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ABSTRACT: Pranlukast hydrate (PRN), a cysteinyl leukotriene receptor antagonist (CysLT1), is used to treat bronchial asthma.
The objective of this study is to perform the isolation, characterization, and toxicity analysis of stress degradation products of PRN.
In high-performance liquid chromatography (HPLC), the separation was achieved using a Phenomenex Gemini C18 (250 × 4.6
mm, 5 μ) column; the ammonium format buffer (50 mM), pH 4, with formic acid: acetonitrile (50:50, v/v) was used as a mobile
phase at a flow rate of 1.25 mL/min; and the photodiode array detector was used for detection at 230 nm. The drug was subjected to
stress degradation as per ICH Q1A (R2) and ICH Q1B guidelines. The drug was found to be labile in alkaline (62.48% degradation)
and photolytic (liquid state) (7.67% degradation) conditions, whereas the drug was found to be stable in acidic, peroxide, photolytic
(solid state), and thermal conditions. The characterization of the drug and its degradation products was achieved using liquid
chromatography−electrospray ionization−quadrupole time of flight tandem mass spectrometry (LC-ESI-QTOF-MS/MS), and the
degradation mechanism was proposed. There were two degradation products observed in alkaline conditions (DP6 and DP9),
whereas six novel degradation products were observed in photolytic degradation products (DP1, DP3, DP4, DP5, DP7, and DP10).
The developed method was successfully validated as per the ICH Q2 (R1) guideline. The isolation of the alkaline degradation
product DP9 was performed using preparative HPLC, and it was found to be 96.8% pure degradation product. The characterizations
of the isolated degradation product (DP9) and procured impurity were performed using MS/MS, NMR, and FTIR. The mass of the
procured impurity and DP9 were observed to be 404 and 500 Da, respectively. The in vitro cytotoxicity study of the procured
impurity and DP9 was conducted using a 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay using an
A549 cell line, and they were found to be cytotoxic at concentrations above 62.5 and 250 μg/mL, respectively. Furthermore, an in
silico toxicity study was performed to predict the toxicity of all the major characterized degradation products of PRN using
admetSAR software version 2.0. DP1, DP2, DP6, and DP10 were found to be hepatotoxic, mutagenic according to the micronucleus
test, and aquatic toxic. We can conclude that the drug should be kept away from the direct exposure of light and the toxicity levels of
DP1, DP2, DP6, and DP10 should be reduced below 0.1% to avoid their toxic effect.

■ INTRODUCTION

Pranlukast hydrate (PRN) {4-oxo-8-[4-(4-phenylbutoxy)-
benzoylamino]-2-(tetrazole-5-yl)-4H-1-benzopyran hemihy-
drate}1 is the first orally active, novel, potent, and selective
cysteinyl leukotriene receptor antagonist (CysLT1).

2,3 It is used
in the treatment of asthma where it reduces the bronchospasm
caused by the development of allergen-induced mega choline
airway hyperresponsiveness and hence results in an excellent
recovery of normal lung function within a short time.2−4

According to ICH Q1A (R2) and ICHQ1B guidelines, stress

testing is the process of identifying degradation products (DPs)
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generated by applying different stress conditions such as
hydrolysis, oxidation, thermal, and photolysis. Furthermore, it
helps establish the degradation pathway and the mechanism of
formation of a DP. It also helps elucidate the intrinsic stability of
the molecule.5,6 The knowledge of the drug’s DPs can help
decrease the toxicity and side effects of the drug. Hence, the
complete characterization of DPs is mandatory.7 It provides
information on how physical and chemical changes in a drug
molecule can affect its quality, safety, and efficacy.

This drug is official in Japanese pharmacopeia (JP’17).8 One
stability-indicating reverse-phase high-performance liquid chro-
matography (RP-HPLC) method has reported.9 Few RP-HPLC
methods have reported of PRN in formulation,10 PRN and its
metabolism in plasma,5,11 PRN pharmacokinetics in plasma,12

and few LC−MS/MS (liquid chromatography−tandem mass
spectrometry) methods have reported for PRN in plasma.1,2,13

But no studies are available for the isolation and characterization
of the stress DPs of this drug. Hence, the study aims to develop
and validate a novel stability-indicating liquid chromatography−
electrospray ionization−quadrupole time of flight tandem mass
spectrometry (LC-ESI-QTOF-MS/MS) method for the deter-
mination of PRN along with isolation, in vitro and in silico
toxicity study of major DPs of PRN. Based on the aim, the
following are the objectives of this study: (1) to develop a novel
mass compatible, simple, specific, selective, sensitive, linear,
accurate, robust, precise, and stability-indicating method; (2) to
perform a stress degradation study by LC−MS according to
ICH Q1A (R2)14 and ICH Q1B guidelines;15 (3) to perform
characterization of the drug and its DPs by LC-ESI-QTOF-MS/
MS; (4) to perform validation as per ICHQ2 (R1)16 guidelines;
(5) isolation of major DPs by preparative HPLC and
characterization of major DPs by MS/MS, nuclear magnetic
resonance (NMR), and Fourier transform infrared (FTIR)
spectroscopy; and (6) to perform an in vitro toxicity study using
a 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay and an in silico toxicity study using admetSAR
software version 2.017 of major DPs.

■ EXPERIMENTAL SECTION
Materials and Reagents. The PRN active pharmaceutical

ingredient (API) and sachets (10% w/w) were obtained as a
complimentary sample fromCadila Pharmaceuticals Ltd. (Ahmedabad,
India). HPLC-grade acetonitrile (ACN) was procured from
Spectrochem (Mumbai, India). HPLC-grade formic acid was procured
from Rankem (Bangalore, India). High-purity water was obtained from
a Millipore Milli-Q water purification system (Millipore, Milford, MA,
USA). Other analytical grade (AR) reagents�concentrated hydro-
chloric acid (HCl), sodium hydroxide (NaOH), hydrogen peroxide
(30% H2O2), and ammonium format buffer�were procured from SD
Fine Chemicals Limited (Mumbai, India).
Instrumentation. An auto-sampler HPLC Shimadzu SIL-20AC

