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a b s t r a c t

Stress conditions for predicting oxidative degradation products in solid-state pharmaceutical compounds
were investigated. 4-Methyl-2-(3,4-dimethylphenyl)-1-(4-sulfamoylphenyl)pyrrole, Compound A, was
used as the model compound for this study and its four main degradation products were due to oxida-
tion, as identified by LC–MS and LC-1H NMR. In order to develop a prediction system for the oxidation
reaction, solid-state Compound A was stored under moisture-saturated conditions. Hydrogen peroxide
eywords:
rediction system
xidation
tress condition

was added to the solution used to saturate the headspace with moisture and oxygen was substituted for
the headspace air, in order to stimulate the oxidation reaction. After optimizing the conditions, a similar
degradation product profile to that actually observed in the stability studies was obtained in only 3 days
under conditions using 3% hydrogen peroxide at 40 ◦C. The prediction of the oxidative degradation prod-
ucts in a solid-state pharmaceutical compound was successfully achieved in a short term utilizing this

ion sy

olid state
yrrole
egradation product

newly developed predict

. Introduction

In order to ensure the safety of pharmaceuticals throughout
heir shelf life, it is necessary to adequately control the degrada-
ion products generated during the entire storage period. Thus, the
onditions for the stability tests for drug substances and drug prod-
cts that are sufficient for registration applications are defined in

CH Guideline Q1A (R2) [1], and the method for establishing the
helf life so as to properly ensure product quality is also indicated
n ICH Guideline Q1E [2]. The thresholds for identifying and quali-
ying impurities, including degradation products, are also specified
y ICH Guidelines Q3A (R2) and Q3B (R2) [3,4].

In the early stage of drug development, it is important to
btain information on stability and degradation mechanisms so

s to develop stable pharmaceutical formulations and establish
uitable packaging configurations based on this information. How-
ver, in order to elucidate the profile of degradation products
enerated during the storage period, it is necessary to carry out

∗ Corresponding author at: Analytical and Quality Evaluation Research Laborato-
ies, Daiichi Sankyo Co., Ltd., 1-16-13 Kitakasai, Edogawa-ku, Tokyo 134-8630, Japan.
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731-7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2009.04.032
stem.
© 2009 Elsevier B.V. All rights reserved.

long-term stability studies under ICH storage conditions. There-
fore, the development of suitable stress conditions to predict the
possible degradation products in the short term is necessary.

Forced degradation studies are generally carried out to predict
potential degradation products in the short term and, while various
conditions are used, many such tests are performed in a solution
system [5]. However, the differences in the degradation mecha-
nisms between a solution state and a solid state often result in
differing degradation product profiles. Thus, in the case of a phar-
maceutical being developed in solid form, it is desirable to be able
to obtain information on the stability in a solid state. In a case where
forced degradation studies are performed in a solid state, conditions
of high humidity or high temperature are generally applied [6–9].
However, a degradation product profile obtained under overly
severe conditions may differ from the one which would be obtained
under actual storage conditions due to secondary degradation.
Accordingly, it is necessary to establish adequate stress conditions
to predict the degradation products observed during the actual
storage of pharmaceuticals in the short term.

Since oxidation, hydrolysis, dehydration and photolysis are

known as the main degradation mechanisms of pharmaceuticals
[10], it is important to select stress conditions that are appropriate
for the degradation mechanism to be predicted. For the evaluation
of hydrolysis, it is possible to verify hydrolytic reactivity by investi-
gating stability in solutions or suspensions in a wide pH range. For

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:murakami.yoko.yc@daiichisankyo.co.jp
dx.doi.org/10.1016/j.jpba.2009.04.032
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Fig. 1. Chemical structure of Compound A.

he evaluation of dehydration, thermal stress conditions are often
sed, and for photolysis, it is possible to evaluate photostability
haracteristics by exposing the pharmaceutical to an appropriate
ight source at a suitable illumination intensity. Oxidative degra-
ation is one of the most frequently occurring mechanisms of
harmaceutical degradation and stability and methods for stabil-

ty evaluation have been widely researched [11,12]. In research
onducted in a solution state, systems featuring the addition of
he oxidant hydrogen peroxide, the radical initiator azobisisobuty-
onitrile (AIBN), transition metals such as iron and copper, which
ccelerate oxidation by the transfer of electrons, or rose ben-
al, a photosensitizer known for generating singlet oxygen, have
een reported [13–15], and evaluation systems based on the oxi-
ation mechanisms are being standardized [5,16]. Nevertheless,
ince degradation mechanisms often differ between a solution state
nd a solid state, in some cases it is difficult to predict the most
ikely degradation products that will be generated in solid phar-

aceuticals under actual storage conditions based upon the forced
egradation studies in a solution state. It has also been reported
hat the mechanism of the oxidation reaction will differ depend-
ng upon the type of solvent used [17,18]. In research conducted
n a solid state, on the other hand, studies investigating the effect
f oxygen in the headspace of the storage system have been only
eported for oxidative stability evaluation [5,19].

