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e Several impurities in commercial drugs containing montelukast were quantified.

Sulfoxide impurity was higher than qualification threshold in some drugs.
Qualification for sulfoxide impurity was done using in silico/in vitro tests.

Sulfoxide impurity was dose-dependent cytotoxic in human peripheral lymphocytes.
Sulfoxide impurity was concluded to be classified as a nonmutagenic impurity.
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ABSTRACT

Impurities affecting safety, efficacy, and quality of pharmaceuticals are of increasing concern for
regulatory agencies and pharmaceutical industries, since genotoxic impurities are understood to play
important role in carcinogenesis. The study aimed to analyse impurities of montelukast chronically used
in asthma theraphy and perform genotoxicological assessment considering regulatory approaches.

Impurities (sulfoxide, cis-isomer, Michael adducts-I&II, methylketone, methylstyrene) were quantified
using RP-HPLC analysis on commercial products available in Turkish market. For sulfoxide impurity,
having no toxicity data and found to be above the qualification limit, in silico mutagenicity prediction
analysis, miniaturized bacterial gene mutation test, mitotic index determination and in vitro
chromosomal aberration test w/wo metabolic activation system were conducted.

In the analysis of different batches of 20 commercial drug products from 11 companies, only sulfoxide
impurity exceeded qualification limit in pediatric tablets from 2 companies and in adult tablets from
7 companies. Leadscope and ToxTree programs predicted sulfoxide impurity as nonmutagenic. It was also
found to be nonmutagenic in Ames MPF Penta I assay. Sulfoxide impurity was dose-dependent cytotoxic
in human peripheral lymphocytes, however, it was found to be nongenotoxic. It was concluded that
sulfoxide impurity should be considered as nonmutagenic and can be classified as ordinary impurity
according to guidelines.

© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

pharmaceutical products even in very small amounts and aside
from no benefits; they only convey health risks (Pilaniya et al.,

An impurity is any component of drug substance or product that
is not the chemical entity defined as drug substance or as an
excipient of the drug product (ICH, 2006a,b). The presence of
impurities in drugs may influence the efficacy and safety of
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2010). Genotoxic impurities which can induce genetic mutations,
chromosomal breaks and/or chromosomal rearrangements have a
special place within the context due to the fact that they bear the
potential to cause cancer in humans who are treated with
pharmaceuticals that contain these impurities (Raman et al,,
2011). It is estimated that in the intermediary steps within
pharmaceutical development process drug product may have 20-
25% potentially genotoxic intermediates (Delaney, 2007).
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In recent years, a number of reviews were published on
impurities (Muller et al., 2006; Delaney, 2007; Giordani et al., 2011;
Dobo et al., 2006) and several regulations related to impurities in
drug applications have been introduced by international regulato-
ry authorities such as EMA (European Medicines Agency), FDA
(Food and Drug Administration) and ICH (International Conference
on Harmonization) (EMA, 2006; FDA-CDER Guideline, 2008a; ICH,
2006a,b; ICH, 2011). Although the efforts focus on eliminating
impurities from drug substance or drug products, technically it is
often not possible to remove all impurities and the elimination
processes also increase the costs. Therefore, in controlling
impurities, an acceptable risk level concept or threshold of
toxicological concern (TTC) approach is recommended (Bercu
et al., 2008; EMA, 2006). Studies and debates on impurities are
continued by regulatory bodies, specialists, stakeholders and
likewise regulatory approaches are dynamically furthered as well.
Although authorities concentrate on guidance on new drug
substances and drug products during their clinical development
and subsequent applications for marketing, they recommend
relevant studies to be carried out in some circumstances on new
marketing applications and post approval submissions for
marketed products (ICH, 2014).

The montelukast from leukotrien antagonists is commonly used
for controlling asthma that is one of the most common chronic
respiratory disorders in people of all ages in all parts of the world
(The Global Asthma Network’s Report, 2014; U.S. NIH, Asthma
Report, 2007) and its six organic impurities were mentioned in
American and European Pharmacopeia in 2010. Since asthma
typically begins much earlier in life than other chronic diseases and
lasts quite a long time, use of medication in asthma requires more
attention. Furthermore, probable chronic impurity exposures
should be scrutinized thoroughly to avoid unnecessary exposures,
particularly in children.

This study aimed to quantify the specified impurities in drug
products containing montelukast as an active substance collected
from pharmacies in Turkey and to assess mutagenic/genotoxic
activity of the impurities which exceed the qualification threshold
according to guidelines. In this context, the following objectives
were set to be achieved; (a) to quantify six impurities which have
been specified in USP (American Pharmacopeia) in montelukast
containing drug products available in the Turkish market for adults
and pediatric use, (b) to assess the impurities of each drug product
according to guidelines on impurities in terms of reporting,
identification and qualification thresholds, (c) to assess genotox-
icological potential of the impurity which exceed the qualification
threshold, respectively by performing in silico structure activity
relationship analysis, bacterial reverse mutation test (Ames test),
mitotic index determination and in vitro chromosomal aberration
test, and (d) to classify these impurities.

Table 1
Validation results for the RP-HPLC method.

2. Material and methods
2.1. The analysis of impurities in drug products using RP-HPLC

Quantitation of 6 impurities (sulfoxide, cis isomer, michael
adducts I&II, methylketone, methylstyrene impurities) already
indicated in USP was conducted using RP-HPLC analysis in two
batches of 20 commercial drugs containing montelukast in Turkish
market (4 mg for children; 10 mg for adults) from 11 pharmaceuti-
cal companies. Instead of providing generic names, drugs were
coded with letters in lieu of the relevant pharmaceutical
companies, and doses and drug forms of these drugs were also
specified.

