1o - [0
W— L5 alu
1 20 {?( 40
3 Wio b j: =
™3 o
15 w
a0 n
et a5 %0
50 90
55 100
HID :5 o1 i
e Wi 78 oo th]
L) 75 b+ 1} 130
0
7.5 7.0 65 60 55 50 45 40 35 10 25 20 L5 1.0 75 70 &5 E0 S5 50 45 40 35 10 25 10 15
H12 e W7 c o e
ML yg
¥, — S
1 '
" m o« ollew ©© -
s 3
o [ £
i =
w
100 - -
110
-
120 £ w 0 [ = =, ™ " « %
130 g [ cw
o g 4 ¢ o
150 3 oo
160 g e |
S ORI 1, RS
75 I =

75 70 65 60 55 50 45 40 15 10 25 20 15 1.0

Fig. 9. Reaction pathway and comparison of the reaction product with simulated 13C NMR spectrum. (A) 500 MHz NOESY spectrum of a D,0 solution of the reaction
product (295K). & = 4.79 ppm residual solvent peak. (B) HMQC spectrum (*H, 500 MHz; '3C, 126 MHz) of a D,0 solution of the reaction product (295 K).
& = 4.79 ppm residual solvent peak. Hydrogen-bearing carbons are assigned. (C) HMBC spectrum (‘H, 500 MHz; '*C, 126 MHz) of a D,O solution of the reaction
product (295K). § = 4.79 ppm residual solvent peak. Quaternary carbons are assigned. (D) The simulated '*C NMR spectrum of the proposed product (using
ChemBioDraw Ultra 14.0 software) yielded a good match with the real spectrum. (E) The proposed reaction pathway is based on the publication by Giri and Golder
(44). This pathway includes an electrophilic intermediate, which may be trapped by electron donors such as NAC and glutathione and which may be cytotoxic. MAA:

N-methyl-4-aminoantipyrine, A: antipyrine, 4,5-0OH-A: 4,5-dihydroxyantipyrine

the results of the current study we can conclude that MAA can be in-
volved in Fenton reactions, but that such reactions are not associated in
toxicity on HL60 cells. We therefore also excluded Fenton reactions as a
likely possibility of cytotoxicity associated with MAA.

As shown by Pierre et al. [24], MAA and AA (but not FAA and AAA)
can react with complexed iron. We therefore studied possible interac-
tions of MAA with lactoferrin, hemoglobin and methemoglobin. Lac-
toferrin is a serin protease containing Fe>* which is expressed in pro-
myelocytes during the development of neutrophil granulocytes [31,32].
It is stored in secondary granules of neutrophils and released on the
granulocyte surface and into the blood during infections. In the current
study, lactoferrin but not apo- or holo-lactoferrin was slightly mem-
brane-toxic on HL60 cells, but this toxicity was not increased by MAA.
We therefore excluded the possibility that cytotoxicity of MAA was
associated with lactoferrin. Similarly, hemoglobin and methemoglobin
were slightly membrane-toxic on HL60 cells, but did not decrease the
cellular ATP content. Sine MAA did not increase the toxicity of he-
moglobin and methemoglobin; we excluded also possibility that he-
moglobin or methemoglobin were associated with cytotoxicity of MAA.

Next, we studied a possible interaction with hemin. Hemin is the
degradation product of hemoglobin and contains Fe®* in a porphyrin
ring [45]. Hemin can be taken up by cells and can react with H,O, to
produce cytotoxic radicals. Hemin itself was membrane-toxic and de-
creased the ATP content of HL60 cells and this toxicity was significantly
increased by the addition of MAA. Further experiments showed that the
toxicity of hemin and the combination hemin and MAA could almost
completely be prevented by EDTA and by antioxidants such as NAC and
glutathione. These findings indicated that Fe** and radical formation
plaid a role in the toxicity of hemin and of the combination hemin and
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MAA. In spectrophotometric experiments, we could confirm an inter-
action between MAA and hemin. NMR studies allowed us then to
identify a final reaction product and, based on the publication by Giri
and Golder [44], to propose a reaction sequence leading to the stable
reaction product. This sequence starts with N-demethylation and yields
a reactive electrophilic intermediate that may be responsible for the
cytotoxicity of the combination MAA and hemin. The formation of an
electrophilic intermediate is in agreement with the finding in the cur-
rent study that the antioxidants (or electron donors) NAC and glu-
tathione were able to prevent the toxicity of MAA and hemin.

The current study suggests that the availability of hemin, e.g. after
bleeding or after hemolysis represents a risk factor for MAA-associated
myelotoxicity. In the study of Blaser et al. [7], patients with pre-existing
hypersensitivity reactions, concomitant drugs known to be associated
with leukopenia, hepatitis C infection and pre-existing hematological
diseases were overrepresented in patients with metamizole-associated
leukopenia compared to control persons, but only a minority of the
patients was carrier of such factors. While immunological factors may
trigger metamizole-associated granulocytopenia in some patients, non-
immunological factors may trigger this adverse reaction in others. In-
creased breakdown of erythrocytes with abundant hemin may be one of
them.

In conclusion, MAA, the principle metabolite of metamizole, clearly
increased the cytotoxicity of hemin by a reaction involving the forma-
tion of an electrophilic metabolite. Toxicity could be prevented by
electron donors such as NAC and glutathione. Situations with increased
production of hemin such as extravascular hemolysis may be a risk
factor for metamizole-associated granulocytopenia.
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ARTICLE INFO ABSTRACT
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Metamizole is an analgesic and antipyretic with a superior analgesic efficacy than paracetamol. Since meta-
mizole can cause neutropenia and agranulocytosis, it is currently used in only few countries. In a previous study,
we have shown that N-methyl-4-aminoantipyrine (MAA), the active metamizole metabolite, reacts with hemin
and forms an electrophilic metabolite that is toxic for HL60 cells, but not for mature neutrophil granulocytes. In
the current study, we investigated the toxicity of hemin (12.5uM) and MAA (100 pM) on differentiating HL60
cells. In undifferentiated HL60 cells, hemin decreased the viability and this effect was significantly increased by
MAA. Similarly, hemin/MAA was more toxic than hemin alone on human cord blood cells. At 3 days (meta-
myelocyte stage) and 5 days of differentiation (mature neutrophils), hemin/MAA was not toxic on HL60 cells,
whereas hemin alone was still toxic. No toxicity was observed on freshly isolated human neutrophils. The protein
expression of enzymes responsible for hemin metabolism increased with HL60 cell differentiation. Inhibition of
heme oxygenase-1 or cytochrome P450 reductase increased the toxicity of hemin and hemin/MAA in un-
differentiated, but only for hemin in differentiated HL60 cells. Similar to the enzymes involved in hemin me-
tabolism, the protein expression of enzymes involved in antioxidative defense and the cellular glutathione pool
increased with HL60 cell differentiation. In conclusion, HL60 cells become resistant to the toxicity of hemin/
MAA and partly also of hemin during their differentiation. This resistance is associated with the development of
heme metabolism and of the antioxidative defense system including the cellular glutathione pool.

1. Introduction

Metamizole is a non-opioid analgesic, antipyretic, and spasmolytic
prodrug often prescribed in certain countries due to its good efficacy
and low gastrointestinal toxicity (Blaser et al., 2015; Sanchez et al.,
2002). After oral application, it is rapidly converted non-enzymatically
to the active drug N-methyl-4-aminoantipyrine (MAA) in the gut and in
the mesenteric and portal circulation. Despite the favorable safety
profile of metamizole, susceptible patients may experience neutropenia
or agranulocytosis, a severe and potentially fatal decrease of circulating
neutrophil granulocytes (Blaser et al., 2017, 2015). The mechanisms
underlying metamizole-induced neutropenia are poorly understood,
and there are currently no strategies to predict in whom neutropenia is
likely to occur, nor to prevent this life-threatening adverse drug reac-
tion (Andres and Maloisel, 2008; Garbe, 2007). Bone marrow biopsies
of affected patients showed a stop at the promyelocyte and myelocyte

stage in granulocyte maturation (Kummer et al., 2006), demonstrating
that the effect of metamizole on neutrophil granulocytes occurs in the
bone marrow and not in the peripheral circulation. This is in agreement
with findings of a previous study (Rudin et al., 2019) showing that the
main metamizole metabolite MAA reacts with the hemoglobin break
down product hemin to a reactive intermediate that is cytotoxic for
promyelocytic HL60 cells, but not for mature neutrophil granulocytes.
This suggests that the cellular heme metabolism and/or antioxidative
capacity changes during granulocyte differentiation, rendering the cells
less susceptible to the reactive MAA intermediate. Enzymes involved in
heme metabolism are heme oxygenase-1 (HO-1) that degrades heme to
biliverdin, which is then further metabolized to bilirubin by biliverdin
reductase (BVR) (Baranano et al., 2002; Pimstone et al., 1971;
Tenhunen et al., 1968). Both enzymes need electrons transferred from
NADPH by cytochrome P450 reductase (CYPOR) (Emerson and LeVine,
2000; Takao et al., 2017). These enzymes, which are involved in heme
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metabolism, may affect the resistance development of differentiating
myeloid cells towards heme and heme combined with MAA.

In addition, neutrophils develop their antioxidative defense system
during myeloid maturation (Ballinger et al., 1994; Bardoel et al., 2014).
According to Ighodaro and Akinloye, the first line antioxidative defense
of most mammalian cells consists of superoxide dismutase (SOD), cat-
alase, and glutathione peroxidase (GPX) (Ighodaro and Akinloye,
2018). These enzymes interrupt the formation of radicals before any
damage occurs. The second line antioxidative defense scavenges or
neutralizes radicals formed mainly by electron donation. Within this
group, glutathione (GSH) represents the most abundant cellular radical
scavenger, which is able to neutralize a wide variety of reactive mole-
cules (Galano and Alvarez-Idaboy, 2011; Ighodaro and Akinloye, 2018).
Both the first and second line antioxidative defense system may change
its activity during myeloid differentiation, which could influence the
cellular susceptibility towards reactive molecules.

In the current study, we assessed the susceptibility of un-
differentiated and differentiating HL60 cells and isolated human neu-
trophils to reactive MAA intermediates and related the findings to the
activity of heme metabolism and the antioxidative defense during cell
maturation. The current study shows that already after 3 days of dif-
ferentiation, when undifferentiated HL60 cells have reached meta-
myelocyte stage, cells are significantly more resistant against the toxi-
city of MAA added to hemin. The corresponding mRNA and protein
expression generally showed increases for heme metabolizing and an-
tioxidative enzymes. This increase in the capacity for heme metabolism
and antioxidative defense can explain the resistance of mature neu-
trophils towards MAA in the presence of hemin.

2. Materials and methods
2.1. Chemicals and reagents

N-methyl-4-aminoantipyrine (MAA), hemin, doxorubicine, staur-
osporine, diphenyleneiodonium (DPI), all-trans-Retinoic acid (ATRA),
sodium hydroxide (NaOH) and sodium chloride (NaCl), were purchased
from Sigma-Aldrich (Buchs, Switzerland). Zinc (II) protoporphyrin IX
(ZnPP) was obtained from Enzo Life Sciences AG (Lausen, Switzerland).
Dextran 500 was purchased from Roth AG (Arlesheim, Switzerland). All
other chemicals used were obtained at the highest quality from dif-
ferent suppliers.

2.2. CFU-GM assay

Frozen aliquots of cord blood cells were kindly provided by Dr.
Swarna Maseneni, University of Basel. The Ethics Committee of
Nordwest- and Zentralschweiz had approved the study protocol for the
isolation of human mononuclear cells (hMNCs). Immature myeloid cells
from umbilical cord blood were used as model for neutrophil precursors
in the bone marrow. To conduct the CFU-GM assay, the standard op-
erating procedure established by Pessina et al. (Pessina et al., 2001) was
used. Briefly, frozen aliquots of cord blood cells were thawed at 37 °C
and washed twice with IMDM medium containing 20% FBS (Gibco,
Lucerne, Switzerland). The cell viability was assessed by trypan blue
exclusion and always exceeded 90%. To confirm the relationship be-
tween seeded cells and colonies obtained, an internal linearity control
was performed. Therefore, 2.5 x 10%, 5 x 10% 7.5 x 10 and
10 x 10* cells per plate were seeded. For cytotoxicity assays, 5 x 10*
cells were seeded in duplicate in 35 mm petri dishes containing Meth-
oCult™ H4534 Classic without EPO methylcellulose medium (Stemcell™
Technologies, Vancouver, Canada). The cells were incubated with
100 uM MAA, 12.5uM hemin, or 100 upM MAA + 12.5uM hemin to
assess cytotoxicity. The used MAA concentration of 100 uM complies
plasma concentrations during common pharmacological treatment with
metamizole (Levy et al., 1984). Control incubations contained 1 pM
staurosporine as positive control and 0.1% DMSO (Sigma-Aldrich,
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Buchs, Switzerland) as negative control. The cells were incubated at
37 °C in a humidified atmosphere containing 5% CO,. After 14 days, the
colonies obtained were counted using an inverted microscope con-
sidering clusters containing 40 or more cells as a colony.

2.3. Differentiation of HL60 cells

HL60 cells (CCL-240, lot number 7703261, ATCC, Wesel, Germany)
were maintained in RPMI medium (Gibco, Lucerne, Switzerland) sup-
plemented with 10% FBS (Gibco, Lucerne, Switzerland) at 37 °C in a
humidified atmosphere containing 5% CO,. HL60 cells are immature
human neutrophils on the promyelocyte maturation stage, which re-
presents a maturation stage that can be affected in patients with me-
tamizole-associated neutropenia (Kummer et al., 2006). HL60 cells can
be differentiated into mature neutrophils, which have similar mor-
phologic and functional characteristics as mature neutrophils isolated
from human blood (Breitman et al., 1980; Collins et al., 1978).To in-
duce differentiation, 3.5 x 10°> HL60 cells were prepared in a T-25
seeding flask (TPP Techno Plastic Products AG, Trasadingen, Switzer-
land) and 1.25% DMSO and 1 pM ATRA were added.

To monitor the differentiation progress, the percentage of CD66a
positive cells was determined every 24 h. Therefore, 2 x 10> cells per
well were added to a 96 v-well plate (Corning, New York, USA), cen-
trifuged at 500 x g for 5min and resuspended in 30 pL staining buffer
containing fluorescent dye conjugated monoclonal antibody CD66a-
PerCP/Cy5.5 1ug (Biolegend, London, UK). As a control, unstained
cells in staining buffer (Biolegend, London, UK) were used and cells
stained with PerCP/Cy5.5 Mouse IgG2b, k isotype control antibody
(Biolegend, London, UK). The cells were incubated for 30 min at 4 °C in
the dark followed by two washes with PBS (Gibco, Lucerne,
Switzerland) containing 0.1% BSA. Subsequently, the cells were re-
suspended in (180pL) PBS for analysis by flow cytometry with a
CytoFLEX flow cytometer (Beckmann Coulter, Indianapolis, USA) and
the data was assessed using FlowJo software 10.08 (Tree Star, Ashland,
OR, USA).