Therefore, in this study we investigated stress conditions
o predict oxidative degradation products in the short term
sing a model compound, 4-methyl-2-(3,4-dimethylphenyl)-1-(4-
ulfamoylphenyl)pyrrole, namely Compound A, previously under
evelopment as a selective cyclooxygenase-2 (COX-2) inhibitor.

As shown in Fig. 1, Compound A contains a pyrrole ring in its
tructure and has extremely low solubility in water (0.05 �g/mL).
rediction of the degradation product profile in the short term
as attempted by storing solid-state Compound A under moisture-

aturated conditions. Prediction systems using aqueous solutions
o which were added either the oxidant hydrogen peroxide or rose
engal, a photosensitizer known to generate singlet oxygen upon

rradiation with light, were also investigated.

. Experimental
.1. Chemicals and reagents

4-Methyl-2-(3,4-dimethylphenyl)-1-(4-
ulfamoylphenyl)pyrrole, Compound A, was synthesized by
cal and Biomedical Analysis 50 (2009) 328–335 329

Daiichi Sankyo Co., Ltd. (Tokyo, Japan). The Compound A tablets
were also produced by Daiichi Sankyo Co., Ltd. (Tokyo, Japan). Guar-
anteed Reagent hydrogen peroxide (30%, v/v) and rose bengal were
purchased from Wako Pure Chemicals, Ltd. (Osaka, Japan). Formic
acid for LC–MS use was also purchased from Wako Pure Chemicals,
Ltd. (Osaka, Japan). Deuterium oxide (D2O) and acetonitrile-d3
(CD3CN) were purchased from Cambridge Isotope Laboratories
(Andover, MA, USA). The water was purified with a Milli-Q Gradient
A10 system (Millipore, Bedford, MA, USA).

2.2. Stability studies

The Compound A drug substance was stored for 16 weeks under
separate conditions of 60 ◦C and 40 ◦C/75% RH. The Compound A
tablets were kept for 4 weeks under separate conditions of 60 ◦C
and 40 ◦C/75% RH.

2.3. Forced degradation studies under moisture-saturated
conditions

Compound A in the amount of 15 mg was weighed into 20-
mL amber glass bottles. Water and hydrogen peroxide solution of
10 mL were separately poured into 50-mL glass centrifuge tubes.
The 20-mL amber glass bottles containing Compound A were
placed, uncovered, into 50-mL glass centrifuge tubes to which these
aqueous solutions had been added, so that the aqueous solutions
surrounded the 20-mL amber glass bottles. The lids of the 50-mL
glass centrifuge tubes were closed, the space inside the tubes was
saturated with moisture, and solid-state Compound A was stored
therein. In order to investigate the effects of oxygen, samples in
which oxygen was substituted for the ambient air in the headspace
of the 50-mL glass centrifuge tubes were also prepared. To optimize
the conditions, hydrogen peroxide concentrations of 0.3%, 3%, and
30% (v/v) were employed, along with storage temperatures of 25 ◦C,
40 ◦C, and 60 ◦C. The lifetime of singlet oxygen is known to be longer
in deuterium oxide than in water [20]. For this reason, the photosen-
sitizer rose bengal, which is known to generate singlet oxygen upon
irradiation with light, was dissolved in deuterium oxide. A sample
was prepared according to the same method described above using
5 mg of Compound A, which was stored under moisture-saturated
conditions of rose bengal solution. Compound A was stored at 40 ◦C
with various concentrations of rose bengal containing 0.1 mmol/L,
1 mmol/L, 10 mmol/L and 100 mmol/L. During storage, the rose ben-
gal solution was illuminated with a fluorescent lamp at 2500 lux.

2.4. Preparation of sample solution

Following storage, the sample was dissolved in a mixture of
water–acetonitrile (1:1, v/v), and the concentration of Compound
A was adjusted to 1.2–1.5 mg/mL.