2.1.1. HPLC analysis

An analytical method for montelukast impurities was devel-
oped by modification of available methods in the literature
(Saravanan et al., 2008; Sivri, 2009; Goverdhana et al., 2009) and it
was validated according to ICH guideline (Table 1) (ICH, 2005).
Montelukast sodium (CAS#:151767-02-1), sulfoxide impurity
(CAS#:909849-96-3), cis isomer impurity (CAS#:774538-96-4),
methylketone impurity (CAS#:937275-23-5), methylstyrene im-
purity (CAS#:918972-54-0), michael adducts I&II impurity
(CAS#:1187586-61-3, 1187586-58-8) standards were supplied by
Molcan Corp., Canada (Fig. 1). Acetonitrile, methanol, ortophos-
phoric acid, sodium dihydrogene phosphate, and water were
purchased from Merck. 5-Methyl 2-nitrophenol (Sigma) was used
as an internal standard. Michael adducts I & Il impurities' standard
was provided as a mixture of diastereomers. These impurities were
not resolved entirely by the method; however analyses were done
by considering total peak areas of two isomers as it has been
refered in the USP.

Analyses were performed on a Shimadzu Prominence LC-20A
HPLC system which consists of degasser (DGU-20A3), pump (LC-
20AD), photodiode array detector (SPD-M20A), and the column
oven (CTO-10AS). Chromatographic analyses were performed on a
C18 analytical column (150 mm x 4.6 mm, 5 pm, Kromasil). The
HPLC system was controlled using LC solutions, ver. 1.25 PC
software (Shimadzu Corporation, Kyoto, Japan). The column
temperature was maintained at 27 °C and the PDA detector was
set at wavelength of 225nm. The injection volume was 20 vl
Mobile phases consisted of solution A: 12.5mM sodium dihy-
drogen phosphate (buffer pH 3.7 adjusted with diluted ortophos-
phoric acid) and acetonitrile in the ratio 63:37 (v/v), and solution B:
a mixture of acetonitrile and water in the ratio 90:10 (v/v) at a flow
rate of 1.1 ml/min. The gradient elution program was as follows:
50% solution A for 2 min, 13 min a linear decrease from 50% to 10%
solution A, for 8 min 10% solution A maintained, then followed by a
linear increase from 10% to 50% solution A in 3 min.

Preparation of montelukast samples from drug products: 10
tablets/chewing tablets/granules were weighed and grinded for

Sulfoxide Michael adducts Cis isomer Methylketone Methylstyrene Montelukast
&Il
Specificity (relative retention time, min.) 0.31 0.59/0.61 0.80 1.06 1.84 1
Linearity y=0.881x—-0.047 y=0.790x+0.036 y=1427x-0.018 y=1155x—-0.065 y=0.676x—-0.024 y=1.315x+0.195
R=0.9996, R=0.9995, R=0.9993, R=0.9990, R=0.9990, R=0.9995,
?=0.9991 ?=0.9990 r?=0.9987 ?=0.9980 ?=0.9980 ?=0.9990
Accuracy and recovery (mean recovery’%, 99.68, 2.40 101.31, 0.33 106.23, 2.69 106.56, 1.33 101.27, 2.82 106.93, 2.59
RSD%)
Intra-day precision (RSD%) 2.36 3.46 3.92 4.00 3.52 1.77
Inter-day precision (n =3 day; RSD%) 0.74-2.23 0.37 -3.10 0.72 -1.00 0.55-2.50 1.72 -3.41 0.20 - 1.40
Limit of detection (g/ml) 0.04 0.08 0.06 0.09 0.07 0.03
Limit of quantification (wg/ml) 0.13 0.23 0.18 0.26 0.21 0.09
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Fig. 1. Montelukast and its impurities.

each product. Accurately weighed samples equivalent to 4 mg or
10 mg of montelukast (0.5 mg/ml) were dissolved in methanol
using an ultrasonic bath and kept at 4 °C. The internal standard was
added to each sample (final concentration 25 pg/ml) for analysis.
Each sample was analysed in triplicate (Fig. 2).

2.2. In silico prediction of mutagenicity

Leadscope Model Applier Suites, Genetic Toxicity, The gene
mutation-microbial in vitro models - Salmonella Mut (v3) and E.
Coli — Sal 102 A-T Mut (v1.), Model Applier Version: 1.7.3
(Leadscope, Inc.) was used for the prediction of mutagenic activity
of the sulfoxide impurity as a statistical based system. The Genetic
Toxicity model was developed through a Research Collaboration
Agreement with the U.S. Food and Drug Administration. Binary

model shows ‘prediction’ information and a ‘positive prediction
probability’ calculation. To predict mutagenicity for sulfoxide
impurity, Toxtree® (v2.6.6) knowledge-based system was used as
well. Toxtree® (toxic hazard estimation by decision tree approach)
was developed by Ideaconsult Ltd. (Sofia, Bulgaria) under the terms
of a contract with the European Commission Joint Research Centre.
For the prediction of mutagenicity of impurities, ToxTree®
programme conducts the Benigni/Bossa rulebase.