system (Shimadzu, Japan) is composed of a column oven (CTO-
20AC), a quaternary pump (LC-20ADvp) with a degasser (DGU-
20A5R), a system controller (CBM-20A SPD-M20A), and a photo-
diode array (PDA) detector. The Shimadzu LC 8030 instrument is
attached to a TOFmass spectrometer with an ESI source in the positive
and negative mode. Data analysis was carried out using Lab Solution
software. The Bruker NMR instrument (Bruker, Switzerland) was used
for recording 1H and 13C NMR spectra at frequencies of 400.13 and
100.61 MHz, respectively. Data analysis was carried out using Topspin
software. The Jasco FTIR 6100 series (Jasco, Japan) was used to record
the FTIR spectrum. Data analysis was carried out using Spectra
Manager software. A Waters (Milford, MA, USA) preparative HPLC
system equipped with a 515 HPLC pump and a 2489 UV−visible
detector was used. Data analysis was carried out using Empower 2

software. The photostability chamber (Thermo Fischer, Mumbai,
India), the vacuum oven (Samiksha Industrial Corporation, Mumbai,
India), the pH meter (pH tutor, Eutech Instruments, USA), the digital
analytical balance (CX-220, Citizen, USA), and the ultra-sonicator (D-
compact, EIE Instruments Pvt Ltd., Ahmedabad, India) were used in
this study.
Chromatographic and Mass Spectrometric Conditions. The

chromatographic separation was achieved using a Phenomenex Gemini
C18 column (250 × 4.6 mm, 5 μ) with a mobile phase consisted of
ammonium format (50 mM), pH 4, with formic acid/ACN (50:50, v/
v) in the isocratic mode at a flow rate of 1.25 mL/min. The
chromatograms were monitored at 230 nm wavelength (λ). The
column and auto-sampler temperatures were controlled to be 40 and 15
°C, respectively. The diluent used was water/ACN (50:50, v/v). The
run time was 35 min. The ESI-QTOF-MS/MS operating conditions
were as follows: ESI in the positive and negative ion mode was used for
good mass signal sensitivity. Nitrogen was used as a drying gas (450 °C,
15 L/min) and a nebulizing gas (3 L/min). The desolvation
temperature (DL) was 250 °C.
Preparation of the Stock Solution and Working Standard

Solution. PRN is insoluble in water and methanol but soluble in
dimethyl sulfoxide (DMSO) (10 mg/mL) and dimethylformamide
(DMF) (20 mg/mL). Hence, the stock solution of PRN with a
concentration of 1000 μg/mL was prepared by accurately weighing 10
mg of API in a 10 mL amber-color volumetric flask and dissolved with 3
mL of DMSO. The volume of the resulting solution was made up to the
mark with ACN. From the stock solution, the working standard
solution of PRN with a concentration of 100 μg/mL was prepared by
taking a 1mL aliquot in a 10mL amber-color volumetric flask andmade
up the volume to the mark with a diluent.
Preparation of the Sample Solution. A PRN sample solution

with a concentration of 1000 μg/mL was prepared by taking 10 sachets
(equivalent to 1 g) into a mortar pestle and crushing. Then, powder
equivalent to 100 mg was taken in a 100 mL amber-color volumetric
flask. Further, 30 mL of DMSO was added, dissolved, and sonicated for
15 min. Then, the volume was made up to the mark with ACN. From
the stock solution, a 100 μg/mL solution was prepared by taking a 1 mL
aliquot in a 10 mL amber-color volumetric flask and made up the
volume to the mark with a diluent.
Stress Degradation Studies. Stress degradation studies of PRN

were performed under different stress conditions�hydrolysis (acidic,
alkaline), oxidation, photolytic, and thermal, which were included in the
specificity of the drug. The mass balance was calculated considering %
assay + % degradation products + % impurities.18

Preparation of Stress Degradation Samples for Analysis.
Hydrolytic degradation was performed by an acid (0.01 N ACN HCl)
and an alkaline (0.1 NNaOH) for 7 days and 4 h, respectively, at 25 °C.
Oxidative degradation was carried out using 3% ACN H2O2 at 25 °C.
The ACN was used as a co-solvent because the drug was completely
insoluble in water19−22 and precipitated out inHCl andH2O2; however,
it was slightly soluble at an alkaline pH, so alkaline degradation was
performed without the addition of the co-solvent. Photolytic
degradation was conducted using a diluent [DMSO/ACN (3:7, v/
v)] in a liquid state, and the sample was kept in a photostability chamber
(40 °C, 75% RH) for 1.2 million lux h, 200 W/m2. While in the solid-
state condition, the drug was spread on a Petri dush, covered with a
transparent glass, and kept in a photostability chamber (40 °C, 75%
RH) for 6 million lux h, 1000 W/m2. Thermal degradation was
performed by spreading the drug in an amber-color Petri dish, covered
with a glass, and kept in a hot air oven at 100 °C for 7 days.

Acidic and alkaline stressors were neutralized by adding dropwise
0.01 N NaOH and 0.1 N HCl, respectively, till the pH became 7, which
was confirmed using a pH strip.23,24 The final concentration of 100 μg/
mLwas prepared by further diluting all the stressors with a blank. All the
solutions were filtered using a 0.22 μ membrane syringe filter before
analysis.
Method Validation. The developed method was validated by

evaluating various parameters such as system suitability, linearity, limit
of detection (LOD) and limit of quantification (LOQ), precision,
accuracy, robustness, specificity, and selectivity as per ICH Q2 (R1)
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guidelines. The stock solution of 1000 μg/mL concentration was
prepared and used in the measurement of all the parameters mentioned
below.

The system suitability was characterized by injecting six replicates (n
= 6) of 100 μg/mL concentration and evaluating the retention time
(tR), number of theoretical plates (NTP), tailing factor, area, and %
relative standard deviation (%RSD). The linearity was characterized for
concentration values of 50, 75, 100, 125, and 150 μg/mL (n = 2). The
peak area (μAU) versus concentration (μg/mL) curves were plotted by
using the linear regression method, and the slope, intercept, and
correlation coefficient (r) were determined. The LOD and LOQ were
calculated based on the standard deviation of the response and the
slope. The precision study was conducted using three different
concentrations, 50, 100, and 150 μg/mL (n = 3), on the same day
and three consecutive days for the intra-day and inter-day precision,
respectively; and the % RSD was calculated. The recovery study was
performed using the standard addition method by spiking the standard
into the sample using three different concentrations, 80, 100, and 120
μg/mL (n = 3), at three different levels, 80, 100, and 120%. The
robustness was characterized by deliberate changes in all selected
parameters as follows: mobile phase composition (±2), pH (±0.2),
flow rate (±0.1 mL/min), and temperature (±5 °C) at a concentration
of 100 μg/mL, and the % RSD was calculated. The specificity of the
method was determined by checking the interference between the drug
peak and the placebo, formulation, and DP peaks and studying the
stress degradation behavior of PRN. Furthermore, the peak purity of the
drug and the DP peaks were analyzed.
In Silico Toxicity Study. The physicochemical, absorption,

distribution, metabolism, excretion, and toxicity (ADMET) properties
of the PRN and its DPs were predicted using admetSAR software
version 2.0 and QSAR toobox software. The physicochemical and
ADME parameters were selected, including solubility, plasma protein
binding, lipophilicity, human intestinal absorption, permeability,
human oral bioavailability, transporters, cytochrome P450 (CYP)
substrates, CYP inhibition, and receptor binding. The toxicity
parameters were selected, including sensitization, Ames and micro-
nuclear mutagenicity, carcinogenicity, hepatotoxicity, acute oral
toxicity, and aquatic toxicity.
In Vitro Cytotoxicity Study.25,26The in vitro cytotoxicity study of