2.4. Cytotoxicity assays

HL60 cells were allowed to differentiate over 5 days as mentioned
before. Every day of differentiation, samples of differentiating HL60
cells were prepared in RPMI medium without FBS in a 24-well plate (BD
Biosciences, Franklin Lakes, New Jersey, USA) at a density of 2 x 10°
cells/mL. The stock solution of MAA was prepared in DMSO and added
to the cell solution at a final concentration of 100 uM. Triton X
(Sigma-Aldrich, Buchs, Switzerland) was used at a final concentration
of 0.1% as a positive control for plasma membrane toxicity. Last, 50 pL
of hemin was added to the reaction solution at a final concentration of
12.5 uM. Since hemin is not readily soluble in PBS, it was first dissolved
in 10 mM NaOH as a 1 mM stock solution and then diluted to the final
concentration. An equivalent concentration of NaOH was added to the
vehicle control.

The concentrations of MAA and hemin were chosen based on pre-
viously obtained results (Rudin et al., 2019). Subsequently, 50 pL of
each suspension-mixture was added in triplicate to a 96-well plate (BD
Biosciences, Franklin Lakes, New Jersey, USA) and incubated for 24 h at
37 °C, 5% CO,. The DMSO concentration did not exceed 0.1% in all
incubations, including control incubations, as this DMSO concentration
is not cytotoxic (Waldhauser et al., 2006). All experiments were per-
formed in triplicates and repeated at least three times using different
cell isolations.

To assess a possible loss of plasma membrane integrity, which is
reflected by the release of adenylate kinase, the firefly luciferase system
(ToxiLight® BioAssay Kit, Lonza, Basel, Switzerland) was used. After
incubation for 24 h in presence of test compounds, 50 uL assay buffer
was added to 50 pL cell suspension from treated cells and luminescence
was measured after 5min of incubation with a Tecan Infinite pro
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200 microplate reader (Tecan, Méannedorf, Switzerland).
2.5. Determination of the cellular ATP content

HL60 cells were differentiated and treated with test compounds as
outlined above. To assess the cellular ATP content as marker for the
cellular energy metabolism, the CellTiter-Glo® luminescent assay
(Promega Corporation, Madison, USA) was used. After incubation for
24 h in presence of test compounds, 50 uL assay buffer was added to
50 uL cell suspension from treated cells and luminescence was mea-
sured after 10 min of incubation with a Tecan Infinite pro 200 micro-
plate reader (Tecan, Méannedorf, Switzerland).

2.6. Isolation of neutrophil granulocytes

Neutrophil granulocytes were isolated freshly from human whole
blood obtained from the local blood donation center Basel
(Switzerland). Since the donors remained anonymous, the study did not
require approval from the local Ethics Committee. The neutrophils were
isolated from the blood by a modification of the method described by
Klebanoff et al. (1992). Briefly, 20 mL blood was diluted with 25 mL
PBS and carefully layered over 15mlL Ficoll-Paque (GE Healthcare,
Glattbrugg, Switzerland) and centrifuged at 200g for 20 min. Next, the
pellet was mixed with 4% dextran in 0.9% NaCl solution and to allow
the erythrocytes to settle for 30 min. The supernatant layer was washed
with PBS and the remaining erythrocytes were lysed with BD Pharm
Lyse lysing buffer (BD Biosciences, Franklin Lakes, NJ, USA). Subse-
quently, we washed the cells twice with PBS and resuspended them in
RPMI medium containing 10% FBS. Viability was assessed by using
trypan blue analysis and always exceeded > 90%.

2.7. Determination of apoptosis and necrosis

To determine the percentage of dead cells (including necrotic cells
and cells in late apoptosis), we used propidium iodide (PI) (Molecular
probes, Oregon, USA), a red fluorescent dye incapable to permeate
intact or early apoptotic cells, but able to stain permeable necrotic cells
by binding to nucleic acid. After incubation of HL60 cells with 100 uM
MAA and 12.5 uM hemin for 24 h, the cells were centrifuged at 500 g for
5min and washed with PBS before PI staining (Molecular probes,
Oregon, USA) at a final concentration of 10 pug/mL. After 15 min in-
cubation in the dark, we analyzed the cells with a CytoFLEX flow cyt-
ometer (Beckmann Coulter, Indianapolis, USA) and assessed the data
using FlowJo software 10.08 (Tree Star, Ashland, OR, USA). Cells
without MAA or hemin treatment were used as control.

To determine the percentage of early apoptotic cells, we used
Annexin V, a Ca®*-dependent phospholipid-binding protein with a high
affinity for phosphatidylserine (PS). PS is located on the inner cyto-
plasmic surface of intact cell membranes. In apoptotic cells, PS is
translocated to the outer leaflet of the plasma membrane, where
Annexin V binds to it. After the incubation of HL60 cells with 100 uM
MAA and 12.5 pM hemin for 24 h, the cells were centrifuged at 500g for
5 min and washed with PBS before Alexa Fluor 488® Annexin V staining
(Molecular probes, Oregon, USA). After 15 min incubation in the dark,
we analyzed the cells with a CytoFLEX flow cytometer (Beckmann
Coulter, Indianapolis, USA) assessed the data using FlowJo software
10.08 (Tree Star, Ashland, OR, USA). Cells without MAA or hemin
treatment were used as control.

2.8. Inhibition of cytochrome P450 reductase by diphenyleneiodonium
(DPD)

To investigate whether CYPOR is involved in MAA and hemin cy-
totoxicity, the CYPOR inhibitor diphenyleneiodonium (DPI) was used
(McGuire et al., 1998). For the experiments, HL60 cells were pre-in-
cubated with 20 uM DPI for 10 min, washed twice, and then incubated
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with MAA and hemin as described before.
2.9. Inhibition of heme oxygenase by zinc (II) protoporphyrin IX (ZnPP)

HO-1 degrades the pro-oxidant heme/hemin to biliverdin (Abraham
and Kappas, 2008). To investigate the role of HO-1 in MAA/hemin
cytotoxicity, the HO-1 inhibitor ZnPP was used. HL60 cells were pre-
incubated with 10 pM ZnPP for 24 h, washed twice and recovered for
24 h, and incubated with MAA and hemin as outlined above.

2.10. Inhibition of heme oxygenase by montelukast

To assess the impact of biliverdin reductase on MAA/hemin toxicity,
HL60 cells were co-incubated with MAA and/or hemin and the bili-
verdin reductase inhibitor montelukast without pre-incubation. The
stock solution of montelukast was prepared in DMSO and added to the
cell solution at a final concentration of 1 pM and incubated with MAA
and hemin as outlined above. One pM montelukast was the highest,
non-cytotoxic concentration tested in HL60 cells (data not shown).
Treatment with MAA/hemin and cytotoxicity assays were performed as
described before.

2.11. Quantitative real-time PCR

HL60 cells were allowed to differentiate over 5 days and neutrophil
granulocytes isolated from whole blood as mentioned before. mRNA
was extracted from differentiating HL60 cells and freshly isolated
neutrophils and purified using the Qiagen RNeasy mini extraction kit
(Qiagen, Hombrechtikon, Switzerland). Purity and quantity of the ob-
tained mRNA were assessed with a NanoDrop 2000 (Thermo Scientific,
Wohlen, Switzerland) and cDNA synthesized from 1 ug mRNA using the
Qiagen omniscript system. Real-time PCR was performed in triplicate
using SYBR green (Roche Diagnostics, Rotkreuz, Basel) and specific
primers (Microsynth AG, Balgach, Switzerland) for HO-1 (forward:
5-CTTCCCCAACGAAAAGCACA-3’, reverse: 5-ACTCAGGGCTTTTGGA
GGTT-3%), SOD1 (forward: 5-TGAAGGTGTGGGGAAGCATT-3’, reverse:
5-GTCACATTGCCCAAGTCTCC-3"), SOD2 (forward: 5-GGTTGTTCAC
GTAGGCCG-3’, reverse: 5-CAGCAGGCAGCTGGCT-3’), CAT (forward:
5’-ACTGAGGTCCACCCTGACTAC-3’, reverse: 5-TCGCATTCTTAGGCT
TCTCA-3%), GPX1 (forward: 5 —CCAAGCTCAATCACCTGGTCT3’, re-
verse: 5-TCGATGTCAATGGTCTGGAA-3’), GPX4 (forward: 5-GCCAG
GGAGTAACGAAGAGA-3’, reverse: 5-TCACGCAGATCTTGCTGAAC-3),

POR (forward: 5- TCTACGACATCGTGGCTGAG-3’ reverse: 5 —
CCAAACACACCCAGGAGACT-3"), and BLVR (forward: 5-ATCTGCAGT
GAGAGCTCCAG-3’, reverse: 5-GCTCCTCGTGCAAGACTTTT-3"). We
used GAPDH as an endogenous reference (forward: 5-CATGGCCTTCC
GTGTTCCTA-3’, reverse: 5 —CCTGCTTCACCACCTTCTTGA-3"). To
perform the real-time PCR, the ViiA7 system (Thermo Fisher Scientific,
Ecublens, Switzerland) was used. Relative quantities of specifically
amplified cDNA were calculated with the comparative threshold cycle
method.

2.12. Western blot analysis

After allowing HL60 cells to differentiate for different time periods
or isolating neutrophil granulocytes from whole blood, the cells were
lysed in RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 50 mM Tris,
pH adjusted to 8.0). Next, the samples were centrifuged at 500 x g for
10min at 4°C and the supernatant was collected. Protein content of
each sample was determined using the BCA Protein Assay Kit (Pierce,
Thermo Scientific, Rockford, USA). For protein separation, the super-
natant was applied on 4-12% Bis-Tris polyacrylamide gels (Invitrogen,
Basel, Switzerland) and the samples were run under reducing condi-
tions. After separation, the proteins were transferred to 0.2 pM ni-
trocellulose membranes (Bio-Rad Laboratories AG, California, USA).
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Subsequently, the membranes were blocked with 5% nonfat dry milk in
phosphate buffered saline (PBS) (Gibco, Paisley, UK) containing 0.1%
Tween-20 (Sigma-Aldrich, MO, USA) (PBS-Tween) for 1h at room
temperature. Afterwards, the membranes were incubated overnight
with a primary antibody (Abcam, Cambridge, United Kingdom) for
SOD1, GPX1, GPX4, and GAPDH diluted 1:5000, SOD2 and BLVR di-
luted 1:1000, and HO-1, CAT, and POR diluted 1:500, 1:2000 and
1:107000, respectively, in blocking buffer. The next day, the membranes
were incubated for 1h with the corresponding secondary antibody
(Santa Cruz Biotechnology, USA) diluted 1:2000 in 5% nonfat milk in
PBS-Tween. Afterwards, the membranes were washed and the im-
munoreactive bands were developed using enhanced chemilumines-
cence solution (GE Healthcare, Buckinghamshire, United Kingdom).
Chemiluminescent images were scanned and band intensities analyzed
using a Witec Fusion pulse imaging system (Witec, Sursee,
Switzerland). To correct for loading differences, the scanning units
obtained for the test proteins were divided by the scanning units ob-
tained for the housekeeping protein GAPDH.

2.13. Mitochondrial DNA (mtDNA) determination

HL60 cells were differentiated over 5 days and neutrophil granu-
locytes isolated freshly from whole blood as mentioned before. Total
DNA was extracted from differentiating HL60 cells and freshly isolated
neutrophils and purified using the Qiagen DNeasy Blood & Tissue Kit
(Qiagen, Hombrechtikon, Switzerland). Purity and quantity of the ob-
tained DNA was assessed with a NanoDrop 2000 photometer (Thermo
Scientific, Wohlen, Switzerland). Real-time PCR was performed in tri-
plicate using SYBR green (Roche Diagnostics, Rotkreuz, Basel) and
specific primers (Microsynth AG, Balgach, Switzerland) for mitochon-
drial DNA, COX-1 (forward: 5-TGCTTCACCAGGCAACTG-3’, reverse:
5-GCCAATGATCTCCAAGTTCC-3’), ND1 (forward: 5-ATGGCCAACCT
CCTACTCCT-3’, reverse: 5-CTACAACGTTGGGGCCTTT-3"), and for
nuclear DNA, ASPOLG (forward: 5-GAGCTGTTGACGGAAAGGAG-3/,
reverse: 5'-CAGAAGAGAATCCCGGCTAAG-3), 36B4 (forward: 5-GGA
ATGTGGGCTTTGTGTTC-3’, reverse: 5 —CCCAATTGTCCCCTTAC
CTT-3), were used. The mitochondrial copy number was calculated
according to Quiros et al. (Quiros et al., 2017).

2.14. Determination of GSH-NEM/GSSG content by LC-MS

GSH and glutathione disulfide (GSSG) levels in differentiating HL60
cells and neutrophil granulocytes were determined by LC—MS/MS. A
10 mM stock solution of GSH and GSSG was prepared in water sup-
plemented with 2% formic acid. GSH-d5 and GSSG-'3C,'>N? were used
as internal standards (1 mM in DMSO). The thiol group of GSH was
derivatized with N-ethylmaleimide (NEM) in order to inhibit auto-
xidation to GSSG (Giustarini et al., 2013). GSSG was stabilized by the
addition of ethylenediaminetetraacetic acid (EDTA). Thus, a derivati-
zation solution of 20 mM NEM and 2mM EDTA was prepared in a
3:1 mixture of acetonitrile:water. GSH and GSH-d5 were incubated for
1 h in the derivatization solution to form GSH-NEM and GSH-NEM-d5.
Calibration lines of GSH-NEM (250uM - 0.25uM) and GSSG
(25 uM-0.025 uM) were prepared in the derivatization solution. In-
ternal standard solution of GSH-NEM-d5 and GSSG-'3C,'°N? was made
in 2% formic acid (1 uM).

HL60 cells were differentiated over 5 days and neutrophil granu-
locytes isolated from whole blood as outlined before. Approximately 10
Mio differentiating HL60 cells or freshly isolated neutrophils were
harvested and the cytosolic fraction extracted. The samples were fur-
ther 1:3 (v/v) diluted with IS solution and kept at — 20 °C until analysis.
For LC-MS analysis, the samples were thawed; vortex mixed, and
centrifuged at 15 °C and 3220g for 30 min. Subsequently, 2.5 pL of ca-
librators and cell samples were injected into the LC-MS/MS system. A
Shimadzu HPLC (Kyoto, Japan) which was coupled to an API 4000
QTrap tandem mass spectrometer (ABSciex, Concord, Canada) was used
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to determine the GSH-NEM and GSSG levels in differentiating HL60
cells and mature neutrophils. The analytes were positively charged by
electro spray ionization and analyzed with scheduled multiple reaction
monitoring (MRM). The ion spray voltage was 5500 eV and the probe
temperature was 700 °C. The following mass were used: 433.1 —
304.0 m/z for GSH-NEM, 438.1 — 304.1 m/z for GSH-NEM-d5, 613.2 —
355.2, 483.9, 231.0 m/z for GSSG, and 619.2 — 361.0, 490.0, 230.8 for
GSSG-"3C4'°N..