2.3. Bacterial reverse mutation test

Ames MPF™ Penta I kit (Microplate Format Mutagenicity
Assay; Xenometrix, Switzerland) was used for mutagenicity
assessment of the sulfoxide impurity. This kit enables studying
5 tester strains that carry different target sites for mutation,
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Fig. 2. Chromotogram sample of analysis of montelukast with the impurities in matrix of drug products (G chew. tab. 4 mg).
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namely S. typhimurium TA98, TA100, TA1535, TA1537 and E. coli
wp2 [pKM101]+E. coli wp2 uvrA (EC Combo). The sulfoxide
impurity was dissolved in DMSO. S9 mix was prepared by liver
S9 fraction (30% v/v, Aroclor 1254-induced, rat, Xenometrix),
MgCl, (0.25M), KClI (1M), NaH,PO4 buffer (0.2M), glucose-6-
phosphate (0.2 M), NADP (0.04 M).

Before the main test, pre-screening test was conducted to
determine the optimal dose range of the impurity. As mentioned in
the kit procedure, TA98 strain was treated with 7 concentrations
(5.2-5000 pg/ml) of the impurity and was incubated 90 min in
exposure medium. After incubation period, the turbidity of each
well was compared visually and was also measured at 600 nm in a
plate reader. In this test, cytotoxicity was not observed up to
5000 p.g/ml dose.

In the main test, briefly, approximately 107 bacteria were
exposed to 6 concentrations (15.8-5000 pg/ml) of the sulfoxide
impurity, as well as a strain specific positive and a negative control
with/without metabolic activation system in triplicate, for 90 min
in exposure medium containing trace amounts of the required
histidine (S. typhimurium) or tryptophan (E. coli). After preincu-
bation, the exposure cultures were diluted in pH indicator medium
which lacked the required histidine or tryptophan and aliquoted
into 48 wells of a 384-well plate. Within 2-days incubation,
revertant bacteria grew and medium color of that well changed
because of bacterial metabolism. The number of wells containing
revertant colonies were counted for each dose and compared with
the number of spontaneous revertants obtained with the negative
control. The fold increases above the baseline (mean of negative
control plus 1 SD) were determined for each concentration of the
impurity. A test chemical showing a clear dose response and/or
yielding multiple fold inductions greater than 2.0, was classified as
a mutagen.

2.4. Mitotoic index determination and in vitro chromosomal
aberration test

The in vitro mammalian chromosome aberration test was
performed according to the OECD test guideline No. 473, with and
without metabolic activation (S9-mix). Before starting the study,
approval of the Clinical Research Ethics Committee of Gazi University
was obtained (date and the number of the committee approval:
13.04.2011/90). Peripheral blood lymphocytes were collected from
two healthy donors (one female, one male, non smokers, 28 year

Table 2

olds). Sulfoxide impurity was dissolved in methanol. Methanol was
used as a negative control; mitomycin C (MMC; 0.2 ug/ml for 24 h
exposure period, 0.6 ug/ml for 3 h exposure period) and cyclophos-
phamide (CP; 15 g/ml) were used as positive controls for assays
without metabolic activation system and with metabolic activation
system, respectively. S9 mix was prepared by liver S9 fraction (10%
v/v, pooled Sprague Dawley rat liver S9, BD Bioscience), KCI (1 M),
MgCl,.6H,0 (0.25 M), NaH,PO4 buffer (0.2 M; pH 7.4), glucose-6-
phosphate (0.2 M), NADP (0.04 M).

Whole blood of 0.2ml was added to 2.5ml Chromosome
Medium-B (Biochrom, F5023). For the cytotoxicity assessment,
6 different concentrations (15.7-500 p.g/ml) of sulfoxide impurity
were added for 3 h (S9-/+) and 24 h (S9-) exposure duration after
48 h incubation. Then cultures which were treated for 3h were
washed twice at the end of the treatment period and reincubated
with fresh medium for a further 21 h. All cultures were incubated
in duplicate at 37 °C for 72 h in 2.7 ml total culture volume. 0.2 p.g/
ml colcemid was added to all cultures 3 h before the end of the
incubation period. Cells were treated with hypotonic KCI (0.075 M)
for 20min at 37°C and then fixed, stained with 4% Giemsa’s
solution and scored according to standard procedure. The
cytotoxicity assessment was investigated by determining the
mitotic index of each culture via analyzing number of metaphases
per 1000 cells under the light microscope with 40x magnification.
Based on the result of the mitotic index assessments, three
analysable concentrations which have 50% or higher level of
mitotic index in comparison to the mitotic index of the solvent
control were selected for chromosomal aberration test. Test
concentrations of sulfoxide impurity were 15.7, 31.3, 62.5 ug/ml
for 3h and 20, 30, 40 pg/ml for 24h. In vitro chromosomal
aberration test was performed by the same procedure described
above. Chromosomal aberrations were counted blindly in 200
metaphase cells (2n=46+2) per concentration by the same
researcher under the light microscope with 100x magnification.
The structural CAs (chromatid/chromosome gaps, breaks and
exchanges) and numerical CAs (polyploidy, endoreduplication)
were evaluated in metaphase cells. Concurrently, mitotic index
was also determined in chromosomal aberration test.

2.5. Statistical analysis

The statistical analysis was performed using GraphPad Prism
software (version 5.00; demo; GraphPad Software Inc, California,

The amounts of the impurities in paediatric drug products containing montelukast (jg; mean+SD; n=3).