DPs of PRN (procured impurity and DP9) was performed on an A549
cell line27−32 using MTT29 assays. Cells were observed using an
inverted microscope to assess the degree of confluency and to confirm
the absence of bacterial and fungal contamination. The cell layer was
washed with 5 mL of sterile phosphate-buffered saline (PBS). PBS was
removed, and cells were trypsinized with 1 mL of 0.25% trypsin for 2−5
min. After trypsinization, a 5 mL growth medium with 10% fetal bovine
serum (FBS) was added to the flask. Cells were dislodged by taping the
flask. Cells were pelleted out by centrifuging the cell culture at 800 rpm
for 5 min. The cell pellet was resuspended in a growth medium and
mixed to obtain a homogeneous cell suspension. Cells were counted
using a hemocytometer and adjusted to contain a 1 × 105/mL
concentration (1 × 104/well). Cell suspension (0.1 mL) was dispensed
to each well of 96-well plates and incubated at 37 ± 1 °C in 5 ± 1%CO2
in a humidified incubator for 24 h. At the end of the incubation period,
different concentrations of the test item were added, and the plate was
incubated at 37 °C for 24 ± 2 h. The procured impurity, DP9 (0.98,
1.95, 3.91, 7.81, 15.63, 31.25, 62.50, 125, 250, 500, 750, and 1000 μg/
mL), positive control�sodium lauryl sulfate (SLS), and negative
control (NC)�Dulbecco’s modified Eagle’s medium (DMEM) were
tested in triplicate. At the end of incubation, media with test items were
removed and replaced with DMEM containing 10% FBS. The MTT
reagent [0.01 mL (5 mg/mL)] was added to each well. The plate was
incubated at 37 ± 1 °C in 5 ± 1%CO2 in a humidified incubator for 2 h.
At the end of incubation, absorbance was determined in an enzyme-
linked immune sorbent assay (ELISA) plate reader at 570 nm with 650
nm as a reference wavelength. The data are expressed as percentage cell
viability versus concentration by taking the NC cell as 100% viable as
given in the below equation.

=

×

% viability
mean concentration of procured impurity/DP9

mean concentration of NC
100

■ RESULTS AND DISCUSSION
Optimization of the Method. It was mandatory to

optimize the chromatographic conditions to obtain a better
resolution between the drug and its DPs. Based on the literature,
where the trials were performed in different columns, it was
proposed that the Phenomenex Gemini C18 column was more
suitable for method development. Mobile phase trials were
initiated with methanol and water with 0.01% ammonia13 at
different pH values and different ratios, but the peak shape was
not good (NTP < 2000) and tailing (>2) was observed. Hence,
to further improve the peak shape, the trials were taken with
ammonium acetate and format buffer (different strength) with
ACN or methanol in different ratios.1,12 The peak shape was
improved, but tailing was observed. Hence, different pH values
were obtained with acetic acid or formic acid,33 and finally,
ammonium format buffer (pH 4 adjusted with formic acid)/
ACN was used in an isocratic mode, which showed a symmetric
peak (NTP > 2000, tailing < 2). To achieve the resolution
between the drug and its DP peaks, the flow rate was optimized
to be 1.25 mL/min. The wavelength was selected based on the
mass balance approach at 230 nm. The column temperature was
set at 40 °C for the improvement of the peak shape.

Finally, the resolution between the drug and its DPs was
achieved by selecting a Phenomenex Gemini C18 (250 × 4.6
mm, 5 μ) column. The mobile phase was selected ammonium
formate (50mM), pH 4, with formic acid: ACN (50:50, v/v) at a
flow rate of 1.25 mL/min. The wavelength was selected to be
230 nm, and the column temperature was set to be 40 °C
(Figure S1).
ForcedDegradation Studies.34,35The forced degradation

study’s objective was to separate the drug peak and all the
degradation peaks effectively. Hence, no co-elution or
interference of the unknown degradation peak was observed.
Degradation Behavior of PRN. The forced degradation

study was carried out by using milder conditions initially. In
hydrolysis (acidic and alkaline), degradation was initiated with
0.01 N ACN HCl and NaOH at 25 °C for 1 h. Still, no
degradation was observed; hence, the concentration (0.1 N) and
time interval were increased in an alkaline condition up to 4 h,
which resulted in significant degradation (DP6, DP7, and DP9).
In acidic hydrolysis, the higher concentration (0.1 N or above)
was not taken because the sample was insoluble and precipitated
out at lower pH,2 so a low concentration (0.01 N) was taken for
up to 7 days. In a peroxide condition, degradation was initiated
with 3% ACN H2O2

26 at 25 °C for 1 h, but no degradation was
observed, so the time was increased up to 24 h, but no significant
degradation was observed (DP8). In a thermal condition, based
on “a stress testing benchmarking study” and the melting point
(233−235 °C) of PRN, degradation was initiated with a high
temperature (100 °C) using a hot air oven, but no degradation
was observed for up to 7 days. In a photolytic condition, the
liquid sample was kept under a photostability chamber (40 °C,
75% RH) for 1.2 million lux h, 200 W/m2, and significant
degradation was observed (DP1, DP2, DP3, DP4, DP5, DP7,
and DP10). In solid condition, the sample was kept under a
photostability chamber (40 °C, 75% RH) for 1.2 million lux h,
200 W/m2, but no degradation was observed, and upon
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increasing the time up to 6 million lux h, 1000 W/m2, no
degradation was observed (Figure S2 and Table 1).