GSH-NEM and GSSG were separated on a Luna omega polar C18
analytical column (50 mm x 2.1 mm, 1.6 uym, Phenomenex, Torrance,
CA, USA) at 45 °C and a flow rate of 0.4 mL/min. Water (mobile A) and
acetonitrile (mobile B) both supplemented with 0.1% acetic acid were
used as mobile phase. Samples were loaded onto the analytical column
using 0% mobile phase B and were inline diluted via a T union with
mobile phase A during the first 0.5 min of each run. After 0.5 min the
gradient was linearly increased within 1.25 min, reaching 95% mobile
phase B. The column was washed for 0.5 min at 95% and thereafter
reconditioned for another 0.75 min at 0% mobile phase B. The retention
time of GSSG and GSH-NEM was 0.56 and 1.62 min, respectively.

2.15. Statistics

Data are presented as the mean + SEM from at least three in-
dependent experiments. All statistical analyses were performed using
GraphPad Prism 7.0c (GraphPad Software, La Jolla, California, USA).
Differences between many groups were tested by one-way ANOVA
followed by Dunetts’s multiple comparison tests to localize significant
results in the ANOVA. Differences within two groups were tested by an
unpaired t-test. A p-value < 0.05 was considered to be a significant
difference.

3. Results
3.1. Susceptibility of HL60 cells during cellular differentiation

In a previous publication we have shown that the combination of
MAA and hemin, but not MAA alone, is cytotoxic in the undifferentiated
promyelocytic cell line HL60 (Rudin et al., 2019). Since the cytotoxicity
of MAA in combination with hemin was observed only in promyelocytic
HL60 cells but not in mature neutrophil granulocytes, the resistance
against the toxicity of MAA/hemin has to develop during myeloid dif-
ferentiation. The aim of the current investigation was to assess various
aspects of the differentiation of the HL60 cells and to study the toxicity
of MAA and/or hemin at different stages of differentiation. Promyelo-
cytic HL60 cells can be differentiated into mature neutrophils and
therefore represent a convenient model to investigate myeloid differ-
entiation in vitro (Collins et al., 1978; Gupta et al., 2014). We differ-
entiated promyelocytic HL60 cells to mature neutrophils over 5 days
and investigated the change in susceptibility to MAA and/or hemin. We
assessed the success of differentiation morphologically (Supplementary
Fig. 1 A—D) and by the expression of the surface marker CD66a (Sup-
plementary Fig. 1E). At day 0, the cells consisted mainly of promyelo-
cytes (Supplementary Fig. 1A), at day 3 of myelocytes and metamye-
locytes (Supplementary Fig. 1B) and at day 5 of band and mature
neutrophils (Supplementary Fig. 1C; compare with freshly isolated
human neutrophils in Supplementary Fig. 1D). The expression of the
differentiation marker CD66a steadily increased during the 5 days of
differentiation (Supplementary Fig. 1E). As shown in Supplementary
Fig. 1F, the viable portion of the HL60 cells remained constant during
differentiation.

In undifferentiated HL60 cells (day 0), both hemin and hemin/MAA
significantly reduced the viable cell population and increased the por-
tion of apoptotic cells (Fig. 1A). At this time point, MAA significantly
increased the toxicity of hemin. Fig. 1B-D show the effect of MAA and
hemin on apoptosis, necrosis and viability of the HL60 cells during
differentiation. During differentiation, the proportion of apoptotic
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Fig. 1. Effect of N-methyl-4-aminoantipyrine (MAA) and hemin on differentiating HL60 cells and on differentiating myeloid progenitor cells obtained from human umbilical
cord blood. Differentiating HL60 cells were treated with MAA and hemin for 24 h and (A) effect on viability. (B) effect on apoptosis, (C) and effect on necrosis were
assessed with progressing differentiation. (D) Percentage of viable, apoptotic and necrotic cells at day 0 and day 5 of differentiation. Apoptosis and necrosis were
assessed by staining with annexin V and propidium iodide, respectively. Myeloid progenitor cells were obtained from one donor per experiment and were treated
with (E) MAA and (F) MAA and hemin for 14 days and the effect on number of colonies assessed. Data represent the mean + SEM of three independent experiments,
each value per experiment assessed in duplicate. *p < 0.05 vs. control incubations. Ctrl: control, STS: 1 uM staurosporine.

(Fig. 1B and D) and necrotic cells (Fig. 1C and D) steadily decreased in
the presence of hemin or hemin and MAA, while viability increased
(Fig. 1D). During differentiation, hemin alone became more toxic than
the combination of hemin and MAA (Fig. 1A and D).

3.2. Susceptibility of immature myeloid cells to MAA and hemin

To confirm the findings on undifferentiated HL60 cells (day 0), we
investigated the toxicity of MAA with and without hemin on immature
myeloid cells from umbilical cord blood using colony forming assays.
We incubated human umbilical cord blood cells for 14 days with in-
creasing concentrations of MAA (1-200 pM) or the combination of MAA
and hemin (12.5puM). As shown in Fig. 1E, none of the tested MAA
concentrations reduced the number of cell colonies. Similarly, hemin
alone was not cytotoxic (Fig. 1F). However, treatment with MAA
(100 uyM) and hemin (12.5puM) reduced the number of colonies sig-
nificantly by approximately 30% compared to control incubations
(Fig. 1F), confirming the results obtained with undifferentiated HL60
cells.

3.3. Heme metabolism

As shown in Fig. 1 and in our previous publication (Rudin et al.,
2019), hemin is needed to cause cytotoxicity in MAA treated immature
myeloid cells and in promyelocytic HL60 cells. However, with pro-
gressing differentiation, the previously sensitive HL60 cells become
resistant to the toxicity of MAA and hemin. This may be due to

increasing heme metabolism and/or the ability to neutralize the formed
MAA electrophilic intermediate, which is the assumed cytotoxic reac-
tion product of hemin and MAA (Rudin et al., 2019). The enzymes in-
volved in heme metabolism are depicted in Supplementary Fig. 2. Heme
oxygenase-1 (HO-1) is essential for degrading the toxic heme/hemin to
biliverdin, which is further reduced to bilirubin and finally excreted in
urine and feces (Chowdhury and Chowdhury, 1983). HO-1 and bili-
verdin reductase (BVR) both need electrons for their function, trans-
ferred from NADPH by cytochrome P450 reductase (CYPOR)
(Sugishima et al., 2014). We therefore investigated the possibility that
impairment of HO-1, CYPOR or BVR could be involved in MAA/hemin
cytotoxicity by inhibition experiments.

3.4. Expression of heme oxygenase-1 (HO-1) during HL60 differentiation
and effect of the inhibition of HO-1 on the cytotoxicity of MAA and hemin

As shown in Fig. 2A, HO-1 mRNA expression increased over twofold
during HL60 differentiation and was more than tenfold higher in ma-
ture neutrophil granulocytes compared to undifferentiated HL60 cells.
Similarly, HO-1 protein expression increased almost sixfold during
differentiation and was more than tenfold higher in neutrophil granu-
locytes compared to undifferentiated HL60 cells (Fig. 3B, Supplemen-
tary Fig. 4A). These findings suggested that heme metabolism is im-
portant in HL60 cells and neutrophils.

In order to study a possible involvement of HO-1 in the toxicity of
hemin and/or MAA, we used the competitive HO-1 inhibitor zinc pro-
toporphyrin IX (ZnPP) (Rodgers et al., 1990; Vreman et al., 1991). HO-1
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Fig. 2. Expression of heme oxygenase-1 (HO-1) during HL60 cell differentiation and effect of the inhibition of HO-1 by zinc protoporphyrin (ZnPP) on the toxicity of MAA and
hemin on undifferentiated and differentiated HL60 cells. (A) Expression of HO-1 mRNA in differentiating HL60 cells and neutrophil granulocytes relative to un-
differentiated HL60 cells. “p < 0.05 vs. undifferentiated HL60 cells. (B) Expression of HO-1 protein in differentiating HL60 cells and neutrophil granulocytes
relative to undifferentiated HL60 cells. *p < 0.05 vs. undifferentiated HL60 cells. For the inhibition experiments, cells were treated with MAA and hemin for 24 h
with or without pretreatment with 10 pM ZnPP. (C) Effect on adenylate kinase release (marker of membrane integrity) in undifferentiated HL60 cells. (D) effect on
intracellular ATP concentration in undifferentiated HL60 cells. (E) effect on adenylate kinase release in HL60 cells differentiated for 4 days. (F) effect on intracellular
ATP concentration in HL60 cells differentiated for 4 days. Data represent the mean *+ SEM of three independent experiments, each value per experiment assessed in
triplicate. *p < 0.05 vs. control incubations w/o drug, *p < 0.05 vs. incubations w/o0 ZnPP pretreatment of the same treatment group. Neutrophils were obtained

from different healthy donors; cells from one donor were used per experiment. MAA: N-methyl-4-aminoantipyrine.

inhibition should lead to higher hemin availability and should thereby
increase the toxicity of hemin and of the electrophilic intermediates of
MAA after reaction with hemin. The susceptibility to hemin/MAA was
assessed in undifferentiated HL60 cells and in HL60 cells after 4 days of
differentiation. As shown in Fig. 2C-F, ZnPP pretreatment did not affect
membrane integrity or decrease the ATP content. In incubations con-
taining hemin and MAA, ZnPP decreased the membrane integrity sig-
nificantly in undifferentiated HL60 cells (Fig. 2C), but not after 4 days
of differentiation (Fig. 2E). Similarly, as shown in Fig. 2D, ZnPP sig-
nificantly intensified the ATP depletion associated with hemin and
MAA in undifferentiated HL60 cells and to a smaller extent in differ-
entiated HL60 cells (Fig. 2F). These results were confirmed by staining
for apoptotic and necrotic cells, where the percentage of viable cells
was decreased and the necrotic cells significantly increased by ZnPP
pretreatment in undifferentiated HL60 cells (Supplementary Fig. 3A).
The increase in cytotoxicity of hemin and MAA by ZnPP was still ob-
servable in differentiated HL60 cells, but this increase was only nu-
merical and did not reach statistical significance compared to cells
without ZnPP pretreatment (Supplementary Fig. 3B). These findings
suggested a role of heme metabolism in the differentiation of HL60 cells
and in the development of resistance against the toxicity of hemin and
MAA.
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3.5. Expression of cytochrome P450 reductase (CYPOR) during HL60
differentiation and effect of the inhibition of cytochrome P450 reductase on
the cytotoxicity of MAA and hemin

As shown in Fig. 3A, the CYPOR mRNA content increased to a
maximum at day 3 followed by a decrease until day 5 of differentiation.
In mature neutrophil granulocytes, the mRNA content was half as much
as in undifferentiated HL60 cells. The corresponding protein expression
was delayed compared to the RNA expression, reaching a maximum at
differentiation day 5. In comparison, the CYPOR protein expression in
mature neutrophils was lower compared to differentiated HL60 cells
(Fig. 3B, Supplementary Fig. 4A).

The flavoprotein inhibitor diphenyleneiodonium (DPI) was used to
inhibit cytochrome P450 reductase. Fig. 3C shows that pretreatment
with DPI increased the membrane toxicity of MAA/hemin significantly
compared to hemin/MAA without DPI in undifferentiated HL60 cells
(day 0). Further, DPI significantly decreased the cellular ATP content of
cells treated with hemin/MAA and hemin alone compared to the re-
spective incubations without DPI (Fig. 3D). These results were con-
firmed by the determination of the viable, apoptotic, and necrotic
portions of HL60 cells treated with these compounds in undifferentiated
HL60 cells. The viable part of treated cells was decreased after DPI
pretreatment with predominantly increased apoptotic cell parts (Sup-
plementary Fig. 3C). In comparison, after 4 days of differentiation, DPI
pretreatment did not significantly affect the membrane toxicity of
hemin or the combination of hemin and MAA compared to control
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Fig. 3. Expression of cytochrome P450 reductase (CYPOR) during HL60 cell differentiation and effect of POR inhibition by diphenyleneiodonium (DPI) on the toxicity of MAA
and hemin on undifferentiated and differentiated HL60 cells. (A) CYPOR mRNA expression in differentiating HL60 cells and neutrophil granulocytes relative to un-
differentiated HL60 cells (day 0). *p < 0.05 vs. undifferentiated HL60 cells. (B) CYPOR protein expression in differentiating HLE0 cells and neutrophil granulocytes
relative to undifferentiated HL60 cells (day 0). "p < 0.05 vs. undifferentiated HL60 cells. For the inhibition experiments, cells were treated with MAA and hemin for
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intracellular ATP concentration in undifferentiated HL60 cells. (E) effect on adenylate kinase release in HL60 cells differentiated for 4 days. (F) effect on intracellular
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obtained from different healthy donors; cells from one donor were used per experiment. MAA: N-methyl-4-aminoantipyrine.

incubations (Fig. 3E). However, hemin was associated with a significant increased with progressing differentiation until day 4 and then de-
drop in the cellular ATP content, which was not increased by MAA but creased at day 5 (Fig. 4B). In mature neutrophil granulocytes, the BVR
by the addition of DPI (Fig. 3F). protein expression was fivefold higher than in undifferentiated HL60
Overall, DPI pretreatment amplified the toxicity of hemin and of the cells, but clearly lower than in the differentiated HL60 cells.
combination hemin/MAA in undifferentiated and of hemin in differ- In undifferentiated HL60 cells, the addition of the BVR inhibitor
entiated HL60 cells, suggesting an involvement of heme metabolizing montelukast was associated with an increase in the fraction of necrotic
enzymes in hemin/MAA cytotoxicity in undifferentiated HL60 cells. HL60 cells, whereas the apoptotic cell fraction decreased and viability

remained unchanged compared to the corresponding incubations
without montelukast (Fig. 4C). In the presence of montelukast, the
addition of MAA to hemin had no significant effect on viability. After 4
days of differentiation, neither hemin nor MAA or the combination
hemin and MAA decreased the viability of HL60 cells significantly, ir-
respectively of the presence of montelukast (Fig. 4D).

These results suggested an involvement of BVR in the emerging
resistance towards the toxicity of hemin/MAA during HL60 differ-
entiation.