2.5. HPLC-UV analysis

The samples were separated on an Agilent 1100 HPLC system
(Agilent Technologies, Santa Clara, CA, USA) consisting of an online
degasser G1379A, a binary pump G1312A, an autosampler G1329A,
a column compartment G1316A and a diode array detector G1315B.
Reversed-phase chromatographic separation was achieved using an
Agilent ZORBAX SB-C8 column (1.8 �m in particle size, 2.1 mm in
inside diameter and 10 cm in length) with mobile phase A (0.1%

formic acid in water) and mobile phase B (0.1% formic acid in ace-
tonitrile). The column temperature was kept constant at 70 ◦C. The
mobile phase composition was linearly ramped from 45% to 50% of
mobile phase B over the 20 min after injection with a flow rate of
0.3 mL/min. Two-microliter aliquots of each sample solution were
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Fig. 2. Chromatograms of Compound A drug substance stored at 60 ◦C and 40

njected into the system and the detection was carried out at UV
15 nm.

.6. Identification of degradation products

.6.1. LC–MS analysis
The liquid chromatograph used was the Agilent 1100 HPLC sys-

em described previously. The HPLC separation was conducted
nder the same conditions as those used for the LC-UV analysis.

2 �L aliquot of the sample solution was subjected to analy-

is.

A hybrid quadrupole time-of-flight mass spectrometer Q-TOF
remier with LocksprayTM (Waters, Milford, MA, USA) equipped
ith an electrospray ionization (ESI) source was used and oper-

ted in positive ESI mode. Nitrogen generated from pressurized air

able 1
esult of accurate mass measurement for Compound A and its degradation products.

ompound Observed mass Calculated mass

ompound A 341.1318 341.1324
P-1 373.1214 373.1222
P-2 375.1368 375.1379
P-3 357.1269 357.1273
P-4 357.1266 357.1273

a Difference in molecular formula between Compound A and degradation products.
RH for 16 weeks and its tablets stored at 60 ◦C and 40 ◦C/75% RH for 4 weeks.

in a nitrogen generator from Nitrogen Generator System (What-
man Inc., Haverhill, MA, USA) was used with flow rates of 50 L/h for
cone gas and 400 L/h for desolvation gas. The capillary voltage was
3.0 kV and the cone voltage was 15 V. The source and desolvation
temperatures were 120 ◦C and 200 ◦C, respectively. For the MS/MS
operation, argon was used as a collision gas.

2.6.2. LC-1H NMR analysis
The LC-NMR experiments were performed in stopped-flow

mode on an Avance 600 spectrometer (Bruker BioSpin, Rheinstet-

ten, Germany) working at 600.13 MHz for 1H, coupled to the Agilent
1100 HPLC system described in Section 2.5 and a Bruker peak sam-
pling unit (BPSU-12) interface. The HPLC separation was conducted
under the same conditions as those used for the LC-UV analysis,
except for the use of deuterated solvents of D2O and CD3CN in the

Error (ppm) Molecular formula [M + H]+ Differencea

−1.8 C19H21N2O2S –
−2.1 C19H21N2O4S +2O
−2.9 C19H23N2O4S +2O, +2H
−1.1 C19H21N2O3S +O
−2.0 C19H21N2O3S +O
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Fig. 3. LC–MS/MS spectra of in-source fragmen

reparation of the mobile phases. A 4–60 �L aliquot of the sam-
le solution was subjected to analysis. For the NMR experiments, a
H–13C/15N triple-resonance inverse (TCI) 5 mm cryoprobe (active
olume: 60 �L) with cold 1H- and 13C-coils, preamplifiers and a z-
radient accessory was used. 1H NMR spectra were recorded using
he double presaturation nuclear Overhauser effect spectroscopy
ulse sequence with shaped pulses for the suppression of ace-
onitrile and water signals. Spectra were acquired with a 12019 Hz

pectral width and 16 K data points, giving a digital resolution of
.73 Hz per point. A total of 512–1024 scans were accumulated. All
he spectra were processed with an exponential function, a line
roadening of 1 Hz and a zero filling factor of 2. All the NMR spectra
ere recorded at a constant temperature of 25 ◦C and the chemical

Fig. 4. LC–MS/MS spectra of
of (a) DP-1 at m/z 201 and (b) DP-2 at m/z 203.

shifts were referenced to the methyl signal of the residual acetoni-
trile at 1.93 ppm.