From the above results, it can be concluded that a total of 10
DPs were obtained in alkaline, peroxide, and photolytic (liquid)
conditions.
Quantification of DPs. The final concentration of 100 μg/

mL was injected into the HPLC system in each stress
degradation condition. In alkaline hydrolysis, the % degradation
values of threeDPsDP6, DP7, andDP9were 46.61% (46.61 μg/
mL), 0.24% (0.24 μg/mL), and 15.62% (15.62 μg/mL),
respectively. In photolytic degradation, the % degradation
values of seven DPs DP1, DP2, DP3, DP4, DP5, DP7, and DP10
were 0.23% (0.23 μg/mL), 0.35% (0.35 μg/mL), 0.77% (0.77
μg/mL), 1.14% (1.14 μg/mL), 1.10% (1.10 μg/mL), 2.22%
(2.22 μg/mL), and 1.86% (1.86 μg/mL), respectively.

From the above results, it can be concluded that DP6 andDP9
were found to be the major DPs in alkaline conditions.
LC-ESI-QTOF-MS/MS of PRN and Its DPs.36−40 The

structural characterization of PRN and its DPs was performed
using LC-ESI-QTOF-MS/MS. The total ion chromatogram
(TIC) was scanned in the range of 50−500 m/z. The
percentages of DP8 in peroxide degradation was very less
(around 0.2%); hence, the product was unable to ionize in MS
and further characterization was not possible. Furthermore, the
amounts of DP1 and DP2 were observed to be the same (m/z
294.8000 Da).
MS/MS Study of PRN (Rt = 15.15 min). The LC-ESI-

QTOF-MS/MS spectra of PRN ([M + H]+, m/z 482.2000,
C27H24N5O4

+) are shown in Figure S3a. The spectrum shows
the product ion at m/z 454 (loss of −N2), m/z 426 (loss of
−N2), m/z 346 (loss of −C4H3O2 and +2H), m/z 294 (loss of
−C9H11 and −CH3 from m/z 426), m/z 266 (loss of
−CH3OH), m/z 253 (loss of −C10H6N3O2 from m/z 482),
m/z 225 (loss of −CO), m/z 175 (loss of −C6H5 from m/z
253),m/z 147 (loss of −C7H6NO fromm/z 266),m/z 133 (loss
of −C6H5OH fromm/z 225),m/z 119 (loss of −CH3), andm/z
91 (loss of −C2H5) (as shown in Figure S4 and Table 7). The
product ion observed at m/z 454 and m/z 426, which is formed
by the loss of −N2, indicates the presence of the tetrazole moiety
in PRN. The product ion observed at m/z 294, which is formed
by the loss of −C6H5CH2CH2CH3 and −CH3, suggests the
presence of the phenyl propyl moiety in PRN. The product ion

observed at m/z 147, which is formed by the loss of
−NHCOC6H5, indicates the presence of the phenyl amide
moiety in PRN.

The LC-ESI-QTOF-MS/MS spectra of PRN ([M-H], m/z
480.2000, C27H22N5O4

−) are shown in Figure S3b. The
spectrum shows a product ion at m/z 452 (loss of −N2), m/z
424 (loss of −N2), m/z 290 (loss of −C10H13O and −NH from
m/z 452), m/z 263 (loss of −CH2NH2), m/z 171 (loss of
−C7H6NO from m/z 290), and m/z 118 (loss of −C18H11NO4
from m/z 424). The product ion observed at m/z 452 and m/z
424, which is formed by the loss of −N2, indicates the presence
of the tetrazolemoiety in PRN. The product ion observed atm/z
171, which is formed by the loss of −NHCOC6H5, suggests the
presence of the phenyl amide moiety in PRN (as shown in
Figures S3a,b and S4a,b and Table 2).
MS/MS, NMR, and FTIR Study of PRNDPs.DP1 (Rt = 3.87

min) and DP2 (Rt = 4.32 min). The LC-ESI-QTOF-MS/MS
spectra of DP1 and DP2 ([M + H]+, m/z 294.8000,
C17H14NO4

+) in the photolytic (liquid state) condition are
shown in Figure S3c. The precursor ion was 187 Da less than [M
+H]+ of PRNdue to the loss of−CHN4 and−C9H11 from PRN.
The spectrum shows a product ion at m/z 147 (loss of
−C8H8NO2). The product ion observed at m/z 147, which is
formed by the loss of −NHCOC6H5OCH3, indicates the
presence of the amide moiety in DP1 and DP2 (as shown in
Figures S3c and S4c and Table 2).

DP3 (Rt = 10.13 min). The LC-ESI-QTOF-MS/MS spectra
of DP3 ([M + H]+, m/z 274.1000, C11H8N5O4

+) in the
photolytic (liquid state) condition are shown in Figure S3d. The
precursor ion was 208 Da less than [M + H]+ of PRN due to the
loss of −C16H17O and addition of H2O from PRN. The
spectrum shows a product ion at m/z 256 (loss of −H2O) (as
shown in Figures S3d and S4d and Table 2).

DP4 (Rt = 10.86 min). The LC-ESI-QTOF-MS/MS spectra
of DP4 ([M-H],m/z 456.1000, C25H22N5O4

−) in the photolytic
(liquid state) condition is shown in Figure S3e. The precursor
ion was 24 Da less than [M − H] of PRN due to the loss of
−C2H2 and addition of +2H from PRN. The spectrum shows a
product ion at m/z 412 (loss of −N3H3 and −2H), m/z 353
(loss of−C6H9 and N2 from m/z 456), m/z 278 (loss of −N2H4
and−C2H5OH),m/z 201 (loss of −C6H5), andm/z 147 (loss of
−CONH2 and −CH3). The product ion observed at m/z 147,

Table 1. Summary of the Degradation Behavior of PRN and Its DPsa

Conditions % Degradation Resolution RRT (min) % Assay Mass balance Peak purity index

(1) Acidic hydrolysis (0.01 N HCl, 25 °C, 7 days) No degradation 100.57 100.57
(2) Alkaline hydrolysis (0.1 N NaOH, 25 °C, 4 h) DP6�46.61 0.94 32.86 95.35 0.9944

DP7�0.24 5.45 1.22 0.9997
DP9�15.62 4.81 1.47 0.9999
total�62.48

(3) Peroxide degradation (3% H2O2, 25 °C, 24 h) DP8�0.27 9.66 1.42 97.22 97.50 0.9957
(4) Photolytic degradation (liquid, 1.2 million lux h, 200 W/m2) DP1�0.23 0.25 85.00 92.67 0.9999

DP2�0.35 1.72 0.28 0.9999
DP3�0.77 7.37 0.66 0.9999
DP4�1.14 1.47 0.70 0.9998
DP5�1.10 1.44 0.75 0.9999
DP7�2.22 3.70 1.20 1.0000
DP10�1.86 1.10 2.22 0.9997
total�7.67

(5) Photolytic degradation (solid, 6 million lux h, 1000 W/m2) no degradation 101.39 101.39
(6) Thermal degradation (100 °C, 7 days) no degradation 102.18 102.18

aDegradation product.
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which is formed by the loss of −CONH2 and−CH3, suggests the
presence of the amide moiety in DP4 (as shown in Figures S3e
and S4e and Table 2).