Drugs (4 mg) Sulfoxide Michael Adducts I and II Cis isomer*© Methylketone Methylstyrene
A Chew. Tab. 34.53 +1.07 5.06 +2.86 36.43 14.82 +£3.62 23.74 +2.66
24.94+0.78 <LOD 34.82 1717 £1.70 18.76 +-2.44
B Chew. Tab. 18.33+£0.69 <LOD 17.91 14.74 £0.80 18.20 +2.62
21.83 +£1.12 <LOD 9.86 11.66 + 0.07 20.67 +£3.08
E Chew. Tab. 20.46 +1.32 <LOD 13.56 11.67 +0.18 11.55 +2.58
34.84+0.72 <LOD 38.64 1759+ 1.21 15.24+2.49
F¢ Chew. Tab. 35.52+1.15 <LOD 27.42 14.44 +2.54 2796 +5.48
G Chew. Tab. 43.10 +2.65* <LOD 23.89 16.69 + 1.70 30.82+4.53
42.06 +1.03* 8.07 +£3.15 23.65 12.73+£1.25 28.02 +4.41
H Chew. Tab. 27.36+0.09 <LOD 6.23 1214+ 0.42 2414 +3.11
2773 +0.44 14.02 +2.00 19.26 18.23 +0.51 20.17 +4.43
J Chew. Tab. 43.39+0.27* <LOD 32.70 11.61+0.16 18.78 £ 1.60
45.43 +3.84* <LOD 9.78 11.47 £0.15 21.03 +£3.79
J Granules 26.71+2.45 <LOD 12.06 16.01 + 1.41 19.51+3.09
2493 +1.19 <LOD 38.12 13.52 +£1.58 21.82£0.62
K Chew. Tab. 25.62+0.57 <LOD 11.28 13.32 +1.47 2470 +£3.22
14.74 +£0.87 <LOD 33.0 13.35+0.60 20.31+1.25

*Qualification tests required; a. MA I&II LOD =0.075 pg; b. MA I and Il LOQ =0.228 p.g; c. First measurement results were used for cis isomer impurity; d. One batch of F coded
chewable tablet was provided from market; Each batch of all drugs was shown individually.
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USA). The Kolmogorov-Smirnov test was used to determine
whether the continuous variables were normally distributed or
not. Descriptive statistic results were calculated as mean + stan-
dard deviation. The Student’s t-test (one-sided, unpaired) was used
to determine statistical significance for Ames test. For chromo-
somal aberration analysis, differences between treated cells and
controls were tested with Kruskal-Wallis and Dunn’s multiple
comparison tests or Chi-square test. Dose-response relationships
were determined from the correlation and regression coefficients
for the mitotic index. Results were considered statistically
significant, when the p-value was <0.05.

3. Results
3.1. Quantification of the impurities in drug products

According to the ICH guideline, the reporting, identification and
qualification thresholds of the impurities for pediatric (4 mg)
montelukast products are 0.1% (4 pg), 0.5% (20 g) and 1% (40 w.g),
respectively. In the case of adult (10 mg) montelukast products,
impurity thresholds for reporting, identification and qualification
are 0.1% (10 pg), 0.5% (50 p.g), and 0.5% (50 .g), respectively. It was
found that amounts of montelukast impurities except sulfoxide
were less than qualification limits as stated in the guidelines. The
sulfoxide exceeded the limits in pediatric chewable tablets from
2 companies (G and J) and in tablets for adults from 7 companies
(A,D,F,G,H,I, and]) (Tables 2 and 3). Importantly, it was observed
that the amounts of methylstyrene and methylketone impurities
were close to qualification thresholds. However, quantities of
Michael adduct I & II impurities were found remarkably low. In
HPLC analysis, only first measurement values of cis isomer
impurity in drug sample solution were taken into consideration
due to the fact that the amount of cis isomer impurity rapidly
increased in second and third injections in the solution. In Fig. 3,
impurity means calculated for drug products with two batches
were illustrated with the purpose of assessing the reporting,
identification and qualification limits. For the sulfoxide impurity
which was determined to be above the threshold according to the
obtained results, qualification was needed.

3.2. Mutagenicity prediction of sulfoxide impurity with (Q)SAR models

In this study, the E. coli-Sal 102 A-T Mut model was used to
predict A-T base pair mutations but the sulfoxide impurity was not
within the domain of applicability for the Leadscope model
therefore prediction could not be calculated. On the other hand,
Salmonella Mut model predicted mutagenicity as a negative
(Positive Prediction Probability =0.131) in Leadscope. In parallel,
ToxTree SAR model reported no alerts for S. typhimurium
mutagenicity for the impurity.

3.3. Mutagenicity assessment of sulfoxide impurity using bacterial
reverse mutation test

The sulfoxide impurity did not increase the number of wells
containing revertant colonies in presence and absence of metabolic
activation system in TA98, TA1535 and E. coli combo strains.
Although cytotoxicity was observed at 1581 and 5000 j.g/ml doses,
it was also nonmutagenic at lower doses in TA1537. In TA100 strain
in presence of metabolic activation system, sulfoxide impurity did
not cause mutagenic effect up to 1581 g/ml concentration. For the
TA100 strain without metabolic activation system, while high
doses of the impurity caused cytotoxicity, bacteria, though less,
were still observed at 158 and 500 p.g/ml doses as well. However,
the impurity did not show sign of mutagenicity at non-toxic doses
inTA100 (Table 4). Considering overall test, the results showed that
the sulfoxide impurity was not mutagenic (Fig. 4).