3.6. Expression of biliverdin reductase (BVR) during HL60 cell
differentiation and effect of the inhibition of biliverdin reductase on the
cytotoxicity of MAA and hemin

The second degrading step of the heme metabolism consists of the
conversion of biliverdin to bilirubin by BVR. Bilirubin is an antioxidant
(Baranano et al., 2002; Florczyk et al., 2008) and malfunction or in-
hibition of biliverdin reductase, leading to decreased bilirubin levels,
may increase the susceptibility of cells towards electrophilic molecules,
which are produced when MAA reacts with hemin (Rudin et al., 2019). 3.7. Change of superoxide dismutases (SOD) 1 and 2 during myeloid
Therefore, we assessed the mRNA and protein expression of BVR during differentiation
HL60 differentiation as well as in freshly isolated neutrophil granulo-
cytes. In contrast to HO-1 and CYPOR, the mRNA expression of BVR Beside increased heme metabolism capacity, the observed resistance
dropped rapidly during HL60 differentiation to less than 10% after 5 of differentiated HL60 cells and neutrophil granulocytes to hemin and
days, which was comparable to the value observed in mature neutrophil MAA may originate from a higher antioxidative capacity of these cells.
granulocytes (Fig. 4A). However, the BVR protein content first The cellular antioxidative capacity, consisting of radical degrading
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Fig. 4. Expression of biliverdin reductase (BVR) in differentiating HL60 cells and neutrophil granulocytes and effect of the inhibition of BVR by montelukast on the toxicity of
MAA and hemin on undifferentiated and differentiated HL60 cells. HL60 cells were differentiated over 5 days and neutrophil granulocytes isolated from whole blood. (A)
BVR mRNA expression in differentiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. (B) BVR protein expression in differentiating
HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. “p < 0.05 vs. undifferentiated HL60 cells. For the inhibition experiments, cells were
treated with MAA and hemin for 24 h with or without pretreatment with 1 pM montelukast. (C) Effect of montelukast on viability of undifferentiated HL60 cells (day

0). (D) Effect of montelukast on viability of HL60 cells differentiated for 4 days. Data represent the mean * SEM of three independent experiments, each value per

experiment assessed in triplicate. *p < 0.05 vs. control incubations w/o drug,

*p < 0.05 vs. incubations w/o montelukast pretreatment of the same treatment

group. Neutrophils were obtained from different healthy donors; cells from one donor were used per experiment. MAA: N-methyl-4-aminoantipyrine.

enzymes and cellular GSH (Hayes and McLellan, 1999), may change
during cell maturation and may therefore play an important role in
hemin and MAA cytotoxicity. SOD1 and SOD2 are the major cellular
antioxidant defense system against superoxide radicals (Fukai and
Ushio-Fukai, 2011). SOD1 is mainly localized in the cytoplasm and to a
smaller extent in the mitochondrial intermembrane space (Crapo et al.,
1992; Okado-Matsumoto and Fridovich, 2001). In contrast, SOD2 is
localized solely in the mitochondrial matrix (Hsu et al., 1996). Hence,
the expression of both antioxidative enzymes was investigated in un-
differentiated and differentiating HL60 cells as well as in mature neu-
trophil granulocytes.

50

As shown in Fig. 5A, SOD1 mRNA expression in HL60 cells de-
creased with progressing differentiation and was lowest in mature
neutrophils. The corresponding protein expression increased to a
maximum at day 4 of differentiation followed by a decrease at day 5
and likewise lower SOD1 levels in mature neutrophils (Fig. 5B, Sup-
plementary Fig. 4A). Based on these observations, we considered it as
unlikely that SOD1 contributed to the increasing resistance against
hemin/MAA toxicity of differentiating HL60 cells. This may be due to
the fact that the main function of mature neutrophils is to destroy in-
vading pathogens by superoxide production, which could be impaired
by the cytoplasmic SOD1. In comparison, the highest SOD2 mRNA
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Fig. 5. Expression of superoxide dismutase in differentiating HL60 cells and neutrophil granulocytes. HL60 cells were differentiated over 5 days and neutrophil granu-
locytes isolated from whole blood. (A) Superoxide dismutase 1 (SOD1) mRNA expression in differentiating HL60 cells and neutrophil granulocytes relative to
undifferentiated HL60 cells. (B) SOD1 protein expression in differentiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. (C)
Superoxide dismutase 2 (SOD2) mRNA expression in differentiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. (D) SOD2 protein
expression in differentiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. Data represent the mean + SEM of three independent
experiments, each value per experiment assessed in triplicate. "p < 0.05 vs. undifferentiated HL60 cells. Neutrophils were obtained from different healthy donors;

cells from one donor were used per experiment.

expression was measured at day 5 of differentiation in HL60 cells and
was even higher in mature neutrophil granulocytes (Fig. 5C). Accord-
ingly, the protein expression increased about 40-fold after 4 days of
differentiation and was similar in mature neutrophils (Fig. 5D, Sup-
plementary Fig. 4A). Since SOD2 is localized in the mitochondrial
matrix, high enzyme levels will not interfere with the cellular super-
oxide production during host defense. To distinguish whether the in-
creasing SOD2 content was due to an increasing amount of mitochon-
dria or if the SOD2 concentration increased within the mitochondria,
we assessed the mitochondrial DNA copy number during HL60 cell
differentiation and in mature neutrophil granulocytes. As shown in
Supplementary Fig. 5A, the mitochondrial copy number decreased
slightly to 90% after one day of HL60 cell differentiation and remained
at this level until day 5. In mature neutrophil granulocytes the mi-
tochondrial copy number was significantly lower than in un-
differentiated HL60 cells. As shown in suppl. Fig. 5B, after 3 days of
differentiation, the SOD2 expression significantly increased when

expressed relative to the mitochondrial copy number, reaching a
maximum at day 4 of differentiation. In mature neutrophils, the SOD2
content relative to the mitochondrial copy number was even higher
than the observed maximum in differentiated HL60 cells. Thus, the
increasing SOD2 expression during HL60 differentiation as well as the
high values in mature neutrophils underscore the importance of this
enzyme for neutrophil granulocytes and suggests that it is involved in
the resistance of differentiated granulocytes towards hemin and MAA.

3.8. Change of hydrogen peroxide degrading enzymes during myeloid
differentiation

After degradation of superoxide radicals by superoxide dismutase,
the formed hydrogen peroxide is further metabolized to water and
oxygen by catalase and glutathione peroxidases (GPX) (Ighodaro and
Akinloye, 2018). Hence, we investigated the expression of catalase,
GPX1, and GPX4 in undifferentiated and differentiating HL60 cells as
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Fig. 6. Expression of catalase and glutathione peroxidases (GPX) in differentiating HL60 cells and neutrophil granulocytes. HL60 cells were differentiated over 5 days and
neutrophil granulocytes isolated from whole blood. (A) Catalase mRNA expression in differentiating HL60 cells and neutrophil granulocytes relative to un-
differentiated HL60 cells. (B) Catalase protein expression in differentiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. (C)
GPX1 mRNA expression in differentiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. (D) GPX1 protein expression in differ-
entiating HL60 cells and neutrophil granulocytes relative to undifferentiated HL60 cells. (E) GPX4 mRNA expression in differentiating HL60 cells and neutrophil
granulocytes relative to undifferentiated HL60 cells. (F) GPX4 protein expression in differentiating HL60 cells and neutrophil granulocytes relative to un-
differentiated HL60 cells. Data represent the mean *= SEM of three independent experiments. Neutrophils were obtained from different healthy donors; cells from
one donor were used per experiment.

well as mature neutrophil granulocytes. neutrophil granulocytes (Fig. 6C and E). As shown in Fig. 6D and

Catalase is predominantly located at the major site of hydrogen Supplementary Fig. 4B, the GPX1 protein expression increased during
peroxide production, the peroxisomes, but can also be found in the HL60 differentiation to almost 5 times higher expression than in un-
cytoplasm (Chelikani et al., 2004; Djordjevi¢, 2004; Zhou and Kang, differentiated cells, but decreased with further differentiation and was
2000). Since neutrophils produce the myeloperoxidase substrate hy- lower in neutrophil granulocytes than in undifferentiated HL60 cells.
drogen peroxide for host defense purposes, catalase might be necessary Similarly, GPX4 protein expression was the highest after 4 days of
to protect the cell against the self-made oxidant. As shown in Fig. 6A, differentiation (Fig. 6F, Supplementary Fig. 4B), but, in contrast to
catalase mRNA content increased over 5 fold until day 5 in differ- GPX1, was still two fold higher in neutrophil granulocytes than in un-

entiating HL60 cells and was almost 20 fold higher in neutrophil differentiated HL60 cells. These results suggested that GPX1 is not in-
granulocytes compared to undifferentiated HL60 cells. Accordingly, the volved in the resistance of neutrophil granulocytes towards hemin/

catalase protein expression increased significantly starting at day 1 MAA toxicity, but seems to play a role during myeloid differentiation.
reaching a maximum at day 4 of differentiation (Fig. 6B, Supplemen- However, GPX4 may support the resistance of differentiated HL60 cells
tary Fig. 4B). In neutrophil granulocytes, the catalase protein expres- and neutrophil granulocytes against reactive MAA intermediates.

sion was over 5 times higher than in undifferentiated HL60 cells, but

lower than in HL60 cells after 4 days of differentiation. Hence, the 3.9. Change of cellular GSH concentration during myeloid differentiation
cellular capacity to degrade hydrogen peroxide strongly increased with

progressing maturation of the cells. Therefore, catalase may be involved Beside enzymatic antioxidative defense mechanisms, GSH, the most
in the cellular resistance of differentiated HL60 cells and neutrophil abundant cytosolic thiol, is important for the cellular non-enzymatic
granulocytes against reactive MAA intermediates. antioxidant defense system by scavenging various free radicals (Galano

GPX1 and GPX4 are abundant in all mammalian cells, being re- and Alvarez-Idaboy, 2011). Cellular GSH and GSSG concentrations

sponsible for breakdown of hydrogen peroxide in mitochondria (GPX1) were measured in undifferentiated and differentiating HL60 cells. As
and phospholipid hydroperoxides (GPX4) (Chelikani et al., 2004; Ursini shown in Fig. 7A, the GSH concentration increased during HL60 cell
et al., 1985). Fig. 6C and E show that the mRNA content of GPX1 and differentiation while the corresponding GSSG levels remained almost
GPX4 increased with proceeding HL60 differentiation 1.5 fold and 2 constant. This led to a rapidly decreasing GSSG/GSH ratio during

fold, respectively, compared to undifferentiated HL60 cells. The in- progressing HL60 cell differentiation (Fig. 7B). The observed increase in
crease in GPX1 and GPX4 mRNA was even more pronounced in mature the cellular GSH pool may support the emerging resistance of
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Fig. 7. Glutathione pool in differentiating HL60 cells and neutrophil granulocytes.
HL60 cells were differentiated over 5 days and neutrophil granulocytes isolated
from whole blood. (A) Content of reduced (GSH) and oxidized glutathione
(GSS5G) in HL60 cells and neutrophil granulocytes. (B) GSSG/GSH ratio in HL60
cells and neutrophil granulocytes. Data represent the mean * SEM of three
independent experiments, each value per experiment assessed in triplicate.
*p < 0.05 vs. undifferentiated HL60 cells. Neutrophils were obtained from
different healthy donors; cells from one donor were used per experiment.

differentiating HL60 cells against the toxicity of hemin/MAA.

4, Discussion

The current study shows that MAA increases the toxicity of hemin in
immature myeloid cells but less so in HL60 cells after 3 days of dif-
ferentiation and that hemin/MAA is not toxic in mature neutrophil
granulocytes. These results demonstrate that the cells become resistant
towards the toxicity of hemin/MAA during differentiation.

We could show that the susceptibility of HL60 cells in the meta-
myelocytic differentiation stage (day 4 of differentiation) to MAA and
hemin was decreased compared to undifferentiated HL60 cells (day 0 of
differentiation). This is in agreement with bone marrow biopsies of
affected patients, which revealed a stop at the promyelocyte/myelocyte
stage in granulocyte maturation (Kummer et al., 2006). Taking into
account our previous results showing that MAA interacts with hemin in
a reaction that produces electrophilic intermediates (Rudin et al.,
2019), potential mechanisms leading to resistance to the toxicity of
hemin/MAA of differentiating HL60 cells include increased metabolism
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of heme/hemin and/or increased oxidative defense capacity.

The cellular metabolism of heme (see Supplementary Fig. 2) re-
presents an important detoxification mechanism of the highly reactive
heme (Alam, 2002). Heme or its oxidized form hemin consist of a fer-
rous or ferric iron ion, respectively, in a porphyrin ring (Robinson et al.,
2009). Heme (or hemin) is contained in the prosthetic group of various
enzymes and hemoproteins (Ponka, 1999; Severance and Hamza,
2009). It is synthesized through an enzymatic cascade that is located in
the cytosol and in the mitochondria (Lange et al., 1999; Schultz et al.,
2010). Additionally, free heme can be released from hemoglobin (or
hemin from methemoglobin) after hemoglobin degradation (Hargrove
et al., 1997; Kassa et al., 2016; Robinson et al., 2009). Extracellular
hemin can also be taken up by cells, where it can react with MAA to
produce cytotoxic reactive intermediates (Pierre et al., 2007; Rudin
et al., 2019). Heme and hemin are highly reactive molecules, damaging
various cell types by oxidizing cellular proteins and lipids (Fitch et al.,
1983; Goldstein et al., 2003; Owen et al., 2016).

HO-1 is the first enzyme involved in heme degradation, producing
biliverdin and the important signaling molecule CO (Dennery, 2014;
Tenhunen et al., 1968). HO-1 also exerts anti-inflammatory and anti-
oxidative effects by regulation of gene expression and protein transla-
tion, and by inducing DNA repair (Cai et al., 2012; Lin et al., 2007,
2008). In the absence of the HO-1 inhibitor ZnPP, the addition of MAA
to hemin increased membrane toxicity, the drop in the cellular ATP
content and the fraction of apoptotic/necrotic cells in undifferentiated
HL60 cells. In contrast, at 4 days of differentiation, MAA did not in-
crease the toxicity of hemin. The addition of the HO-1 inhibitor ZnPP
increased the toxicity of hemin and hemin/MAA at day 0. At day 4, the
addition of ZnPP only increased the drop in the cellular ATP, but did
not impair membrane integrity or cell viability. At the same time, the
protein expression of HO-1 and of the antioxidative enzymes as well as
the cellular GSH pool increased dramatically over the 4 days of dif-
ferentiation. At day 0, HL60 cells were extremely sensitive to the
toxicity of hemin, most probably due to the fact that hemin could al-
most not be degraded. As expected, when the degradation was inhibited
by the addition of ZnPP, the toxicity on HL60 cells by hemin increased.
Also the addition of MAA increased the toxicity of hemin, most prob-
ably due the production of electrophilic intermediates upon the reac-
tion of MAA with hemin (Pierre et al., 2007; Rudin et al., 2019). The
antioxidative defense system was almost not existing
differentiated HL60 cells, explaining the increase in hemin toxicity by
MAA. After 4 days of differentiation, the hemin degradation and anti-
oxidative defense systems had been developed. Accordingly, the toxi-
city of hemin was only detectable regarding the cellular ATP content,
but not for membrane integrity or cell viability. The toxicity of hemin
could be increased by inhibition of HO-1, demonstrating the im-
portance of the heme degrading system in the presence of hemin. Im-
portantly, MAA did not increase the toxicity of hemin at this stage, most
probably due to the antioxidative defense system, which had been de-
veloped. These findings are in agreement with our previous report
showing that MAA reacts with hemin and that an electrophilic inter-
mediate is formed, which increases the toxicity of hemin (Rudin et al.,
2019). In this report we have shown that GSH could prevent the toxicity
of MAA in combination with hemin, suggesting that the increase in the
cellular GSH content was critical for limiting the toxicity of MAA. As
shown in Fig. 6, the cellular content of GSH increased from day 0 to day
5 of the differentiation by almost a factor of ten, suggesting a role of
GSH in the development of resistance against the toxicity of MAA.