3. Results and discussion

3.1. Stability study of Compound A

3.1.1. Stability study of Compound A

During the stability studies of the Compound A drug substance

and its tablets under high humidity and thermal conditions, an
increase in four degradation products, DP-1, DP-2, DP-3 and DP-
4 was observed. The chromatograms are shown in Fig. 2. After
storage of the drug substance for 16 weeks at 40 ◦C/75% RH, the

(a) DP-3 and (b) DP-4.
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ig. 5. LC-1H NMR spectra of (a) Compound A, (b) DP-4, (c) DP-3 (d) DP-2 and (e) DP
nd impurities (*4) in the mobile phase.

evels of DP-1, DP-2, DP-3 and DP-4 were 1.12%, 0.33%, 0.21%
nd 0.28%, respectively. The corresponding values for the stor-
ge conditions at 60 ◦C were 1.91%, 0.17%, 0.35% and 0.32%. In the
ase of the tablets, after storage for 4 weeks at 40 ◦C/75% RH,
he same degradation products were observed at 4.95%, 0.08%,
.37% and 0.28%, respectively. Under storage conditions at 60 ◦C,

he same three degradation products, DP-1, DP-3 and DP-4 were
bserved at 1.56%, 0.68% and 0.34%, respectively, and DP-2 was
ess than 0.01%. In order to elucidate the degradation mechanism,
he chemical structures of DP-1, DP-2, DP-3 and DP-4 were deter-

ined.

Fig. 6. Proposed degradation p
terisks denote the signals of water (*1), acetonitrile (*2), contamination of DP-1 (*3)

3.1.2. Identification of degradation products and degradation
pathway

LC–MS and LC-1H NMR were used to determine the chemical
structures of the degradation products [21–27]. The molecular for-
mulas obtained from the accurate mass results are listed in Table 1,
and the MS and 1H NMR spectra are shown in Figs. 3–5.
Regarding DP-1 and DP-2, in-source fragment ions correspond-
ing to the elimination of the 4-sulfamoylphenyl amino moiety were
observed at m/z 201 and m/z 203 in their MS spectra respectively
and the product ions in the MS/MS spectra indicated that DP-1 and
DP-2 both have a pyrrole ring-opened structure by the generation

athway of Compound A.
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Table 2
Comparison of oxidative degradation products in Compound A stored under moisture-saturated conditions using various oxidative media for 1 day.

Content (%)

Oxidative media Control a H2O 3% H2O2 1 mM RBb

Temperature 60 ◦C 60 ◦C 60 ◦C 40 ◦C

Degradation product
DP-1 0.21 0.64 2.31 0.64
DP-2 <0.01 0.09 0.98 0.05
DP-3 0.07 0.13 0.38 0.12
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DP-4 0.15

a Ambient air.
b Rose bengal.

f two carbonyl groups. These structures were also confirmed by
heir 1H NMR spectra. As for DP-2, the saturation of the C3–C4 bond
as also indicated by observation of the C4 methine proton and the

hemical shifts of C6 methyl protons and C3 methylene protons in
he 1H NMR spectrum.

DP-3 and DP-4 are considered to be isomers since similar frag-
entation patterns related to aromatic sulfonates were observed

n their MS/MS spectra [28,29], and to be a carbonyl form at the
5 position of the pyrrole ring, since no proton signals of C5 were
bserved in their 1H NMR spectra. Moreover, a methine proton
ignal of C2 for DP-3 and one of C4 for DP-4 were observed in
heir respective spectra and it was noted that double bonds exist
t C3–C4 in DP-3 and at C2–C3 in DP-4 [30], indicating that they are
automers.

The four degradation products detected in the stability stud-
es were identified. The degradation pathway was established from
he chemical structures of these degradation products, as shown in
ig. 6 [31–34], and the degradation products were all determined to
e generated by oxidation of the pyrrole ring. The proposed path-
ays are Pathway 1, in which the pyrrole ring opens due to the

eaction of oxygen with C2 and C5 of the pyrrole ring, leading to the
eneration of DP-1; and Pathway 2, in which carbonyl groups are
ormed by the reaction of oxygen on the C5 position of the pyrrole
ing, with the double bond transferring, leading to isomerization
nd the generation of DP-3 and DP-4. In Pathway 2, it is thought
hat 5-hydroxylated Compound A, a reactive intermediate, and DP-
were further oxidized, thus leading to the generation of DP-1 and
P-2 after opening of their pyrrole rings, respectively. From these

esults, the use of oxygen and/or oxidizing agents was considered to
e effective in establishing experimental systems for the prediction
f these oxidative degradation products.