DP5 (Rt = 11.58 min). The LC-ESI-QTOF-MS/MS spectra
of DP5 ([M + H]+, m/z 498.2000, C27H24N5O5

+) in the
photolytic (liquid state) condition are shown in Figure S3f. The
precursor ion was 16 Da more than [M +H]+ of PRN due to the
addition of −OH from PRN. The spectrum shows a product ion
atm/z 470 (loss of −NH and addition of +3H),m/z 457 (loss of
−NH and addition of +3H), m/z 349 (loss of −C6H5, −N2H4,
and −2H), m/z 253 (loss of −C10H9N3O2 from m/z 457), m/z
133 (loss of −C7H4O2), and m/z 119 (loss of −CH3). The
product ions observed atm/z 470,m/z 457, andm/z 349, which
are formed by the loss of −NH, −NH3, and −N2H4, respectively
indicate the presence of the tetrazole moiety in DP5. The
product ion observed at m/z 133, which is formed by the loss of
−COC6H5O, suggests the presence of ketone and ether moieties
in DP5 (as shown in Figures S3f and S4f and Table 2).

DP6 (Rt = 14.01 min). The LC-ESI-QTOF-MS/MS spectra
of DP6 ([M + H]+, m/z 404.3000, C25H26NO4

+) in the alkaline
conditions are shown in Figure S3g. The precursor ion was 78
Da less than [M + H]+ of PRN due to the loss of −C2HN4 and
addition of +3H. The spectrum shows product ions at m/z 360

(loss of -2OH and −CH3),m/z 227 (loss of −C10H13),m/z 210
(loss of −OH), m/z 151 (loss of −C9H11 and −C7H7 from m/z
360), and m/z 134 (loss of −C6H5). The product ion observed
a t m/z 151 , wh i ch i s fo rmed by the lo s s o f
−CH2CH2CH2CH2C6H5 and −CH2C6H5, indicates the pres-
ence of the phenyl butyl moiety in DP6. 1H NMR and 13C NMR
spectra of DP6 show the presence of free −OH (20) due to ring-
opening caused by breaking of the bond between “O” and “C” of
the “oxo pyran” ring system. Furthermore, breaking of the “C�
C” bond by removing “C” attached to the tetrazole ring system
forms free −CH3 (3). The 1HNMR spectrum of DP6 shows the
δ value of free “OH” (1H, 20) at 12.678 ppm and a decrease in
the δ value at the third position due to the breaking of the “C�
C” bond to form “CH3” (3H, 3) at 2.499 ppm as compared to
PRN. The 13C NMR spectrum of DP6 shows the absence of 1
“C” attached to the tetrazole ring system compared to PRN.
FTIR spectrum of DP6 shows the presence of phenolic ‘OH’. It
shows a sharp stretching frequency at 3440.39 cm−1 and
medium bending frequency at 1369.21 cm−1 compared to PRN.
The tetrazole moiety is absent in DP6 hence, it did not show
−C�N stretching, −N�N�N stretching, −N−H wagging,
and −N−H bending compare to PRN (as shown in Figures S3g,
S4g, S5a, S6a,c, and S7a and Tables 2−4).

Table 2. MS/MS Data and Elemental Composition of PRN and Its DP with Their Product Ions

Sr
no. Name

Molecular
weight Formula MS/MS fragments

1 PRN 482.2000 C27H24N5O4
+ 454.0500

(C27H24N3O4
+)

426.1500
(C27H24NO4

+)
346.3000

(C21H16NO4
+)

294.0000
(C17H12NO4

+)
266.1500

(C16H12NO3
+)

253.2000 (C17H17O2
+)

225.1000 (C16H17O+)
174.9000 (C11H11O2

+)
147.0500 (C9H7O2

+)
133.1000 (C10H13

+)
119.0000 (C9H11

+)
91.1500 (C7H7

+)
2 PRN 480.2000 C27H22N5O4

− 452.2500
(C27H22N3O4

−)
424.3000

(C27H22NO4
−)

290.0000
(C17H11N2O3

−)
263.2000

(C16H10NO3
−)

171.0000
(C10H6NO2

−)
118.1000 (C9H11

−)
3 DP1, 2 294.8000 C17H14NO4

+ 147.3000 (C9H7O2
+)

4 DP3 274.1000 C11H8N5O4
+ 256.1000

(C11H6N5O3
+)

5 DP4 456.1000 C25H22N5O4
− 411.8500

(C25H19N2O4
−)

353.5000
(C20H21N2O4

−)
278.3000

(C17H12NO3
−)

201.5000
(C11H8NO3

−)

Sr
no. Name

Molecular
weight Formula MS/MS fragments

147.1500 (C9H7O2
−)

6 DP5 498.2000 C27H24N5O5
+ 470.1500

(C27H27N4O4
+)

457.0500
(C27H26N3O4

+)
349.8000

(C21H10NO4
+)

253.1500 (C17H17O2
+)

133.1000 (C10H13
+)

119.0500 (C9H11
+)

7 DP6 404.3000 C25H26NO4
+ 360.2000

(C24H26NO2
+)

227.1000
(C14H14NO2

+)
210.0500

(C14H12NO+)
151.1000

(C8H10NO2
+)

134.1000 (C8H8NO+)
8 DP7 270.1000 C17H19O3

+ 133.1000 (C10H13
+)

119.1500 (C9H11
+)

105.3000 (C8H9
+)

91.0500 (C7H7
+)

9 DP9 500.1000 C27H26N5O5
+ 426.3000

(C27H26NO4
+)

253.0000 (C17H17O2
+)

119.1000 (C9H11
+)

105.0000 (C8H9
+)

91.0000 (C7H7
+)

10 DP10 418.2000 C26H28NO4
+ 400.1000

(C26H26NO3
+)

383.2000
(C26H24NO2

+)
252.9000 (C17H17O2

+)
148.1000 (C9H9O2

+)
120.9500 (C8H9O+)

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.1c00222
Chem. Res. Toxicol. 2022, 35, 1206−1219

1210

https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.1c00222/suppl_file/tx1c00222_si_001.pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.1c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DP7 (Rt = 18.52 min). The LC-ESI-QTOF-MS/MS spectra
of DP7 ([M +H]+,m/z 270.1000, C17H19O3

+) in the photolytic
(liquid state) condition are shown in Figure S3h. The precursor
ion was 212 Da less than [M + H]+ of PRN due to the loss of
−C10H6N5O2 and addition of −OH from PRN. The spectrum
shows product ions at m/z 133 (loss of −C7H5O3), m/z 119
(loss of −CH3), m/z 105 (loss of −CH3), and m/z 91 (loss of
−CH3). The product ion observed at m/z 134, which is formed
by the loss of −OC6H5COOH, indicates the presence of ether
and acid moieties in DP7 (as shown in Figures S3h and S4h, and
Table 2).