The findings regarding CYPOR were similar to HO-1. MAA increased
the toxicity of hemin in undifferentiated but not in differentiated HL60
cells and the inhibitor DPI increased the toxicity of hemin and hemin/
MAA in undifferentiated and partially also in differentiated HL60 cells.
These findings are not surprising, since HO-1 (and BVR) needs electrons
transferred from NADPH by CYPOR for its function (Florczyk et al.,
2008; Sugishima et al., 2014). Similar to HO-1, the protein expression
of CYPOR increased dramatically during HL60 differentiation.

in un-
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However, in contrast to HO-1, the protein expression of CYPOR was low
in neutrophils. CYPOR is an electron donor for all microsomal CYP
enzymes and therefore important during cell maturation (Gocek et al.,
2014). In mature neutrophils, which have a limited lifetime, CYPOR
appears to be less important than HO-1. Due to the generation of CO,
which is an important signaling molecule (Dennery, 2014), the function
of HO-1 is not restricted to heme or hemin degradation.

After degradation of heme to biliverdin by HO-1, biliverdin is re-
duced to bilirubin by BVR. Since bilirubin is an important antioxidative
substance, BVR has a role in the antioxidative capacity of a cell (Maines,
2005; Tudor et al., 2008). In undifferentiated HL60 cells, MAA in-
creased the toxicity of hemin on cell viability. This effect was absent at
day 4 of cell differentiation, where hemin or the combination hemin
and MAA were not toxic. In the presence of montelukast, an inhibitor of
BVR (van Dijk et al.,, 2017), hemin decreased the viability of un-
differentiated HL60 cells. This effect was not increased by MAA and was
not observed in HL60 after 4 days of differentiation. The effects of BVR
inhibition on hemin/MAA toxicity were qualitatively comparable, but
quantitatively less accentuated than those observed for the inhibition of
HO-1 or CYPOR, suggesting that biliverdin reductase is important for
neutrophil maturation, but less so for resistance against the toxicity of
heme/MAA. The importance of biliverdin reductase for HL60 cell dif-
ferentiation is underscored by a high expression during the differ-
entiation phase but a relatively low expression in mature neutrophils.

As mentioned above, the observed resistance of differentiated HL60
cells to the toxicity of hemin and MAA may also be due to the increased
antioxidative defense. The antioxidative defense becomes particularly
important in differentiating myeloid cells as the respiratory burst en-
zyme system matures, reaching the capacity of generating high in-
tracellular ROS concentrations (Babior et al., 2002). Superoxide can
dismutate spontaneously to hydrogen peroxide or enzymatically by
SOD1 and SOD2 (Fukai and Ushio-Fukai, 2011; Ighodaro and Akinloye,
2018; Pietarinen-Runtti et al., 2000). While SOD1 protein expression
reached a peak at day 4 of HL60 cell differentiation and was low in
mature neutrophils, SOD2 protein levels increased constantly during
HL60 cell differentiation and were high in mature neutrophils. Re-
garding SOD1, the results of the current study are in agreement with the
study of Auwerx et al., who described a decrease in the SOD1 mRNA
expression during HL60 cell differentiation (Auwerx et al., 1989). These
results suggest that SOD1 is needed during cellular differentiation, but
not in mature neutrophils. Since SOD1 is mainly localized in the cyto-
plasm (Crapo et al., 1992; Okado-Matsumoto and Fridovich, 2001), it
could interfere with the superoxide production of neutrophils during
host defense. In contrary, SOD2 is located to the mitochondrial matrix,
where it supports the degradation of superoxide formed by mitochon-
drial respiration (Fukai and Ushio-Fukai, 2011). Importantly, Maianski
et al. observed high mitochondrial levels of SOD2 in mature neutrophil
granulocytes (Maianski et al., 2004). They explained it by the low cy-
tochrome c expression in mature neutrophils, which impairs the flow of
electrons between complex III and IV of the electron transport chain,
which could be associated with excessive ROS production.

The hydrogen peroxide produced by SOD1, SOD2, and further oxi-
dases may react with Fe®* to form the highly reactive hydroxyl radicals
(Ighodaro and Akinloye, 2018). To prevent this reaction, hydrogen
peroxide is enzymatically degraded by catalase and glutathione per-
oxidases (Chelikani et al., 2004; Djordjevi¢, 2004; Ursini et al., 1985;
Zhou and Kang, 2000). Similar to SOD 1 and 2, the protein expression
of catalase and GPX1 and 4 showed a peak at 4 days of differentiation,
demonstrating their importance for the differentiation of the HL60
cells. While catalase and GPX4 had also a high expression in mature
neutrophils, the expression of GPX1 was low in neutrophils. GPX4 is
located in mitochondria and in the cytosol, but also in the nucleus,
where it regulates the content of phospholipid hydroperoxides and fatty
acid hydroperoxides (Imai and Nakagawa, 2003; Ursini et al., 1985).
Mitochondrial GPX4 suppresses cytochrome c release, whereas non-
mitochondrial GPX4 inhibits the activation of lipoxygenase and
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cyclooxygenase in the nucleus and the endoplasmic reticulum (Nomura
et al., 1999; Sakamoto et al., 2000). Similar to HO-1, the function of
GPX4 appears to be too important for mature neutrophils to be reduced
or eliminated during the differentiation.

Regarding the GSH content in HL60 cells, the increase in GSH
during the development is dramatic (from 3.9 nmol/mg protein at day
0-80 nmol/mg protein at day 5, Fig. 7A), suggesting that antioxidative
defense is important during HL60 cell maturation. In comparison to
mature HL60 cells, the GSH content of human neutrophils was lower
(3 nmol/mg protein, similar to undifferentiated HL60 cells). An almost
identical GSH content in human neutrophil granulocytes has been re-
ported in a previous study (Kose and Naziroglu, 2015). While we cannot
exclude that some GSH was lost during the granulocyte isolation, it
appears also to be possible that a high GSH content is needed for
granulocyte maturation in the bone marrow, but not for granulocytes in
circulation. In contrast to undifferentiated HL60 cells, neutrophil
granulocytes were not sensitive to hemin/MAA despite similar cellular
GSH contents. A possible explanation for this apparent discrepancy is
the finding that neutrophils had a higher expression of enzymes de-
grading hemin (HO-1), superoxide (SOD2) and hydrogen peroxide
(catalase) than undifferentiated HL60 cells.

Although we could show that undifferentiated HL60 cells are sus-
ceptible to hemin/MAA and we could explain the resistance to hemin/
MAA during HL60 cell maturation by the expression of heme degrading
and antioxidative metabolic pathways, it remains unclear whether
HL60 cells reflect granulocyte maturation in the human bone marrow.
In this context, it is important to take into account that we demon-
strated the toxicity of hemin/MAA in a second, independent human cell
system, which supports the results obtained in HL60 cells. Nevertheless,
HL60 cells are a tumor cell line, which may have different properties
compared to neutrophil granulocytes and granulocyte precursors. The
results of the current study should therefore be confirmed by in-
vestigations in humans focusing on susceptibility factors for this idio-
syncratic adverse reaction.

In conclusion, the current studies show that hemin alone is toxic for
HL60 cells, in particular when the antioxidative systems are not fully
developed and when the hemin degrading system is not fully developed
or inhibited. MAA increases the toxicity of hemin, but only in un-
differentiated HL60 cells, where the antioxidative system is almost
absent. This suggests that the toxicity of MAA is mainly due to the
formation of a reactive metabolite, which cannot be degraded when the
antioxidative capacity is lacking. Risk factors for MAA toxicity may
therefore be a high intracellular hemin concentration and a lack of
antioxidative capacity in developing neutrophil granulocytes, e.g. im-
paired expression of key enzymes in the heme degrading and/or anti-
oxidative metabolic pathways.
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Legends to supplementary figures

Fig. S1
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Figure S1

Differentiation of HL60 cells. Promyelocytic HL60 cells were differentiated towards neutrophil
granulocytes over 5 days and the success of differentiation was assessed morphologically
and by expression of the surface marker CD66a. (A-D) Light microscopy. Cell preparations
of HL60 cells at (A) day 0, (B) day 3, and (C) day 5 of differentiation. (D) freshly isolated
neutrophil granulocytes. Cells were stained with Hemacolor® Rapid staining set (Merck,
Darmstadt, Germany) for evaluation of cell morphology. Bars, 20 um. (E) Expression of the
surface marker CD66a on differentiating HL60 cells. (F) Assessment of cell viability during

the differentiation process. Apoptosis and necrosis were assessed by staining with annexin V

>
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and propidium iodide, respectively.
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Fig. S2
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Figure S2

Metabolism of heme/hemin by heme oxygenase-1 (HO-1) and biliverdin reductase (BVR).
HO-1 forms biliverdin by breaking the protoporphyrin ring of heme or hemin. The reaction
consumes oxygen (O2) and releases an iron ion (Fe?*or Fe®*) and carbon monoxide (CO).
HO-1 can be inhibited by zinc protoporphyrine (ZnPP). Biliverdin is reduced to bilirubin by
BVR. BVR can be inhibited by montelukast. HO-1 and BVR both use electrons for their
reactions, which are transferred from NADPH by cytochrome P450 reductase (CYPOR).

CYPOR can be inhibited by the flavoprotein inhibitor diphenylene iodonium (DPI).
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Fig. S3
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Figure S3

Effect of heme metabolism enzyme inhibitors on the effect of MAA and hemin on
undifferentiated and differentiated HL60 cells. Cells were treated with MAA and hemin for 24
hours with or without inhibitors of heme metabolism enzymes and the effect on cell death by
apoptosis or necrosis assessed. (A) Effect of heme oxygenase-1 inhibition by pretreatment
with 10 uM zinc protoporphyrin (ZnPP) on undifferentiated HL60 cells. (B) Effect of HO-1
inhibition by pretreatment with 10 uM ZnPP on HL60 cells differentiated for 4 days. (C) Effect
of CYPOR inhibition by pretreatment with 20 uM diphenylene iodonium (DPI) on
undifferentiated HL60 cells. (D) Effect of CYPOR inhibition by pretreatment with 20 uM DPI
on HL60 cells differentiated for 4 days. Apoptosis and necrosis were assessed by staining
with annexin V and propidium iodide, respectively. Doxorubicin (0.5 uM) was used as
positive control. *p<0.05 vs. control incubations (Ctrl), +p<0.05 vs. incubations w/o enzyme

inhibitor of the same treatment group. Ctrl: control.
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Figure S4

Western blot of heme degrading enzymes and antioxidative defense enzymes
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differentiating HL60 cells and neutrophil granulocytes. HL60 cells were differentiated over 5

days and neutrophil granulocytes isolated from whole blood. (A) Protein expression of

cytochrome P450 reductase (CYPOR), heme oxygenase-1 (HO-1), biliverdin reductase

(BVR), superoxide dismutase 1 (SOD1), and superoxide dismutase 2 (SOD2). GAPDH was

used as loading control. (B) Protein expression of catalase (CAT), glutathione peroxidase 1

(GPX1), and glutathione peroxidase 4 (GPX4). GAPDH was used as loading control, d0-d5:

days of HL60 differentiation, N: neutrophil granulocytes.
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Figure S5

Mitochondrial copy number and protein expression of superoxide dismutase 2 (SOD2)
relative to the mitochondrial copy number. SOD2 protein expression and the mitochondrial
copy number were determined in differentiating HL60 cells and neutrophil granulocytes. (A)
Mitochondrial copy number relative to undifferentiated HL60 cells. (B) SOD2 protein
expression relative to mitochondrial copy number. *p<0.05 vs. undifferentiated HL60 cells,

mMtDNA: mitochondrial DNA.
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ARTICLE INFO ABSTRACT

Keywords: Reports of metamizole-induced neutropenia have increased in Switzerland and Germany over the last decades,
Metamizole most likely reflecting increased use of metamizole. To date, there are no effective strategies to identify patients at
Neutropenia increased risk of metamizole-induced neutropenia. In this observational, multi-center comparative study,

Agranulocytosis

. characteristics of patients with metamizole-associated neutropenia were compared with patients treated with
Adverse drug reaction

metamizole without developing adverse hematological reactions. Patients with metamizole-induced neutropenia
treated at the University Hospitals Basel and Bern between 2005 and 2017 were included. Tolerant comparison
patients with continuous metamizole treatment (=500 mg/day for at least 28 days) were recruited from GP
offices and community pharmacies. Forty-eight patients with metamizole-induced neutropenia, consisting of 23
and 25 cases with inpatient-acquired and outpatient-acquired neutropenia, respectively, were compared to 39
metamizole tolerant comparison patients. Median latency until first diagnosis of neutropenia was 6 days
(1-61 days) in inpatient cases and 19 days (2-204 days) in outpatient cases. There was no association between
non-myelotoxic and non-immunosuppressive co-medication (p = .6627), history of drug allergy (p = .1304),
and preexisting auto-immune diseases (p = .2313) and the development of metamizole-induced neutropenia.
Our results suggest that autoimmune diseases, history of drug allergy, and concomitant treatment with non-
myelotoxic and non-immunosuppressive drugs are likely not individual risk factors for metamizole-associated
neutropenia.