3.4. Cytotoxicity and genotoxicity assessments of sulfoxide impurity

Treated dose of the impurity was defined as cytotoxic if it
caused over 50% decrease in mitotic index compared to the control.
Short (3h) and long (24h) treatments of cells with sulfoxide
impurity resulted in cytotoxicity at 125 < pg/ml and 62.5 < pg/ml
concentrations, respectively (Fig. 5). Analysis of the MI after
treatments of lymphocytes with sulfoxide impurity showed that
there was concentration-dependent reduction in MI% in 3 h (S9-),
3h (S9+) and 24h (S9-) conditions (respectively, Pearson
correlation, r=-0.893, r=-0.826, r=—0.762, p < 0.05).

Table 3
The amounts of the impurities in adult drug products containing montelukast (jug; mean +SD; n=3).
Drugs (10 mg) Sulfoxide Michael Adducts I and 11 Cis isomer*® Methylketone Methylstyrene
A Tab. 54.85 +3.89* <LOoD? 24.36 36.26 +2.53 39.35+1.85
39.13+6.38 <LOD 45.19 42.69 +2.77 47294 5.64
B Tab. 37.94+0.26 <LOD 42.50 43.13+£1.07 49.86 +0.94
33.53+2.77 <LOD 29.13 45344247 46.38 +5.48
C Tab. 48.86 +2.45 <LOD 26.98 34.89+1.62 40.59 +3.45
45.70+1.10 <LOD 29.45 40.61+1.20 30.26 +5.29
D Tab. 59.88 +5.34* <LOD 45.70 38.81+4.29 48.87 +8.49
64.48 +0.83* <LOD 30.23 46.93+0.48 48.44+3.25
E Tab. 49.86 +1.91 <LOD 45.20 42.19+235 45.31+4.07
39.48 +2.56 <LOD 23.65 4399+2.74 33.72+1.28
F Tab. 99.01 +4.20* <LOD 40.62 32.49+1.58 49.20+0.24
63.05+9.46* <LOQ 16.84 47.37 +3.50 49.96 + 1.26
G Tab. 53.02+6.71* <LOD 49.03 38.6642.87 49.26+1.94
4918 +£5.42 <LOD 35.72 44234 1.88 4721+778
H Tab. 73.03 +£3.35* <LOD 26.67 35.71 +£6.10 48.84+7.50
58.41 £2.77* 5.03+1.38 48.74 35.51 +1.69 48.64 +1.84
I Tab. 78.85 +2.46* <LOD 48.41 48.64+5.68 49.94 +1.55
73.49 +7.88* <LOD 4739 36.28+1.23 40.99 +0.07
] Tab. 55.99 +3.03* <LOD 35.11 40.29 +4.14 42.85+3.17
5217 £2.27* <LOD 25.50 49.60+5.79 4536 +£9.75
K Tab. 45.43 +2.45 <LOD 4732 50.59 + 1.11 4593 +5.39
45.96 +3.99 <LOD 49.60 42.76 +3.67 42.05+6.51

*Qualification tests required; a. MA I&II LOD = 0.075 wg; b. MA Tand 11 LOQ = 0.228 wg; c. First measurement results were used for cis isomer impurity; Each batch of all drugs

was shown individually.
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for 10 mg drug samples).

In in vitro chromosomal aberration test, the numbers of
background chromosomal aberrations of each donor were deter-
mined to be high, particularly in terms of chromatid exchanges. In
any case, since the statistical analyses were performed by
comparing the dose groups with the control; it would be possible
to determine clearly the damage related to impurity. In compar-
ision to solvent control, no biologically relevant increases in the
number of structural chromosome aberrations were observed in

the absence and presence of metabolic activation. Sulfoxide
impurity also did not cause numerical aberration in any of the
experiments and test conditions (Table 5).

4. Discussion

The investigated impurities in this study were chosen
particularly considering the clinical importance of the drug which

Table 4
Sulfoxide impurity-induced mutagenicity in the absence and presence of S9 mix (means of number of wells containing revertant colonies &=SD; n=3).
TA98 TA100 TA1535 TA1537 E.Coli Combo
Doses S9 Mean+SD “Fold p Mean+SD  Fold p Mean+SD Fold p Mean+SD  Fold P Mean+SD  Fold p
(pg/ml) —/+ increase increase increase increase increase
0 — 4.00+1.00 5.33+2.08 2.33+0.58 2.33+1.53 4.67+2.08
+ 3.33+£0.58 5.33+3.21 3.00+1.73 1.67 £0.58 2.00+1.00
15.8 — 3.00+173 0.60 0.22 6.00+4.00 0.81 041 133+0.58 0.46 0.05 233+115 0.60 0.50 3.67+252 054 0.31
+ 3.33+0.58 0.85 0.50 4.67+3.51 0.55 041 3.67+2.31 0.77 035 3.00+1.00 134 0.06 2.33+252 0.78 0.42
50 - 333+115 0.67 0.25 4.33+2.08 0.58 0.29 3.00+2.65 103 035 167+0.58 043 0.26 2.33+0.58 0.35 0.07
+ 2.00+2.00 0.51 0.16 7.00+2.00 0.82 0.24 2.00+0.0 0.42 019 133+115 0.59 0.34 3.00+173 1.00 0.22
158 - 5.00+3.61 1.00 033 1.67+115 0.22 0.03 2.67+1.15 0.92 0.34 0.67+0.58 017 0.08 4.00+2.65 0.59 0.37
+ 3.00+2.65 0.77 042 433+3.21 0.51 0.36 2.67+153 0.56 041 2.00+2.00 0.89 040 433+153 144 0.05
500 - 3.67+115 0.73 036 133+231 0.8 0.05 1.00+1.00 0.34 0.06 0.67+1.15 0.17 010 233+153 035 0.10
+  400+2.00 1.02 030 5.00+£3.61 0.58 0.46 2.00+100 042 022 167+153 0.74 050 1.00+1.00 0.33 0.14
1581 — 3.67+153 0.73 0.38 0.67+0.58 0.09 0.01 133+153 046 0.17 0.00 0.0 0.03 233+321 035 0.18
+ 2.67+115 0.68 0.21 2.00+2.65 0.23 012 1.00+0.0 0.21 0.06 0.33+0.58 0.15 0.02 267+115 0.89 0.25
5000 — 2.67+£058 053 0.06 0.00 0.00 0.01 133+115 046 0.13 0.00 0.00 0.03 4.67+2.08 0.69 0.50
+ 233+153 0.60 0.17 0.33+0.58 0.04 0.03 1.00+173 0.21 0.12 033+0.58 0.15 0.02 233+0.58 0.78 0.32
2-NF(2) — 25.67+0.58
2-AA(1) +  46.00+2.00
4-NQO 47.67 +0.58
(0.1)
2-AA + 48.00+0
(2.5)
N*ACT — 48.00+0.0
(100)
2-AA (5) + 29.67 £4.51 44.00+2.65
9-AA - 48.00+0.0
(15)
4-NQO — 41.33+1.15
(2)
2-AA + 18.33+3.06
(50)