DP9 (Rt = 21.94 min). The LC-ESI-QTOF-MS/MS spectra
of DP9 ([M +H]+,m/z 500.1000, C27H26N5O5

+) in the alkaline
condition are shown in Figure S3i. The precursor ion was 18 Da
more than [M +H]+ of PRN due to the addition of the “O” atom
and H+ atom from PRN. The spectrum shows product ions at
m/z 426 (loss of −N4),m/z 253 (loss of −C10H7NO2),m/z 119

(loss of −C8H7O2), m/z 105 (loss of −CH3), and m/z 91 (loss
of −CH3). The product ion observed at m/z 426, which is
formed by the loss of −N4, indicates the presence of the tetrazole
moiety in DP9. The product ion observed atm/z 253, formed by
the loss of −NHC6H5COCH�CH(OH)CH3, indicates the
presence of the 4-oxo benzopyran moiety in DP9. The product
ion observed at m/z 119, which is formed by the loss of
−COC6H5OCH3, indicates the presence of phenyl ketone and
ether moieties in DP9 (as shown in Table 7). The 1H NMR and
13C NMR spectra of DP9 show the presence of free −OH (21)
due to ring-opening caused by breaking the bond between “O”
and “C” of the “oxo pyran” ring system. Furthermore, the
presence of “�O” (20) is caused by the breaking of the “C�C”
bond to the “C−C” bond (3). The 1H NMR spectrum of DP9
shows the δ value of free “OH” (1H, 21) at 12.404 ppm and a
decrease in the δ value at the third position due to the breaking
of the “C�C” bond to form “CH2” (2H, 3) at 3.465 ppm as
compared to PRN. The 13C NMR spectrum of DP9 shows the δ
value of “�O” (20) at 174.46 ppm compared to PRN. FTIR
spectrum of DP9 shows the presence of phenolic ‘OH’. It shows
a sharp stretching frequency at 3447.13 cm−1 and medium
bending frequency at 1359.57 cm−1 compared to PRN (as
shown in Figures S3i, S4i, S5b, S6b,d, and S7b and Tables 2, 3,
and 5).

DP10 (Rt = 34.18 min). The LC-ESI-QTOF-MS/MS spectra
of DP10 ([M + H]+, m/z 418.2000, C26H28NO4

+) in the
photolytic (liquid state) condition is shown in Figure S3j. The
precursor ion was 64 Da less than [M + H]+ of PRN due to the
loss of −CHN4 and addition of +4H from PRN. The spectrum
shows product ions atm/z 400 (loss of −H2O),m/z 383 (loss of
−OH), m/z 253 (loss of −C9H7N), m/z 148 (loss of −C8H9),
and m/z 121 (loss of −CO). The product ion observed at m/z
400, which is formed by the loss of −H2O, indicates the presence
of the alcohol moiety in DP10. The product ion observed atm/z
148, which is formed by the loss of −C8H9, indicates the
presence of the phenyl ethyl moiety in DP10 (as shown in
Figures S3j and S4j and Table 2).
Proposed Degradation Pathway of the Drug.41 The

mechanism of the degradation pathway was based on hydrolysis
degradation (deamination, demethylation, and hydration
reaction) and photolytic degradation (deamination, hydration,
dealkylation, dephenylation, and de-ether reaction). In alkaline
conditions, two DPs were obtained, namely, DP6 [loss of the
−C2HN4 group (deamination and demethylation), followed by
the addition of +3H (protonation)] and DP9 [addition of the

Table 3. 1H NMR and 13C NMR Assignments for the
Procured Impurity and DP9

Position

Procured impurity,
δH (ppm),
multiplicity

DP9, δH
(ppm),

multiplicity

Procured
impurity, δC

(ppm)
DP9, δC
(ppm)

1 1.728 (4H, m) 1.742 (4H, m) 28.64 28.62
2 2.634−2.681 (2H, t) 2.498−2.648

(2H, t)
35.24 35.22

3 2.499 (3H, s) 3.465 (2H, s) 27.64 40.56
4 4.047 (2H, t) 4.076 (2H, t) 68.04 68.06
5 7.155−7.217

(2H, d)
7.230 (2H, d) 114.60 114.65

6 7.261−7.297
(5H, m)

7.270 (5H, m) 128.77 128.78

7 6.981−7.046 (1H, t) 7.057 (1H, t) 118.93 118.93
8 7.759−7.779

(1H, d)
7.282 (1H, d) 127.56 127.99

9 8.025−8.044
(2H, d)

7.959 (2H, d) 128.73 130.00

10 7.954−7.975
(1H, d)

7.727 (1H, d) 127.96 128.78

11 9.471 (1H, s) 9.557 (1H, s)
12 142.42 142.44
13 161.95 161.96
14 126.18 126.19
15 165.14 165.37
16 126.52 126.53
17 120.27 121.32
18 154.44 153.84
19 206.12 174.46
20 174.46
21 12.678 (1H, s) 12.404 (1H, s)

Table 4. FTIR Interpretation of the Procured Impurity

Sr
no. Functional group

Observed wavenumber
(cm−1)

1 −N−H (stretching, medium) 3690.12
2 −O−H (stretching, strong) 3440.39
3 −O−H (bending, medium) 1369.21
4 −C−N (stretching, strong) aromatic

amine
1243.86

5 −C�O (stretching, strong) 1669.09
6 −C−O(H) (stretching, strong) 1145.51
7 −C−H aliphatic (stretching, medium) 2939.95
8 −C−H aromatic (stretching) 3025.76

Table 5. FTIR Interpretation of DP9

Sr
no. Functional group

Observed wavenumber
(cm−1)