.2. Development of stress conditions

In order to develop a prediction system for the degradation
f Compound A, effective oxidative stress conditions were inves-
igated based on the proposed degradation pathway. Solid-state
ompound A was stored under moisture-saturated conditions
sing aqueous solutions to which various oxidizing agents had been
dded. The effects of oxygen in the headspace were also investi-
ated.

.2.1. Selection of oxidative media
Water, hydrogen peroxide and rose bengal solutions were inves-

igated as solutions used to saturate the headspace with moisture.
ydrogen peroxide is widely used as an oxidizing agent and rose
engal is known to generate singlet oxygen from oxygen molecules

n a ground state upon photoexcitation. After storage at 60 ◦C or

0 ◦C, the levels of the oxidative degradation products generated
ere measured. A sample stored in ambient air without saturated
oisture was used as the control. In the system using rose ben-

al solution, the generation of singlet oxygen was promoted by
rradiating the solution with light at 2500 lux.
0.32 0.25

By storing solid-state Compound A under moisture-saturate
conditions, the degradation products were increased compared to
the control and significant increase was observed in the system
using hydrogen peroxide, as shown in Table 2. After storage for
1 day at 60 ◦C in the hydrogen peroxide system, the degradation
products detected were DP-1, DP-2, DP-3 and DP-4 and the lev-
els were 2.31%, 0.98%, 0.38% and 0.32%, respectively. In the system
with rose bengal solution at 40 ◦C, the degradation product profile
obtained was similar to that in the system using water at a higher
storage temperature of 60 ◦C. For further investigation, the rose ben-
gal concentration was varied from 0.1 mmol/L to 100 mmol/L and
oxygen was also substituted for the ambient air in the headspace,
but no remarkable change in the degradation product profile was
observed.

From these results, it was indicated that degradation of Com-
pound A can occur within a short period of time by storage under
moisture-saturated conditions and that its degradation can be
further accelerated by hydrogen peroxide. Moreover, the same
degradation products that were observed in the stability stud-
ies were detected and it was possible to predict the potential
degradation products within a short time by using the proposed
experimental systems.

On the other hand, the experimental system using the photo-
sensitizer rose bengal in order to investigate oxidation by singlet
oxygen did not indicate significant influence in this study. How-
ever, the degradation of pyrrole by singlet oxygen has been reported
[31,35] and thus further optimization of the experimental con-
ditions, as well as further study of other photosensitizers, is
considered to be necessary.

3.2.2. Effect of oxygen in headspace
The effect of headspace oxygen on degradation in the prediction

system was investigated. Hydrogen peroxide moisture-saturated
conditions were used and oxygen and nitrogen were substituted for
the ambient air in the headspace. After storage for 1 day at 60 ◦C,
the levels of DP-1, DP-2, DP-3 and DP-4 in the oxygen headspace
system were 4.19%, 1.54%, 0.56% and 0.25%, respectively, compared
to levels of 1.25%, 0.55%, 0.29% and 0.25% for the nitrogen headspace
system. Thus, although no significant difference in the levels of DP-4
was observed between the oxygen and nitrogen headspace systems,
the levels of DP-1, DP-2, and DP-3 increased significantly in the oxy-
gen headspace system. This result is consistent with the proposed
degradation pathway shown in Fig. 6. Regarding DP-4, no significant
change was observed due to acceleration of the oxidation reaction
to DP-2 by the increase in the amount of oxygen in the headspace.

These results demonstrated that the substitution of headspace
air in the prediction system with oxygen is effective for predicting
oxidative degradation.
3.2.3. Optimization of hydrogen peroxide moisture-saturated
conditions

The system using hydrogen peroxide moisture-saturated condi-
tions with oxygen was found to be useful for predicting oxidative
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Table 3
Comparison of oxidative degradation products in Compound A stored under various
concentrations of hydroxyl peroxide moisture-saturated conditions with oxygen at
40 ◦C for 1 day.

Content (%)

Degradation product H2O2 concentration (%)

Controla 0.3 3.0 30

DP-1 0.50 0.53 0.66 2.96
DP-2 0.08 0.10 0.39 0.50
D
D
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Table 4
Content of oxidative degradation products in Compound A after storage at 25, 40
and 60 ◦C under 3% hydrogen peroxide moisture-saturated conditions with oxygen.