1. Introduction

Metamizole (dipyrone) is a non-opioid analgesic and antipyretic
drug, widely prescribed in many countries due to its good efficacy and
low gastrointestinal toxicity [1-3]. Despite the favorable safety profile
of metamizole, susceptible patients may experience neutropenia or
agranulocytosis, a severe and potentially fatal decrease in circulating
neutrophil granulocytes [1,4]. Previous studies reported incidence rates
of approximately 1:1500 prescriptions in Sweden and 1 case per one

million inhabitants and year in Spain [5,6]. In Switzerland, the in-
cidence rate of metamizole-associated agranulocytosis was estimated to
be 0.46-1.63 cases per million person-days of use between 2006 and
2012, whereas the incidence of metamizole-associated neutropenia is
likely higher [1]. Based on reports of metamizole-induced neutropenia
(MIN), metamizole has been withdrawn from the market in several
countries including Sweden and the USA, but it is still available and
increasingly prescribed in other countries such as Switzerland, Ger-
many, and France [5,7]. The mechanism by which metamizole induces
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neutropenia is currently not known and there are no effective strategies
to predict or prevent occurrence of MIN. Immunologic mechanisms,
including T-cell mediated elimination of neutrophils, have been pro-
posed due to clinical observations such as increased symptom-severity
upon re-exposure in some patients [8-10]. Conversely, certain features
such as the rapid onset within a few hours after the first few doses in
some patients without known previous exposure and the observation
that metamizole can also induce bi- or pancytopenia [5] are more
compatible with direct toxicity on precursors of neutrophil granulo-
cytes and other hematopoietic cells in the bone marrow. This hypoth-
esis is supported by a recent study revealing cytotoxicity in neutrophil
progenitor cells involving electrophilic intermediates of the main me-
tamizole metabolite [11]. Additionally, genetic predisposition has been
shown for various neutropenia-inducing drugs such as sulfasalazine and
clozapine, which might also be present in MIN [12,13]. It has been
shown that neither metamizole dose, nor treatment duration increase
the risk of MIN [1]. However, various factors have been suggested to
influence the development of MIN, such as co-medication with im-
munosuppressants, e.g. low dose methotrexate or with non-myelotoxic
and non-immunosuppressive drugs, and comorbidities such as infec-
tions with hepatitis B or C or HIV [1,4,6,14-16]. However, to prevent
MIN, a better understanding of factors associated with increased sus-
ceptibility is needed. By excluding at-risk patients from metamizole
exposure instead of banning its use overall, metamizole could remain a
valuable treatment option e.g. for patients with contra-indications for
nonsteroidal anti-inflammatory drugs such as many elderly patients.
Hence, the current study aimed to identify differences between patients
who had experienced MIN and patients tolerating metamizole treat-
ment without developing any adverse hematological events, which
could represent potential susceptibility factors for MIN.

This study is part of an interdisciplinary collaboration investigating
direct toxic and immunological mechanisms of MIN as well as genetic
factors potentially associated with MIN. The current work describes the
findings of the characteristics evaluated during clinical assessment of
cases and comparison patients and aims to evaluate the association
between potential risk factors and the development of MIN. Results of
the toxicological, immunological, and genetic investigations will be
published separately.

2. Methods
2.1. Setting and study design

An observational, multi-center comparative study was performed
including patients with new-onset neutropenia during metamizole
therapy and metamizole-tolerant comparison patients between 2005
and 2017.

The study was performed following the principles of good clinical
practice according to the Declaration of Helsinki. The study was ap-
proved by the local ethics committee “Ethikkommission Nordwest- und
Zentralschweiz” (protocol number EKNZ BASEC 2015-00231). Written
informed consent was obtained from all study participants.

2.2. Selection and assessment of MIN cases

In order to identify patients with metamizole-associated neu-
tropenia, two different approaches were used. In a first approach, we
screened the available electronic medical records of all wards of the
University Hospitals Basel and Bern for the keywords “metamizole”,
“Novalgin”, or “Minalgin” in conjunction with “neutropenia”, “agra-
nulocytosis”, or “leucopenia” for the time period between 2005 and
2017. In a second approach, neutropenia cases who were hospitalized
during the recruitment period of the study (2016-2018) were reported
by the treating physician per email to the study authors or by report to
the pharmacovigilance center by the processing physician or pharma-
cist (Fig. 1).
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Included patients were at least 18 years old and developed neu-
tropenia at the earliest one day after the first metamizole intake and at
the latest 2 weeks after stopping metamizole intake. Only patients were
included where a causal association between neutropenia and meta-
mizole intake was classified at least as “possible” according to the
Naranjo score [17]. Patients with idiopathic neutropenia or con-
comitant use of cytotoxic drugs or immunosuppressants (1 case low
dose methotrexate, 2 cases tacrolimus, and 1 case sirolimus) were ex-
cluded. A previous analysis of Swiss pharmacovigilance data showed
that myelotoxic drugs such as methotrexate increase the risk of MIN
[11, which is why we excluded cases with myelotoxic co-medication to
focus on yet unknown potential risk factors. Additionally, although
non-myelotoxic, immunosuppressants are known to reduce the neu-
trophil count as ADR [18]. Since only 3 cases were under im-
munosuppressive co-medication, it would have been not possible to
differentiate, whether MIN was caused by metamizole alone or by the
combination with the immunosuppressant. Therefore, these cases were
excluded from the analysis.

Eligible patients were contacted by mail and by phone. Patients who
agreed to participate were invited for a study visit, where they were
again informed about the study and provided written informed consent.
Neutropenia patients were subdivided into inpatient cases who devel-
oped neutropenia in an inpatient setting, or outpatient cases who de-
veloped neutropenia in an outpatient setting with subsequent hospita-
lization.

2.3. Selection and assessment of metamizole tolerant comparison patients

Metamizole-tolerant comparison patients were recruited by con-
tacting local family practitioners and community pharmacies. After
asking patients under metamizole treatment with a daily metamizole
dose of at least 500 mg for at least 28 consecutive days for consent of
potential study participation, the practitioners and pharmacists for-
warded the patients' contact information to the study authors.
Additionally, some control patients contacted the authors after re-
ceiving a study information letter from their practitioner or pharmacist.
Tolerant comparison patients, who agreed to participate, were invited
for a study visit identically to case patients, where they were informed
about the study and provided written informed consent. Good clinical
drug tolerability was confirmed by the absence of fever, sore throat, or
mucositis during metamizole treatment. Additionally, tolerant com-
parison patients were required to have a medical history without any
drug-related hematological complications.

2.4. Covariates

During the study visit, demographic data (age, body mass index
(BMI), ethnicity), hypersensitivity reactions (“allergy”) to drugs, con-
comitant diseases, co-medication, dose, duration, route, and frequency
of metamizole intake of cases and comparison patients were recorded
identically for cases and comparison patients by interview. Based on
dosage information and medical records if available, daily dose, cu-
mulative dose, and treatment duration were calculated. For neu-
tropenia cases, latency until diagnosis of neutropenia, as well as dura-
tion of neutropenia were calculated. In case metamizole dosage
regimen or latency could not be assessed with certainty, a minimal
daily dose of 500 mg or a minimal latency of one day of treatment were
assumed (n = 10 of 48 cases). Laboratory values and treatment of
neutropenia were obtained from the patients' inpatient medical records.
Co-medication of drugs with known association with neutropenia (level
1 and 2 evidence according to Andersohn et al.) was taken into con-
sideration when assessing adverse drug reaction (ADR) causality [16].
Blood counts consisting of neutrophil and platelet counts and he-
moglobin values were recorded at the nadir of neutropenia. Neu-
tropenia was defined as a neutrophil count below 1.5 x 10°/L.
Thrombocytopenia was defined as a thrombocyte count below
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125 patients from screening of electronic
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53 patients reported from hospital wards

medical records

or pharmacovigilance center

32 patients without leucopenia

I

146 patients with leucopenia

5 patients with leucopenia but without
neutropenia

141 patients with neutropenia
(neutrophils < 1500x1079/L)

25 patients excluded:

1 ethnicvariant

1 several negative rechallenges

5 chemotherapyshortly before
neutropenia

1 neutropenia 1 month after stop
metamizoie

1 neutropenia before metamizole
1 HIV positive and recurrent neutropenia
1 Naranjoscore unprobable

12 no documentation

2 MDS

116 patients contacted

l

26 not available 4
4 emigrated

24 deceased

12 negativereply
2 language barrier

Fig. 1. Selection process of case patient recruitment.

150 x 10%/L, and anemia as a hemoglobin concentration below 120 g/
L and 140 g/L for women and men, respectively. For tolerant compar-
ison patients, hematological laboratory values during metamizole
treatment were evaluated if available. Additionally, a full blood count
was obtained on the day of the study visit to confirm normal blood
values.

Since immunologic reactions may be involved in metamizole-asso-
ciated neutropenia, the allergy history of cases and comparison patients
was obtained and grouped into probably T-cell mediated (delayed),
anaphylactic, or non-specific allergic reactions to any drug. Details
about possible T-cell mediated allergies or anaphylactic/anaphylactoid
reactions were extracted from patient charts and patient history.
Comorbidities were grouped according to their potential to affect
neutrophil counts into chronic infections, autoimmune diseases, and
other comorbidities (i.e. cardiovascular and metabolic diseases, renal
insufficiency, psychiatric disorders and others).

2.5. Statistical analysis

We summarized the frequency distribution of continuous covariates
and present normally distributed parameters as arithmetic mean (and
standard deviation) and not normally distributed parameters as median
(and range). Between-group comparisons were done using t-tests (for
n = 25) and Fisher exact tests (when n < 25) for normally distributed
variables and Wilcoxon signed rank tests for not normally distributed
variables. Normality was assessed graphically. Microsoft Office Excel
(Version 2010, Redmond, Washington, USA) and GraphPad PRISM
(Version 7, La Jolla, California, USA) were used for analyses.
Differences were considered as statistically significant when p < .05.

We conducted an explorative (hypothesis generating) comparative
analysis using multivariable logistic regression analysis to compute

odds ratios (OR) with 95% confidence intervals (CI). To increase
homogeneity of study groups, we excluded all patients who had de-
veloped neutropenia in an inpatient setting, because control patients
were recruited from an outpatient setting only. We compared the pre-
valence of potential risk factors for neutropenia between cases and
comparison patients. Evaluated risk factors were considered based on
their potential to influence development of neutropenia reported in
previous studies. These included daily metamizole dose (< 1500 mg
or = 1500 mg), co-medication with level 1 evidence and level 2 evi-
dence according to Andersohn et al., and two composite covariates
including 1) autoimmune diseases and drug allergies and 2) cardio-
vascular and metabolic diseases (including hypertension, hypertensive
cardiopathy, diabetes, and hypercholesterinemia). Covariates were di-
chotomized due to the limited number of included neutropenia cases
(n = 25). We were not able to analyze acute infections and age as po-
tential risk factors of MIN due to potential bias by the underlying in-
dication for metamizole treatment. Several cases received short-term
metamizole treatment for fever or pain during an acute infection,
whereas tolerant comparison patients were required a minimum
treatment duration with metamizole of 28 days, which inherently ex-
cludes patients with short-term therapy and over-samples controls with
chronic diseases and long-term metamizole therapy. Multivariable lo-
gistic regression analyses were conducted using SAS 9.4 (SAS Institute,
Cary, NC).

3. Results
3.1. Patients and metamizole treatment

Forty-eight patients with MIN managed at the University Hospital
Basel and the University Hospital Bern between 2005 and 2017 and 39
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Table 1
Patient and comparison subject characteristics.
All cases Inpatient cases Outpatient cases Tolerant comparison p-value
(n = 48) (n=23) (n=25) patients (n = 39)
Age (years) at neutropenia diagnosis (cases), or at last 44 (17-77) 50 (22-77) 35 (17-76) 60 (19-91) 0.0007
izole intake (cc ison patients); median (range)
Women; N (%) 24 (50.0) i1 (48.0) i3 (32.00 21 (53.8) > 0.9999"
Body mass index in kg/m2; median (range) 24 (18-47) 23 (18-37) 24 (19-47) 28 (16-39) 0.0320"
Ethnicity; N (%)
Caucasian 47 (97.9) 22 (95.7) 25 (100) 37 (94.9) 0.5164"
Other 1(2.1) 1(4.3) 0(0) 2(5)
" Wilcoxon signed rank test between outpatient cases and tolerant comparison patients
* Fishers exact test between outpatient cases and tolerant comparison patients.
Table 2
Metamizole treatment.
All cases Inpatient cases Qutpatient cases Tolerant comparison patients p-value
(n = 48) (n=23) (n=25) (n=39)
Dosage (g/day); mean (SD) 1.78 (1.26) 1.91 (1.23) 1.67 (1.31) 1.64 (1.06) 0.9384"
Cumulative dose (g); median (range) 21 (0.5-859) 26 (0.5-196) 18 (0.5-859) 214 (23.5-13'149) < 0.0001°
Latency time"/ treatment duration”(days); median 12 (1-204) 6 (1-61) 19 (2-204) 177 (30-5480) < 0.0001°
(range)
Latency time”/ treatment duration"categorized:
Patients N (%)
1-7 days 19 (40) 12 (52) 7 (28) n/a
8-30 days"/ 28-30 days” 18 (38) 9 (39) 9 (36) 2(5)
31-60 days 8(17) 1(4) 7 (28) 9(23)
61-120 days 2(4) 1(4) 1(8) 5(13)
121-180 days 0(0) 0(0) 0 (0) 4 (10)
181-365 days 1(2) 0 1(4) 4 (10)
> 365 days 0(0) 0(0) 1(4) 15 (38)
Route of application; N (%) 0.0594
Oral 82 62 100 95
Intravenous” 18 38 0 5
* Cases.

-

Comparison patients.
Initial intravenous administration followed by per oral administration.

t-test between outpatient cases and tolerant comparison patients.
e

metamizole tolerant control patients were included. Characteristics of
neutropenia patients and control subjects are summarized in Table 1.
The median age of neutropenia cases was 44 years (17-77 years) and of
tolerant comparison patients was 60 years (19-91 years). The majority
of cases and comparison patients (> 90%) were Caucasian, reducing
genetic variability of the results. The application route for metamizole
was predominantly oral among tolerant comparison patients (95%) and
cases (100% in outpatient and 62% in inpatient cases, Table. 2). Mean
daily metamizole dose did not differ significantly between cases and
tolerant comparison patients and was within the recommended max-
imum dose of 4 g per day (Table. 2).

The median latency between first intake of metamizole and neu-
tropenia diagnosis among outpatient and inpatient cases was 19 and
6 days, respectively. Among all cases, 40% received metamizole for <
7 days and 38% for 8 to 30 days. Latency between 31 and 60 days and
longer than 60 days was observed in 17% and 6% of cases, respectively.
By definition of the study inclusion criteria, tolerant control patients
took metamizole for at least 28 days. The median treatment duration in
the tolerant comparison group was almost six months, with more than
one third taking metamizole for more than one year.

3.2. Metamizole-associated neutropenia
According to the Naranjo scale, none of the cases met the criteria for

a “definite” causality for metamizole and neutropenia (Table. 3). In half
of the cases, causality was formally assessed as “probable” and the other
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Wilcoxon signed rank test between outpatient cases and tolerant comparison patients.
' Fishers exact test between outpatient cases and tolerant comparison patients.

half as “possible”. Over two thirds of all included cases experienced
agranulocytosis, i.e. a drop in neutrophils below 0.5 x 10° cells per
liter (90% among outpatient cases and 40% among inpatient cases).

Ten patients (all inpatient cases) had a known rechallenge with
metamizole, of whom 2 experienced a new episode of neutropenia
whereas 5 cases had a negative rechallenge. For 3 patients, the outcome
of the rechallenge was unknown. Table 4 shows that anemia was pre-
sent in 19 (49%) tolerant comparison patients and in over half of these
comparison patients anemia was either present before the start of me-
tamizole treatment or could be attributed to other causes than meta-
mizole. In contrast, 39 cases (81%) had anemia at neutropenia diag-
nosis and thereof almost half was of unknown cause. There was no
difference between inpatient and outpatient cases.