a. Over baseline; 2-NF: 2-nitrofluorene, 2-AA: 2-aminoanthracene, 4-NQO: 4-nitroquinolone-N-oxide, N*ACT: N4-aminocytidine; 9-AA: 9-aminoacridine; Statistical

significant p-values were displayed in bold.



96 E. Emerce et al./Toxicology Letters 238 (2015) 90-99

TA 98 (-59) TA 98 (+S9)
g gm
T &
2 2
g go
0 158 30 138 300 1381 3030 0 158 30 138 30D 1381 3030
doses [pg/ml) doses [pg/ml]
\ | » » : . - - 1
510 210
< [cd
g I g
20 =S S . 3 é 0
0 158 30 158 3500 1381 3000 0 158 30 158 3509 1581 5009
doses [pg/ml) doses [pg/ml)
TA 1535 {-S9) TA 1535 (+59)
;{110 310 TR 1 L 1t
< c
2 - - ' 1 : - 2
S - T 2
g o - R T T FTI
0 158 30 138 30D 1381 3000 0 158 30 138 30D 1381 300D
doses [pug/ml} doses [pgfml)
J TA 1537 (-S9) TA 1537 (+59)
210 $10
3 5
o a
Eo Dom Lot 0 Fo
0 158 30 158 50D 1581 3090 0 158 30 158 300 1581 3000
doses [pg/ml) doses [ug/ml)
E.coli wp2 pKM101/uvrA E.coli wp2 pKM 101/uvrA
210 (-59) 210 l (+S9)
5 3 A ——
3 Z 2 T
=0 £ 0 -
0 158 30 138 350D 1381 303 O 158 30 138 30D 1381 300
doseas [pg/ml| doses [pg/ml)
Fig. 4. Mutagenecity results of sulfoxide impurity in S. typhimurium and E. coli strains (*: p <0.05; = == ==: 2 folds increase over baseline).

includes these impurities in addition to its target population and
its usage duration. Long-term control medications including
montelukast are used daily and regularly to achieve and maintain
control of asthma (U.S. NIH, Asthma Report, 2007). Moreover,
because of better long term safety profile, montelukast is also
prefered as add-on treatment to corticosteroids and sometimes it
is preferred to replace corticosteroids in cases of experienced
advers reactions or corticophobia in patients (Aran and Karakaya,
2005; Joos et al., 2008). Toxicities of montelukast impurities should
be carefully assessed because montelukast is chronically used in
patients, particularly in children who are treated with montelukast
almost their entire lifetime. From toxicological perspective, it is
important to note that children are more vulnerable than adults to
xenobiotics and that they might respond with different health

effects related to xenobiotics (Fernandez et al., 2011; Scheuplein
et al., 2002). It has also been suggested that cancer risks are
generally higher in early-life exposure than from similar exposure
durations later in life (U.S. EPA, 2005).

Historically, the issue of impurities was stressed by stake-
holders in the mid 1990s which roughly corresponds with the
period when montelukast was launched in the market in 1998. This
was followed by references of regulatory agencies via guidelines
about how impurity issues would be handled which also included
the analytical and toxicological approaches related to impurities.
In developed countries, while guidelines for residual solvents had
been put into effect in 1998, guidelines for non genotoxic and for
genotoxic impurities were introduced respectively in 2002/
2003 and 2007. Therefore, these guidelines did not cover already
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Fig. 5. Mitotic index in human lymphocytes follwing incubation with sulfoxide
impurity (*: cytotoxic doses).

marketed montelukast and similarly genotoxicity evaluation of
impurities belonging to montelukast was not done yet (ICH, 2006
a,b; ICH, 2011 ICH, 2011; EMA, 2006).