1 −N−H (stretching, medium, 2 bands)
amide

3600.45

2 −O−H (stretching, strong) 3448.1
3 −O−H (bending, medium) 1358.6
4 −C−N (stretching, strong) aromatic

amine
1235.18

5 −N−H (wagging) 1° amine 718.35
6 −N−H (bending, medium) 1637.27
7 −C�O (stretching, strong) 2° amide 1673.91
8 −C�N (stretching) 1542.77
9 −-N�N−N (stretching) 2137.71
10 −C−O(H) (stretching, strong) 1071.26
11 −C−H aliphatic (stretching, medium) 2940.91
12 −C−H aromatic (stretching) 3031.55
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−OH group (hydration)]. In the photolytic liquid-state
condition, 10 DPs were obtained, namely, DP1, DP2 [loss of

the −CHN4 group (deamination) and loss of the −C9H11 group
(de aryl alkyl)], DP3 [loss of the −C16H17O group (de aryl alkyl

Figure 1. Proposed degradation mechanism of (a) photolytic degradation and (b) alkaline degradation.
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ether), followed by the addition of −H2O (hydration)], DP4
[loss of −C2H2 (ethylene) (dealkylation), followed by the
addition of the +2H (proton) group (protonation)], DP5
[addition of the −OH group (hydration)], DP7 [loss of the
−C10H6N5O2 group (deamination and removal of the
benzopyran ring system), followed by the addition of the
−OH (hydration) Michael addition reaction], and DP10 [loss
of the −CHN4 group (deamination), followed by the addition of
+3H (protonation)] (details are shown in Figure 1).

Method Validation. The system suitability study was
passed as the % RSD was found to be less than 2% in all four
parameters (mobile phase composition, pH, flow rate, and
temperature) (Table S1). The calibration curve showed a good
linear relationship, and the correlation coefficient (r) value was
0.9999. The regression equation was y = 246,55x + 557,495 (as
shown in Figure S8 and Table S2). The LOD and LOQ were
2.00 and 6.09 μg/mL, respectively (Table S2). The % RSD
values of intra-day and inter-day precision were found to be
0.06−0.94 and 0.25−0.88%, respectively, which are less than
2%; hence, the method was found to be precise (Table S2). The
mean % recovery was found to be in the range of 98.83−
100.73%, where the acceptable range is between 98 and 102%;
hence, the method was found to be accurate (Table S2). The %
RSD of the area, tailing factor, and NTP was found to be 0.11−
1.00, 0.99−1.60, and 0.16−1.71%, respectively, in all four
parameters: mobile phase composition, pH, flow rate, and
wavelength, which are less than 2%; hence, the method was
found to be robust (Table S3). All the peaks were well-separated
(resolution more than 1.5) without any significant interference
or co-elution between the drug peak and the degradation peaks
(Figures S2 and S3); hence, themethod was found to be specific.
Isolation of DP9. The isolation of the alkaline DP (DP9)

was performed by preparative HPLC. The chromatographic
separation was achieved using a Waters Xbridge C18 column
(250 × 19 mm, 5 μ) with a mobile phase consisted of
ammonium format (50 mM), pH 4, with formic acid: ACN
(50:50, v/v) in the isocratic mode at a flow rate of 17 mL/min.
The chromatograms were monitored at 260 nm wavelength (λ).
The injection volume was 5 mL. PRN with a concentration of
5000 μg/mLwith DMSO/ACN (1:1) was degraded using 0.1 N
NaOH at 25 °C for 6 h and neutralized with 0.1 NHCl. The final
solution was diluted with ACN to obtain a 1000 μg/mL solution
and evaporated at 65 °C using a rotary evaporator to remove
DMSO as it interferes in preparative HPLC, so the final solution
volume of 100mLwas used for preparative HPLC. The different
fractions were collected, and each fraction’s purity was checked
using LC−MS (Waters, Milford, MA, USA) to obtain >95%

pure DP. The fractions were extracted with water and ethyl
acetate to remove the buffer solution, concentrated at 40 °C in a
rotary evaporator, and further lyophilized to obtain a solid DP.
The isolated sample was characterized using MS/MS, 1H NMR,
and 13C NMR.

The isolation of alkaline DP (DP6)was tried. Several attempts
were made, but it was difficult to isolate. Hence, the mass of DP6
was confirmed using LC-ESI-QTOF-MS/MS.

The percentage degradation was less than 5% in each DP in
the photolytic condition; hence, the isolation was not performed
in the photolytic degradation condition.
In Silico Toxicity Study. Using admetSAR Software

(Version 2.0). The solubility (log S) was predicted to be lower
in DP9 than in PRN and other DPs. Plasma protein binding was
predicted to be 100% in PRN and its DPs. The lipophilicity (A
log P) was predicted to be higher in DP4, DP6, and DP10 but
predicted to be lower in other DPs than in PRN. The
permeability was predicted to be higher in PRN than in its
DPs. The human intestinal absorption was predicted to be
higher in DP6, DP7, DP9, andDP10 but predicted to be lower in
other DPs than in PRN. The human oral bioavailability of PRN
and its DPs was predicted to be poor except for DP1, DP2, DP3,
and DP10. In transporters, PRN and its DPs were the predicted
inhibitors of OATP1B1 and OATP1B3; PRN, DP4, DP5, and
DP7 were predicted inhibitors of bile salt export pump (BSEP);
PRN, DP4, DP5, DP6, DP7, DP9, and DP10 were predicted
inhibitors of P-glycoprotein; and PRN, DP3, DP4, DP5, DP6,
DP7, DP9, and DP10 were predicted substrates of P-
glycoprotein. PRN and its DPs were predicted substrates of
CYP3A4. DP5 and DP7 were predicted inhibitors of CYP3A4.
DP5 was a predicted inhibitor of CYP2C9. DP4, DP6, DP7, and
DP10 were predicted inhibitors of CYP2C19. DP1, DP2, and
DP7 were predicted inhibitors of CYP1A2. DP1, DP2, and DP7
were predicted irritants to the eye. PRN and its DPs were
predicted to bind to thyroid receptors except DP1 and DP2.
PRN and its DPs were predicted to bind to androgen and
glucocorticoid receptors. DP1 and DP2 were predicted to be
mutagenic toxic according to the Ames mutagenicity test, while
PRN and its DPs were predicted to bemutagenic toxic according
to the micronucleus toxicity test except DP7. None was
predicted to be carcinogenic. PRN and its DPs were predicted
to be hepatotoxic. PRN and its DPs were predicted to be class-III
acute oral toxic. DP1, DP2, DP3, DP5, DP6, DP7, DP9, and
DP10 were predicted to be aquatic toxic.