Thrombocytopenia was less frequent among tolerant comparison
patients (13%) than among cases (33%). In 80% of the tolerant com-
parison patients, thrombocytopenia was either already present before
the start of metamizole treatment or had a known cause, whereas the
cause for thrombocytopenia was only known for two of the inpatient
cases and for none of the outpatient cases.

None of the cases had new onset pancytopenia, but in 33% of cases,
cell counts were reduced in all three cell lines at the time of neutropenia
diagnosis.

3.3. Preexisting drug-related allergies

As shown in Table 5, evidence for T-cell mediated allergies was only
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Table 3
Characteristics of neutropenia.
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All cases (n = 48)

Inpatient cases (n = 23) Outpatient cases (n = 25)

Naranjo Causality assessment; N (%)

Definite (= 9) 0 (0)
Probable (5-8) 25 (52)
Possible (1-4) 23 (48)
Rechallenge; N (%)
Known positive rechallenge 2(4)
Known negative rechallenge 5(10)
Rechallenge with unkown outcome 3(6)
No known rechallenge 38 (79)
ADR duration in days; median (range) 5(1-15)
Severity of neutropenia (n = 48 + 1)"; N (%)
Neutrophils 1-1.5 % 10%/1 4(8)
Neutrophils 0.5-1 x 10%/1 13 (27)
Neutrophils < 0.5 x 10%/1 32 (65)

0 (0) 0 (0)
8(35) 17 (68)
15 (65) 8(32)
2(9) 0 (0)

5 (22) 0 (0)
3(13) 0 (0)

13 (57) 25 (100)
3(1-8) 7 (1-15)
4(17) 0 (0)

11 (46) 2(8)

10 (42) 23 (92)

" One case with positive rechallenge and recorded blood values.

found in one neutropenia case and in no tolerant control. One inpatient
case and one tolerant control each had a history of anaphylactic/ana-
phylactoid reaction to drugs (penicillin, diclofenac). In addition, one
third of the tolerant comparison patients had experienced unspecific
drug rashes compared to approximately 20% and 10% in the inpatient
and outpatient cases, respectively.

3.4. Comorbidities

Half of the cases had experienced an infection shortly before or at
diagnosis of neutropenia whereas only one quarter of the tolerant
comparison patients reported a possible infection during metamizole
treatment (Table 5). Eight cases with infection received metamizole to
treat fever and/or pain related to the infection. There was a higher
proportion of chronic comorbidities among inpatient than among out-
patient cases. Self-reported autoimmune diseases were present in 8%
and 15% of cases and tolerant comparison patients, respectively. Three
quarters of case patients with an autoimmune disease were inpatient
cases. Other diseases without any expected effect on the neutrophil
count were most prevalent in the tolerant comparison group.

3.5. Co-medication

The median number of co-medications per patient was higher
among the tolerant comparison group compared with all neutropenia
cases (Table 5). Inpatient cases received twice as many co-medications
during metamizole treatment compared with outpatient cases.

Besides metamizole, various drugs have been associated with neu-
tropenia. According to the inclusion criteria, none of the cases had re-
ceived myelotoxic or immunosuppressive co-medications. Among the
tolerant comparison patients, one patient was under once weekly
methotrexate treatment (10 mg/ week) and his blood values were
within the normal range.

Certain non-myelotoxic and non-immunosuppressive medications

Table 4
Additional blood values.

have also been associated with neutropenia. Over 40% of cases and
tolerant comparison patients had at least one co-medication with evi-
dence 1 according to the classification after Andersohn et al. [16].
However, 13% of tolerant comparison patients had 2 or more evidence
1 drugs compared to 2% among cases. Inpatient cases received more
evidence 1 co-medications than outpatient cases. Prevalence of drugs
with evidence 2 was slightly higher among cases compared to tolerant
comparison patients. Evidence 2 co-medication was twice as frequent
among inpatient cases compared with outpatient cases (Table 5).

3.6. Multivariable comparison of cases and tolerant comparison patients

One third of outpatient cases and almost half of tolerant comparison
patients received a median daily metamizole dose of 1.5 g or higher.
The corresponding adjusted OR revealed no association of metamizole
dose and the risk of neutropenia (OR 1.24, 95% CI 0.35-4.33). After
multivariable adjustment, the adjusted OR for neutropenia in associa-
tion with autoimmune diseases and/or any previous allergic reaction to
drugs was 0.22 (95% CI 0.06-0.81). Cardiovascular and/or metabolic
diseases were twice as frequent among tolerant comparison patients
compared with outpatient cases. Thus, the corresponding adjusted OR
revealed no association of cardiovascular and/or metabolic diseases
and the risk of neutropenia (OR 0.58, 95% CI 0.18-1.84). Half of the
tolerant control patients and 40% of outpatient cases had at least one
co-medication with drugs associated with neutropenia of evidence level
1. Similarly, co-treatment with drugs associated with neutropenia of
evidence level 2 was reported by half of the tolerant control patients
and 36% of outpatient cases. The corresponding adjusted ORs showed
no association between evidence level 1 (OR 0.43, 95% CI 0.13-1.41)
or evidence level 2 (OR 0.54, 95% CI 0.18-1.64) co-medication and
MIN (Table 6).

All cases (n = 48)

Inpatient cases (n = 23)

Outpatient cases (n = 25) Tolerant comparison patients (n = 39)

Other affected cell lines; N (%)

Anemia (w: < 120g/L; m: < 140g/L) 39 (81) 19 (83)
Anemia with known cause or preexisting 17 (35) 8 (35)
Thrombocytopenia (< 150 x 10%/L) 16 (33) 9 (39)
Thrombocytopenia with known cause or preexisting 2(4) 2(9)
New onset pancytopenia’ 0 (0) 0(0)
Pancytopenia at presentation” 16 (33) 10 (43)

20 (80) 19 (49)
9 (36) 10 (26)
7 (28) 5(13)
0(0) 4(10$)
0(0) 0(0)

6 (24) 0 (0)

? New onset after metamizole treatment.
" With known cause or preexisting anemia or thrombocytopenia.
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Table 5
Health characteristics.
All cases (n = 48) Inpatient cases Outpatient cases (n = 25) Tolerant comparison patients p-value
(n =23) (n =39)
Allergies to drugs; N (%)
T-cell mediated” 1(2) 1(4) 0 (0) 0(0) > 0.9999"
Anaphylactic reactions to drugs 1(2) 1(4) 0 (0 1(3) > 0.9999°
Drug rash, non-specified 8(17) 5(22) 3(12) 12 (31) 0.1304°
Comorbidities; N (%)

Infections” 23 (48) 11 (48) 12 (48) 10 (26) 0.1048°
Acute infections 22 (46) 10 (43) 12 (48) 9(23) 0.0563°
Chronic infections 4(8) 3(13) 1(4) 1(3) 1.0000°

Preexisting auto-immune diseases 4 (8) 3(13) 1(4) 6 (15) 0.2313°

Cardiovascular diseases 12 (25) 5(22) 7 (28) 14 (36) 0.5919°

Metabolic diseases 4 (8) 3(13) 1(4) 13(33) 0.0055"

Psychiatric disorders 3(6) 1(4) 2(8) 4 (10) 1.0000°

Renal insufficiency 4(8) 1(4) 3(12) 0(0) 0.0552°

Other 10 (21) 3(13) 7 (28) 14 (36) 0.5919°

Co-medication

Median number of medications per subject 5 (0-20) 7 (0-14) 3 (0-20) 8 (0-20) < 0.0001"
(range)

N (%) of patients with evidence 1 co- 0.6627°
medication®

1 evidence 1 drug 20 (42) 11 (48) 9 (36) 16 (41)

2 evidence 1 drugs 1(2) 0 (0) 1(4) 4 (10)

= 2 evidence 1 drugs 00 0 (0) 0(0) 1(3)

N (%) of patients with evidence 2 co- 0.5732°
medication®

1 evidence 2 drug 21 (44) 13 (57) 8(32) 15 (38)

2 evidence 2 drugs 9(19) 8 (35) 1(4) 5(13)

= 2 evidence 2 drugs 1(2) 1(4) 0 1(3)

* According to patient chart/detailed patient history.
" Several infections per patient counted as one infection.
¢ Evidence 1: At least 1 ADR report with a definite relationship.

9 Evidence 2: At least 1 ADR report with a probable relationship but no report with a definite relationship.

¢ Fishers exact test between outpatient cases and tolerant comparison patients

" Wilcoxon signed rank test between outpatient cases and tolerant comparison patients.

4. Discussion

In the current retrospective observational comparative study, pa-
tients with autoimmune diseases or previous allergic reactions to drugs
were not at increased risk of MIN. Additionally, co-medication with
non-myelotoxic and non-immunosuppressive drugs, which have pre-
viously been associated with neutropenia [16], were not associated
with an increased risk of MIN.

A possible involvement of the immune system in the development of
MIN has previously been suggested [19,20]. Patients who had pre-
viously experienced an immune-mediated reaction to drugs might be
more susceptible to also react to other drugs. Accordingly, patients with
autoimmune diseases might have a more reactive immune system,
which could also react to xenobiotics. However, in the current study,
autoimmune diseases and previous immune-mediated reactions to
drugs were more frequent among tolerant comparison patients than in
neutropenia cases, which may be due to the older age of the tolerant
comparison patients. Our results therefore suggest that autoimmune
diseases and prior immune mediated reactions are not a key risk factor

Table 6
Multivariable comparative analysis of neutropenia risk factors.

for developing MIN. In a previous study investigating risk factors for
metamizole induced leucopenia [4], history of medication allergies has
been associated with an increased risk for leucopenia after metamizole
treatment. This divergence to the current study may be attributable due
to the different data collection methods. In the current study, patients'
drug allergy history was assessed by personal interviews, whereas in the
previous retrospective study, data were collected from medical records
only, introducing a risk of reporting bias.

Regarding co-medication, also non-myelotoxic and non-im-
munosuppressive drugs have been associated with the development of
neutropenia [16] and may facilitate the development of MIN or even be
the main cause for neutropenia in patients treated with metamizole.
However, in the current study, administration of drugs associated with
neutropenia was more frequent among tolerant comparison patients
compared with neutropenia cases and was not associated with in-
creased risk for MIN after multivariable adjusting. This is in agreement
with a previous study, which did not find evidence that co-medication
with non-myelotoxic and non-immunosuppressive drugs is a potential
risk factor for MIN [4].

Qutpatient cases (n = 25)

Tolerant comparison patients

Crude odds ratio (95% CI)  Adjusted odds ratio (95% CI)

(n=139)
Risk factor; N (%)
Metamizole dose > 1.5 gramm 8(32) 18 (46) 1.19 (0.42-3.35) 1.24 (0.35-4.33)
Autoimmune disease and/or any drug related 4 (16) 19 (49) 0.25 (0.07-0.85) 0.22 (0.06-0.81)
allergic reaction
Cardiovascular and/or metabolic disease 81(32) 27 (69) 0.50 (0.17-1.41) 0.58 (0.18-1.84)
Evidence level 1 co-medication 10 (40) 21 (54) 0.57 (0.21-1.58) 0.43 (0.13-1.41)
Evidence level 2 co-medication 9 (36) 21 (54) 0.59 (0.21-1.66) 0.54 (0.18-1.64)
6
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Previous retrospective studies investigating MIN identified con-
comitant use of myelotoxic and immunosuppressive drugs as potential
risk factor [1,4]. Since myelotoxic and immunosuppressive drugs
themselves can cause neutropenia or lead to a decrease in circulating
neutrophils, a high number of patients and comparison patients treated
with such drugs would be needed in order to differentiate whether
neutropenia was caused by metamizole, the myelotoxic or im-
munosuppressive co-medication, or the combination of both. Since this
was not the case in the current study, we excluded patients with any
myelotoxic or immunosuppressive treatment, which allowed searching
for other potentially involved factors.

A previous analysis of Swiss pharmacovigilance data showed that
only few patients developed neutropenia after > 28 days of metamizole
treatment [1]. Therefore, tolerant comparison patients included in the
current study were required to be on metamizole treatment for at least
28 days. Previous studies reported contradictory findings regarding the
latency time of MIN. The median latency time of 12 days among all
cases is within the latency time period of 7 to 14 days reported by Swiss
pharmacovigilance data [1]. However, it is longer than the 2 days re-
ported in a review of Andersohn et al., describing latency times of
various non-chemotherapy drugs [16]. Interestingly, outpatient cases in
our study had a longer median latency compared to inpatient cases.
This difference may be due to the predominantly intermittent meta-
mizole use among outpatient cases compared to the regular daily
treatment in-hospital. Alternatively, the shorter latency time among
inpatient cases might reflect the closer surveillance of hospital patients
where a drop in the neutrophil count is detected earlier than in out-
patient cases with less frequent blood counts. This could also explain
the higher degree of neutropenia severity among outpatient cases, re-
flecting the later detection of the neutropenia and thus later metamizole
discontinuation. Similar observations of lower neutrophil counts in
outpatient cases compared to inpatient cases had been reported in a
German case-control surveillance study [21]. In accordance with the
more pronounced severity of neutropenia, the ADR duration of 7 days
was longer among outpatient cases compared to 3 days in inpatient
cases in our study, reflecting the time needed to restore a sufficient
amount of circulating mature neutrophils from the bone marrow [22].
This is in agreement with reports of Andersohn et al., who investigated
agranulocytosis and reported a median ADR duration of 8 days. In the
current study, the median ADR duration of all cases was 5 days, which
is similar to previously reported findings of Swiss, German and Swedish
studies investigating MIN [4,5,23].

4.1. Limitations

The observations in the current study are mainly limited by the
small sample size, a consequence of the rarity of MIN, as well as the
difficulty of recruiting a larger number of tolerant comparison patients,
who had metamizole treatment for at least 28 consecutive days. Several
potential risk factors could therefore not be evaluated. The required
minimum treatment duration of 28 days for metamizole tolerant com-
parison patients, but not for cases, resulted in different indications for
metamizole treatment in cases and comparison patients. While acute
diseases such as infections, pain, menstrual cramps, and migraine were
predominant indications in cases, chronic diseases such as chronic
lumbar spine syndrome, gout, and fibromyalgia were the most frequent
indications in comparison patients. This difference between cases and
comparison patients prevented the analysis of acute infections and age
as potential risk factors of MIN, because they are associated with the
underlying indication and would thus have resulted in biased effect
estimates. Prior studies reported an increased ADR risk for other drugs
in the presence of viral infections [24]. Two of the neutropenia cases
had an HIV infection and one neutropenia patient had an ongoing
chronic hepatitis C infection, but all with normal neutrophil counts
before and after metamizole treatment. Taking into account these ob-
servations, it would be interesting to investigate the impact of viral,
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bacterial, and fungal infections on the risk to develop MIN. WHO and
Swiss spontaneous safety reports mentioned more metamizole-asso-
ciated hematological disorders in elderly people (median age close to
60 years), but without data on metamizole exposure of the specific age
groups [1]. Since the median age of neutropenia cases in the current
study was distinctly lower, further studies on the influence of age on the
risk of MIN would be interesting. Further, the included patients re-
present those, who were willing to participate in the study and in case
of the neutropenia patients, who survived the adverse drug reaction.
The inclusion of cases with not only a “probable” but also a “possible”
association according to the Naranjo scale could have led to the in-
clusion of a number of cases where metamizole was not the main cause
of neutropenia. The recruitment of inpatient cases and tolerant com-
parison patients in different settings limited a direct comparison, which
is why we only compared cases who developed neutropenia in an
outpatient setting with tolerant comparison patients in the multi-
variable regression analysis. However, we cannot rule out residual se-
lection bias due to different recruitment channels for cases and com-
parison patients.