In addition to the original drug production, there are plenty of
pharmaceutical companies that manufacture generic drugs which
might contain different impurity compositions and different
amounts of impurities than original drug due to various reasons
such as source of materials, environmental conditions, changes in
process etc. (Kovaleski et al., 2007; Schneidera and Wessjohann,
2010; Taylor et al., 2010; Gasser et al., 2013). There are also studies
indicating isolation and identification of various kinds of
montelukast impurities by generic drugs manufacturing compa-
nies (Chandra Sekhar et al., 2011; Bouskova et al., 2010; Overeem
and Ma Van, 2005; Haidar et al., 2012). In this aspect considering
the studies for comparison, it may be observed that quality in
terms of impurity might change from company to company. In this
study, it was found that generic drugs produced by Turkish
pharmaceutical companies did not provide drastically negative
outputs compared to innavator drug in terms of investigated
impurities. While these results present a positive aspect of Turkish
pharmaceutical industry, given the limits of this study in which
only certain impurities were investigated instead of impurity
profiling, the study cannot provide a view of the entire situation
and understanding for other potential impurities in drug products.

Table 5

It is acknowledged that the effective therapy with montelukast
taken by a patient is reduced due to generation of sulfoxide during
manufacturing and storage, as it is considered an inactive
compound pharmacologically (Hrakovsky et al., 2010). In the
analyses, it was detected that sulfoxide impurity exceeded the
qualification limits more frequently and occurred with high
quantities in drug products for adults compared to pediatric
products. Although presence of more sulfoxide impurities in drug
products for adults may be suggested to occur due to having more
ingredients in their formulation compared to pediatric drug
products and/or differences in tablet form, it is not possible to
deduce with certainty since many factors play a role in generation
of impurities. In previous studies conducting thermal stress testing
study of montelukast, sulfoxide impurity was observed as a major
degradation product (Al Omari et al.,, 2007). Furthermore in a
separate research, it was stressed that the presence of microcrys-
talline cellulose in the formulation may induce peroxide oxidation
of montelukast and presence of aspartame as a sweetener might
cause higher amount of sulfoxide impurity (Hrakovsky et al., 2010).

Sulfoxide is also one of the metabolites of montelukast (Filppula
etal., 2011). The guidelines suggest that the impurity is considered
qualified if exposure to the metabolite in appropriate nonclinical
studies of the drug substance is higher than it would be achieved
from the impurity in the administered drug substance (EMA, 2006;
ICH, 2014; ICH, 2006a,b). In safety testing of drug metabolites, the
metabolite is of interest; if it accounts for plasma levels greater
than 10% of parent drug systemic exposure at steady state (FDA-
CDER Guideline, 2008b). However, taking into account sulfoxide
metabolite which is identified as a minor metabolite (Balani et al.,
1997) safety testing is hardly expected to be done.

There are a number of studies on identification, quantification
and characterization of impurities in drugs. However, there are
limited scientific literature on investigating toxicities of the
impurities (Agarwal et al., 2004; Eichenbaum et al., 2009; Ellis
et al,, 2013; Luo et al., 2014; Meng et al., 2013; Paim et al., 2011;
Vijayan et al., 2007; Zhu et al., 2012, 2014). In this study, among
researched impurities, sulfoxide impurity exceeded qualification
thresholds in some drug products, thereby it was systematically
qualifed. In silico and in vitro genotoxicological assessments of the
impurity was handled considering regulatory approaches. Firstly, a
computational mutagenicity assessment was performed by two

Chromosome aberrations in cultured human lymphocytes treated with sulfoxide impurity.

Treatment Concentration No. of cells No. of structural chromosome

No. of numerical

% of cells with No. of structural Mitotic

(g/ml) scored aberrations chromosome aberrations structural aberration?® per cell (mean+SD) index (%)
aberration(s)®
ctg ctb «cte csg csb cse PP ER

3h (S9-) MeOH 200 5 10 31 15 1 0 0 0 18.0 0.214+0.48 12.0
15.7 200 5 18 45 26 2 0 0 0 24.0 0.33+0.66 11.9
313 200 5 20 41 26 1 0 0 0 23.0 0.31+0.65 9.8
62.5 200 6 31 34 12 8 0 0 0 28.5 0.37 +£0.67 9.2
MMC (0.6) 200 45 117 101 31 90 O 1 0 66.5 1.54+1.68 8.5

3h (S9+) MeOH 200 10 25 46 21 2 0 0 0 25.5 0.37+0.73 8.3
15.7 200 2 31 43 15 6 0 0 0 30.5 0.40 +£0.68 9.6
313 200 1 35 66 19 4 0 0 0 36.5 0.53+0.79 9.3
62.5 200 15 31 67 27 4 0 0 0 36.5 0.51+0.77 7.8
CP (15) 200 1 50 96 32 16 O 0 0 515 0.81+0.97 8.2

24h (S9 -) MeOH 200 5 1 48 7 2 0 0 0 23.5 0.31+0.60 6.2
20 200 4 20 66 4 1 0 0 0 30.0 0.44+£0.78 5.9
30 200 3 20 58 8 6 0 0 0 29.0 042 +£0.75 4.7
40 200 5 20 40 3 0 0 0 0 20.5 0.30+0.68 5.5
MMC (0.2) 200 50 108 135 23 40 1 0 0 615 1.42+£1.69 5.4

ctg: chromatid gap, ctb: chromatid break, cte: chromatid exchange, csg: chromosome gap, csb: chromosome break,
cse: chromosome exchange, PP: polyploidy, ER: endoreduplication, MMC: mitomycin-C, CP: cyclophosphamide, a: gaps excluded

" Statistically significant compared to solvent control (p < 0.05).
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prediction methodologies in line with ICH M?7. The ICH
M7 guidance suggests that in silico assessment of bacterial
mutagenicity for the qualification of impurities in pharmaceuticals
be conducted using a knowledge-based methodology and statisti-
cal-based methodology complementing each other (ICH, 2014).
Leadscope and ToxTree programs which were used in the study
have shown a high sensitivity and negative predicitivity using an
external test set in validation studies (Contrera, 2013; Valerio and
Cross, 2012). Obtained data showed that sulfoxide impurity has no
structural alert for mutagenicity. According to the ICH
M7 guideline, in the absence of structural alerts from the two
complementary methodologies, it is sufficient to conclude that the
impurity is of no concern and that further testing is not required.
On the other hand, as it is applied in this study as well, ICH Q3A/B
and EMA guidelines recommend “minimum screen” consisting of
bacterial gene mutation test and in vitro chromosome aberration
test for evaluation of genotoxic potential of impurities that exceed
qualification limits.