Using QSAR Toolbox Software. PRN and its DPs were
predicted to show irritation/corrosion to the skin except for
DP7. PRN and its DPs were predicted to show high (class-III)
toxicity as per the toxic hazard classification by Cramer. DP3,
DP6, DP9, and DP10 were analyzed according to the
oncological classification. DP1, DP2, and DP4 were predicted
to be mutagenic with in vitro mutagenicity (AMES test). DP1,
DP2, and DP4 were predicted to be carcinogens. PRN and its
DPs were predicted to be mutagenic with in vivo mutagenicity
(micronucleus test) except DP7. PRN, DP1, DP2, DP4, DP6,
DP7, and DP10 were predicted to be hepatotoxic. PRN and its
DPs were predicted to be aquatic toxic according to the
ECOSAR aquatic toxicity classification.

The ketone group is responsible for skin irritation/corrosion
in PRN and its DPs except for DP7. DP3 was predicted to be a
carbamate type compound; and DP6, DP9, and DP10 were
predicted to be phenol type compounds as per the oncological
classification. The α,β-unsaturated carbonyl group is responsible
for mutagenicity and carcinogenicity in DP1, DP2, and DP4.

Figure 2.% cell viability vs concentration (μg/mL) plot of the procured
impurity and DP9 from the MTT assay using an A549 cell line.
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The H-acceptor−path3−H-acceptor group is responsible for
micronucleus toxicity in PRN, DP3, DP5, DP6, DP7, DP9, and
DP10. The aromatic amine group is responsible for hepatotox-
icity in PRN and its DPs except for DP7. The aliphatic amine
group is responsible for hepatotoxicity in DP4. The tetrazole
group is also responsible for hepatotoxicity in PRN, DP3, DP5,
and DP9. The carboxylic acid group is responsible for
hepatotoxicity in DP3 and DP7. PRN and DP4 were predicted
to be hepatotoxic, similar to tamoxifen. DP1 and DP2 were
predicted hepatotoxicity line bromfenac. DP6 was predicted to
be hepatotoxic, similar to mefenamic acid. DP7 was predicted to
be hepatotoxic, similar to 3-methylcholantrene. DP10 was
predicted to be hepatotoxic, similar to oxyphenbutazone. The
aromatic amide group is responsible for fish aquatic toxicity in
PRN, DP1, DP2, DP5, DP6, DP9, and DP10. The vinyl/allyl
ether and vinyl/allyl ketone groups are responsible for fish
aquatic toxicity in PRN, DP1, DP2, DP3, and DP5. The phenol
amine and phenol groups are responsible for fish aquatic toxicity
in DP6, DP9, and DP10. The diketone group is responsible for
fish aquatic toxicity in DP9 (Figure 3 and Tables 6 and 7).

From the above information, we can conclude that DP1, DP2,
DP6, and DP10 were predicted to be mutagenic, hepatotoxic,
and aquatic toxic. Thus, it may be a risk to human health, and a
human adverse event may be observed.
In Vitro Cytotoxicity Study.The in vitro cytotoxicity study

of PRN DPs (DP9) and the procured impurity was performed
on the A549 cell line using an MTT assay. The result stated that
if the % viability was reduced to <70%, it has cytotoxic potential.
The procured impurity and DP9 were observed to have 39.2 and

65% cell viabilities at 125 and 500 μg/mL, respectively. The
procured impurity and DP9 were observed to be cytotoxic at
concentrations above 62.5 and 250 μg/mL, respectively. Hence,
the impurities in high concentrations need to be controlled
because human adverse events may be observed (Figure 2 and
Tables S4 and S5).

■ CONCLUSIONS
A simple, specific, linear, accurate, precise, robust, sensitive, and
stability-indicating method was developed. The forced degra-
dation study was performed as per ICH Q1A (R2) and ICH
Q1B guidelines using LC−MS. The alkaline hydrolysis of PRN
yields a total of three DPs (DP6, DP7, and DP9). The photolytic
(liquid state) degradation yields seven DPs (DP1, DP2, DP3,
DP4, DP5, DP7, and DP10). The peroxide degradation yields
one DP (DP8). The drug was found to be stable in acidic,
photolytic (solid), and thermal degradation. The validation was
performed as per ICH Q2 (R1) guidelines. The structure of the
DPs was characterized using LC-ESI-QTOF-MS/MS, and a
total of eight novel DPs were found, namely, DP1, DP3, DP4,
DP5, DP6, DP7, DP9, and DP10. The detailed degradation
pathway and the mechanism were analyzed. The isolation of
DP9 was carried out using preparative HPLC, and DP9 was
found to be 96.8% pure. The characterization of isolated DP9
and the procured impurity was performed using MS/MS, 1H
NMR, 13C NMR, and FTIR spectroscopy. The in silico toxicity
study was conducted to predict the toxicity of PRN and its DPs
using admetSAR software version 2.0 and the QSAR toolbox.
DP1, DP2, and DP4 were predicted to be mutagenic toxic using

Figure 3. Schematic representation of toxic functional groups of PRN and its DPs.
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the Ames mutagenicity test using the QSAR toolbox, while PRN
and its DPs were predicted to be mutagenic toxic using the
micronucleus toxicity test except for DP7. DP1, DP2, and DP4
were predicted to be carcinogenic using the QSAR toolbox.
PRN, DP1, DP2, DP4, DP6, DP7, and DP10 were predicted to
be hepatotoxic. PRN and its DPs were predicted to show class-
III acute oral toxicity. PRN, DP1, DP2, DP3, DP5, DP6, DP7,
DP9, and DP10 were predicted to be aquatic toxic. The in vitro
toxicity study of the procured impurity and DP9 was performed
using an MTT assay using an A549 cell line, and both were
observed to be cytotoxic at higher concentrations. Hence, it
needs to control the impurities in high concentrations. The
combination of characterization and toxicity study played an
essential role in analyzing the PRN DPs, which could have a
critical impact on the quality, safety, and toxicity of PRN.We can
conclude that the proposed method can be used for the stability-
indicating method of PRN, and the drug should be stored at 25
°C and kept away from the exposure of light. Furthermore, DP1,
DP2, DP6, and DP10 were found to be hepatotoxic, mutagenic
using the micronucleus test, and aquatic toxic, and human
adverse events may be observed; hence, it is necessary to control
these impurities below the toxic level.
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