5. Conclusion

Our results suggest that neither autoimmune diseases, history of
drug allergies, nor concomitant treatment with drugs associated with
neutropenia of evidence level 1 or evidence level 2 are associated with
an increased individual risk of metamizole-associated neutropenia.
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5. DISCUSSION

In several assays elucidating the cytotoxic potential of metamizole and its metabolites, the main
metabolite MAA was showing unexpected characteristics. While no cytotoxicity was detectable at
pharmacological concentrations, MAA improved the viability of the treated cells compared to
untreated cells. Especially under stress-inducing conditions, when cells are treated with hydrogen
peroxide for example, MAA increased the cell viability by its radical scavenging characteristic.
This circumstance first hampered the process to find a cytotoxic mechanism of metamizole-
associated neutropenia, but then also revealed a potential mechanism, how MAA could elicit
cytotoxicity. While detoxifying radicals by donating protons or adsorbing electrons, radical
scavengers themselves form intermediate radicals, which normally are immediately further
degraded to unreactive compounds (Fujii et al. 2011; Valko et al. 2006). But in presence of a
highly oxidative compound, radical scavengers cannot regenerate their antioxidative properties
and turn themselves into reactive electrophilic intermediates (Valko et al. 2006). I have shown
that this is the case for MAA when combined with hemin. Heme is part of hemoglobin and
myoglobin where it carries oxygen as well as part of several enzymes, which use heme as active
site to perform electron-transfer, oxygen delivery, catalysis, and signaling (Kumar and
Bandyopadhyay 2005; Yan et al. 2017). In my studies, heme or hemin did not react with MAA
when they were bound inside of hemoglobin or methemoglobin, respectively. The globin chains
seemed to shield the iron ions strong enough so that MAA was not able to get in contact with the
iron to react. Heme or hemin can be released in case of hemoglobin or methemoglobin
degradation. Heme and hemin normally do not occur freely since they damage lipids, proteins,
and DNA through reactive oxygen species (ROS) generation (Wagener et al. 2001). Free heme is
avoided by immediate further degradation by heme-oxygenase (Chung et al. 2012; Kumar and
Bandyopadhyay 2005). But in case of excess erythrocyte degradation during hemolysis, the heme
degrading system is overcharged and hemoglobin undergoes accelerated oxidation and oxidative
changes leading to heme loss (Buehler et al. 2011). Free heme is readily oxidized to hemin and is
able to enter neutrophils and their precursors, where it can react with MAA to form reactive
MAA intermediates. Since heme is also often contained in enzymes, most cells, including
neutrophils, produce heme to incorporate it into their hemoproteins (Hentze et al. 2010). Hence,
heme is naturally present in neutrophils and neutrophil precursor cells and could in case of
impaired heme metabolism inside the cells accumulate and potentially react with MAA, thereby
forming reactive intermediates leading to neutropenia. The iron ion of hemin is bound to four

pyrrole nitrogens resulting in an open axial coordination site that can bind oxygen (Ryu et al.

77



DISCUSSION

20106). Its reversible redox characteristics enable rapid electron transfer to and from these iron
ions (Que Jr and Tolman 2008). Hence, one hemin molecule can oxidize several other
compounds, which reflects its high oxidative capacity. In case of cytotoxicity assays described
within this thesis, eight times less hemin than MAA was enough to produce sufficient MAA
electrophilic intermediates to induce apoptosis in HLO60 cells. Hemin itself showed a
concentration dependent cytotoxicity, which was strongly amplified in combination with MAA.
Then again, MAA-hemin cytotoxicity showed different characteristics than hemin cytotoxicity,
especially in differentiating HIL60 cells. Hemin cytotoxicity was detectable up to higher
differentiation stages than MAA-hemin cytotoxicity, indicating a different mechanism leading to
apoptosis. Especially the observed marginally mitochondrial toxicity could all be contributed to
hemin, which was potentially due to ROS production (Kumar and Bandyopadhyay 2005). The
different maturation stages of cells investigated within this thesis showed striking differences
regarding their resistance not only against MAA-hemin, but also when treated with hemin alone
or the oxidant hydrogen peroxide. Compared to other immune cells, neutrophils have a very
short life-span in the circulation (Boxer and Dale 2002). Therefore, neutrophils do not need to
maintain higher cellular functions, which enable these cells to invest everything into defense
systems instead of survival mechanisms. In contrast, immature neutrophils have more days of
existence ahead and are still developing their cellular properties, which need more energy and
resources from outside. This renders immature cells more susceptible for external and internal
damaging influences. During myeloid differentiation from myeloblasts to mature neutrophils,
which takes around 10 to 16 days 7z vive, the cells undergo drastic morphologic, metabolic and
enzymatic changes (Boxer and Dale 2002; Boyunaga et al. 2010; Jacque et al. 2015). In view of
the final purpose of neutrophils, the protection of the organism against invading pathogens by
production of highly oxidative compounds, neutrophils need a resilient system to protect
themselves from their own weapons. Hence, neutrophils possess a strong antioxidative defense
system able to degrade high concentrations of hydrogen peroxide (Bardoel et al. 2014,
Splettstoesser and Schuff-Werner 2002). In the second 7 vitro study of this thesis, I have shown
that the antioxidative defense system is significantly less pronounced in promyelocytic HL60
cells. This difference explains the observed susceptibility of HL60 cells to MAA-hemin as well as
to hydrogen peroxide, which was not detectable in mature neutrophils. Besides the antioxidative
defense, also the heme-metabolizing capacity increases during neutrophil maturation. Hence, the
cells are able to degrade hemin faster and thus to interrupt potential radical formation with MAA.
This is of importance since, as mentioned above; one hemin molecule can react with several
MAA molecules. Thus, fewer MAA radicals can be formed and damage the cells. It cannot be

distinguished, whether the antioxidative defense or the heme-metabolizing capacity is more
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important in the observed resistance of higher differentiated cells. It is also likely that both

mechanisms synergistically are responsible for the changed susceptibility.

During infections, immune cells are recruited and activated. This leads to metabolic changes
within the cells that potentially increase their susceptibility to MAA-hemin. Neutropenia patients
of our cohort often also showed decreased lymphocyte counts. This has also been described for
other drug-induced neutropenia (Tesfa et al. 2009), supporting the theory that metabolic changes
and/or increased hemolysis due to infections could have an impact on cellular susceptibility to
MAA-hemin. In contrast to mature neutrophils, mature lymphocytes predominantly use oxidative
phosphorylation for their ATP generation (Kramer et al. 2014). During infections, when
lymphocytes are activated, they undergo a metabolic switch from oxidative phosphorylation to
glycolysis (Pearce and Pearce 2013). This might turn lymphocytes more susceptible to
metamizole toxicity. Mature neutrophils only rely on glycolysis for ATP generation, but in
contrast to lymphocytes, they possess a stronger antioxidative capacity due to their own ROS
production (Chacko et al. 2013; Kramer et al. 2014). Immature neutrophils also predominantly
generate ATP by glycolysis but have a weaker antioxidative defense and hemin-metabolism
capacity (Boyunaga et al. 2010). Hence, MAA-hemin cytotoxicity might affect cellular glycolysis
leading to impaired ATP generation followed by cell death. In case there are sufficient defense
mechanisms to detoxify formed MAA radicals, the cellular ATP generation will not be affected,
and cell viability is maintained. Moreover, infections can lead to increased hemolysis (Berkowitz
1991), making more hemin available to react with MAA. Hemin can be taken up into the
neutrophil precursor cells or, as mentioned before, be produced within the cells themselves.
Furthermore, acute infections stimulate granulopoiesis within the bone marrow, thereby
increasing the number of neutrophils in the circulation to limit the infection and to replenish the
depleted progenitor populations in the bone marrow (Glatman Zaretsky et al. 2014). Thus, bone
marrow and progenitor cell metabolism are increased, which could lead to higher susceptibility to
reactive MAA intermediates. Since hemin, but not hydrogen peroxide, was able to form enough
reactive MAA intermediates 7z vitro, it is possible that a constant source of oxidants is needed.
This could be hemin, which can react with several MAA molecules, or continuously produced
oxidizing free radicals. During oxidative burst due to inflaimmatory processes, immune cells
produce superoxide anions and nitric oxide, which may react to even more reactive peroxynitrite
anions (Carr et al. 2000). Peroxinitrite can cause DNA fragmentation and lipid peroxidation and
if continuously produced, peroxinitirite potentially could oxidize MAA to electrophilic
intermediates. Hence, the combination of continuously produced oxidants during infection and

impaired antioxidative defense in neutropenia patients could be the crucial difference compared
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to tolerant control patients who also had infections, but a fully functional antioxidative defense

system.

The observation that lymphocytes are also often affected by metamizole in neutropenia patients
points to a toxicological mechanism 77 wivo. Additionally, the often mentioned potential risk
factors for immune-mediated neutropenia, history of positive drug allergy or autoimmune
diseases (Andres et al. 2011), were less frequent among neutropenia patients compared to tolerant
control patients of our cohort. This does not exclude an immune-mediated mechanism of
metamizole-associated neutropenia but makes an immunological predisposition less likely. A
systematic analysis of the peripheral blood in neutropenia patients and tolerant controls from our
cohort did not reveal any activation of the adaptive immune system (Dina et al. 2019, under
review). These findings support a cytotoxic mechanism of metamizole-associated neutropenia.
Furthermore, immune reactions to drugs need about 2 weeks to develop (Schonhofer et al. 2003),
but many neutropenia cases elicited neutropenia after only a few days of metamizole treatment

without previous contact to the drug.
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6. CONCLUSION

The different susceptibility of immature and mature neutrophils to MAA-hemin cytotoxicity
might point to a possible mechanism of metamizole-associated neutropenia observed 7 vivo.
MAA can be transformed to an electrophilic intermediate in presence of highly oxidative
compounds such as hemin. Thus, increased radical formation or decreased radical detoxification
capacity might be crucial to whether a patient under metamizole treatment elicits neutropenia or
not. The main result of the clinical data assessment showed that infections were twice as frequent
among neutropenia patients compared to tolerant control patients. These infections potentially
increased the susceptibility of neutrophil precursor cells to MAA radicals. Thus, highly oxidative
compounds, which are generated continuously during infections, could form more electrophilic
MAA intermediates than MAA is able to scavenge. However, the development of metamizole-
associated neutropenia seems to require more than an infection during metamizole treatment,
since also tolerant control patients had infections without any hematological adverse events.
Cellular predisposition consisting of either low antioxidative capacity, poor heme metabolism,
increased free heme generation, or increased production of other highly oxidative compounds
may render cells more susceptible to MAA toxicity. Hence, addition of infections to already

susceptible cells may facilitate or accelerate the development of neutropenia.

In contrast to general view, the results presented in this thesis favor a cytotoxic mechanism of
metamizole-associated neutropenia. Iz vitro data illustrated a pathway, by which MAA can form a
reactive electrophile intermediate that induces apoptosis in promyelocytic HL60 cells. Clinical
data revealed no association between autoimmune diseases or drug-allergy history and
neutropenia development, suggesting no involvement of the adaptive immune system.
Additionally, high frequency of infections among neutropenia patients before neutropenia
diagnosis points to an involvement of an aberrant cellular environment. This could be altered cell
metabolism, increased heme concentration due to hemolysis or impaired heme metabolism,

increased ROS production, or a too weak antioxidative defense system.

The aim of this thesis was to investigate the mechanism of metamizole-associated neutropenia to
identify potential risk factors for patients. The clinical study data assessment showed a smaller
impact of non-myelotoxic and non-immunosuppressive co-medication and the immune system
than assumed. Nevertheless, acute infections seem to increase the risk to develop metamizole-
associated neutropenia and may require additional surveillance in patients under metamizole

treatment. Additionally, more awareness is needed concerning adequate patient information
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including first signs of neutropenia and how to react in case of suspected neutropenia to prevent

future fatal cases by early diagnosis and treatment.
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7. OUTLOOK

Some further 7z witro investigations regarding the mechanism by which reactive MAA
intermediates are damaging neutrophil precursor cells have already been pursued. Since MAA-
hemin leads to a drop in ATP in HLG0 cells, the next step was to investigate a potential
impairment of cellular energy generation by MAA radicals. First assays showed that when HLG60
cells are forced to use only oxidative phosphorylation for ATP generation, cytotoxicity of MAA-
hemin was significantly reduced. This suggests that mitochondria are not involved in the
observed cytotoxicity. In a next step, the impact of MAA-hemin on cellular glycolysis was
investigated. Since neutrophils and also neutrophil precursor cells rely predominantly on
glycolysis for ATP generation, any damage to this system would strongly impair the cellular
energy metabolism. The assessment of the cellular energy metabolism showed that MAA-hemin
compromises glycolysis, leading to the observed drop in ATP, which may also be the cause of

apoptosis.

The genetic study of the collaborating genetics group investigating potential predispositions for
metamizole-associated neutropenia is still ongoing. So far, no significant genetic differences
between neutropenia cases and controls have been detected. Since the sample size is relatively
small, significant outcomes would need a larger control group. It is therefore planned to include
more healthy control subjects from a genetic databank in Bern to enlarge the control group.
Moreover, there is the possibility to receive genetic data from metamizole-associated neutropenia
cases from other countries. This would make it possible to verify so far not significant but

promising genetic variants in other neutropenia cohorts.

The main finding of the clinical data assessment of the case-control study was the higher
frequency of infections among neutropenia cases compared to controls. To verify the impact of
infection on the risk to develop metamizole-associated neutropenia, a higher number of study
participants, which are compared to age-matched controls, is required. Therefore, control
patients without inclusion criteria of a minimal metamizole intake period should be included,

since long-term analgesic treatment is more common at higher age.

For subsequent 7z vitro investigations, cellular changes during infections and the involved enzymes
may be assessed. These cellular changes would normally not lead to neutropenia, but in
combination with possibly impaired antioxidative defense or low heme-metabolizing capacity

could serve as the triggering factor for neutropenia development. Thus, potential 7z vitro findings
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could be verified in an animal model with humanized immune cells. Mouse models with
humanized neutrophils as well as lymphocytes have been successfully generated by several groups
for investigations of the immune system (Coughlan et al. 2012; Evering and Tsuji 2018). Hence,
the involvement of the previously identified enzymes 7z vitro could be investigated by knock-

down of these enzymes and MAA treatment in presence of an infection.
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