Bacterial reverse mutation test (OECD Test Guideline; No:471)
is the most widely used and well validated short-term test to
identify genetic damage that leads to gene mutations. However, a
major problem in impurity studies is acquiring sufficient
compound quantity. Achieving the necessary test concentrations
for impurities that are not feasible to isolate or synthesize can be
quite costly, difficult and limited. Therefore, as an alternative to
conventional bacterial reverse mutation test, some miniaturized
tests were developed enabling mutagenicity assessment with less
quantity of impurity (Flamand et al., 2001; Fliickiger-Isler and
Kamber, 2012; Gatehouse, 1978; Gatehouse and Delow, 1979;
Kamber et al., 2009). In OECD Test Guideline No:471, it is
recommended that at least 5 tester strains carrying different
target sites for mutation should be used in order to achieve
sensitivity for a broad range of chemicals. In line with this
recommendation the Ames MPF Penta I being among the
miniaturized format tests was used in this study enabling to work
on S. typhimurium TA98, TA100, TA1537, TA1535 ve E. coli WP2 uvrA
+ E.coli WP2 [pKM101] strains. Furthermore, in another study in
which concordance of results between Ames MPF and conven-
tional Ames method was tested with a set of 15 equivocal to weakly
positive mutagenic chemicals selected from the National Toxicol-
ogy Program (NTP) database, 87% concordance was determined
(Fliickiger-Isler and Kamber, 2012).

Before mutagenicity analysis, prescreening assay was per-
formed in TA98 strain in order to determine cytotoxicity in line
with kit protocol mentioned and no cytotoxicity was observed.
However, in determining cytotoxicity, it was observed that this
prescreening assay had some limitations. These limitations are
thought to arise from the short exposure period and the principle
of the test which defines that the assay can only identify
compounds that lyse bacteria within 90min. Although
TA100 strain being more sensitive to killing effects of chemicals
than that of TA98, the TA98 strain was used in cytotoxicty test as
mentioned in the protocol, hence this might affect determining
cytotoxicity precisely as well (Jurado et al., 1993 ). However, Kenyon
et al. (2007) demonstrated that in Ames test, most mutagenic
impurities can be detected in concentrations of 250 g/plate or
less. In this study, even though cytotoxic signs are observed at high
doses in some strains, overall results showed that sulfoxide
impurity has no mutagenic activity in absence and presence of
metabolic activation.

In human peripheral lymphocytes, it was found that sulfoxide
impurity significantly inhibited mitotic index in a concentration
and time dependent manner. However, in in vitro human
lymphocyte chromosomal aberration test, sulfoxide impurity did
not show clastogenic activity with and without metabolic
activation and no numerical aberrations were observed as well.

In this study, it has also been noted that results obtained from
computational based mutagenicity analysis concorded with that of
bacterial gene mutation test and in vitro chromosomal aberration
test. All results indicate that sulfoxide impurity is nonmutagenic/
nongenotoxic and that it should be classified as ordinary impurity
according to the guidelines.

In light of the results achieved which showed cytotoxicities at
high concentrations, in vivo acute toxcity tests may further be
considered to be important for the impurity in the future. In the
guidelines, while there is mentioning of in vivo acute toxicity test
in some cases, there are no particular references to in vitro
cytotoxicity assessment at qualification. Nevertheless, one would
opt to argue that in vitro cytotoxicity would only be influential if it
was extremely cytotoxic and that such an impurity had to be
limited at a low level (personal communication with L.Mueller).

In this study, qualification was only needed for the sulfoxide
impurity above the limit. In fact, not only investigated impurities
but also all impurities in drugs may affect organism as a mixture.
Recommendations on multiple impurities are provided regarding
genotoxic impurities (Bercu et al., 2008; EMA Q&A, 2010; ICH,
2014). However, risks which can occur in organism in case of
interaction between any types of impurities are unknown.
Furthermore, there are also combination montelukast products
with desloratadine or levocetirizine in market. So, interaction with
impurities coming from other active substance might also be
thought.

5. Conclusion

In drugs containing montelukast for adults and children in the
Turkish market, only the sulfoxide impurity which was among the
six impurities investigated, required qualification tests according
to the regulatory guidelines. Impurty levels of generic drugs and
innovator drug were not observed to be significantly different. The
sulfoxide impurity for which no prior data of genotoxicity was
available was concluded to be an ordinary (nonmutagenic)
impurity in the studies conducted for hazard identification. While
this is a positive result for adults and children who use these drugs
regularly, in countries like Turkey where regulations on genotoxic
impurities are not in effect, it is of essential importance for public
health that guidelines of global regulatory agencies are taken into
consideration to guide the pharmaceutical industry.
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