Content (%)

Temperature ( ◦C) Degradation product Storage period (day)

0 1 3 5

25 DP-1 0.14 0.30 0.38 0.44
DP-2 <0.01 0.08 0.15 0.20
DP-3 0.04 0.10 0.12 0.12
DP-4 0.12 0.21 0.22 0.16
Total of DPsa 0.30 0.69 0.87 0.92

40 DP-1 0.14 0.66 1.41 1.63
DP-2 <0.01 0.39 1.13 1.53
DP-3 0.04 0.18 0.35 0.42
DP-4 0.12 0.18 0.26 0.23
Total of DPsa 0.30 1.41 3.15 3.81

60 DP-1 0.14 4.19 – –
DP-2 <0.01 1.54 – –
DP-3 0.04 0.56 – –
DP-4 0.12 0.25 – –
P-3 0.12 0.13 0.18 1.00
P-4 0.19 0.21 0.18 0.28

a Water.

egradation. In forced degradation studies, however, the conditions
re often overly severe for the prediction of the degradation prod-
cts that would increase under actual storage conditions, and/or
ometimes lead to unnecessary secondary degradation. There-
ore, the hydrogen peroxide concentration and storage temperature
ere optimized.

.2.3.1. Effect of hydrogen peroxide concentration. The hydrogen per-
xide concentration was varied at concentrations of 0.3%, 3.0%, and
0%, and the levels of oxidative degradation products generated
fter storage at 40 ◦C were investigated. Oxygen was substituted
or the ambient air in the headspace and a system utilizing water
as used as a control. As shown in Table 3, no significant difference

n the levels of the oxidative degradation products was observed in
he system using 0.3% hydrogen peroxide compared to the control,
hich indicated that hydrogen peroxide had had no effect at that

oncentration. On the other hand, in the systems using 3% and 30%
ydrogen peroxide, the levels of the oxidative degradation products
ere significantly increased. After storage for 1 day in the system
sing 3% hydrogen peroxide, the levels of DP-1, DP-2, DP-3 and DP-4

ere 0.66%, 0.39%, 0.18%, and 0.18%, respectively. In the system using
0% hydrogen peroxide, they were 2.96%, 0.50%, 1.00% and 0.28%,
espectively. However, in the system using 30% hydrogen peroxide,
egradation products that were not detected under actual storage
onditions were observed, as the chromatogram in Fig. 7 shows.

ig. 7. Chromatograms of Compound A stored under various concentrations of
ydroxyl peroxide moisture-saturated conditions with oxygen at 40 ◦C for 1 day.
Total of DPsa 0.30 6.54 – –

(–) Not evaluated due to excessive degradation.
a Degradation products.

In the system using 3% hydrogen peroxide, on the other hand, a
degradation product profile similar to that actually observed in the
stability studies was observed, as shown in the chromatogram in
Fig. 7.

From these results, 3% was considered to be an appropriate
concentration of hydrogen peroxide to predict the oxidation of
Compound A.

3.2.3.2. Effect of temperature. The storage temperature was varied
at temperatures of 25 ◦C, 40 ◦C and 60 ◦C to investigate the effect
of temperature on the degradation of Compound A. The hydrogen
peroxide concentration used was 3% and the oxygen headspace sys-
tem was used. The levels of each oxidative degradation product are
presented in Table 4 and the chromatograms are shown in Fig. 8
The levels of DP-1, DP-2, DP-3 and DP-4 generated after 1 day of
storage at 25 ◦C were 0.30%, 0.08%, 0.10% and 0.21% for, respectively.
The longer the storage period the greater the increase of DP-1 and
DP-2, but the levels of DP-3 and DP-4 did not increase even after

Fig. 8. Chromatograms of Compound A after storage under 3% hydrogen peroxide
moisture-saturated conditions with oxygen at (a) 25 ◦C for 5 days, (b) 40 ◦C for 3 days
and (c) 60 ◦C for 3 days.
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torage for 5 days. The levels of DP-1, DP-2, DP-3 and DP-4 generated
fter 5 days of storage were 0.44%, 0.20%, 0.12% and 0.16%, respec-
ively. Although similar degradation product profiles were obtained
t 25 ◦C as for the stability studies under actual storage conditions,
he rate of the degradation product formation was low and some
egradation products did not increase dependent upon the storage
eriod, as shown in the chromatograms in Fig. 8.

Storage at 40 ◦C for 1 day was also performed, and DP-1, DP-
, DP-3 and DP-4 were detected at 0.66%, 0.39%, 0.18% and 0.18%,
espectively. These oxidative degradation products increased fur-
her after storage for 3 days and the levels were 1.41%, 1.13%, 0.35%
nd 0.26%, respectively. As shown in Fig. 8, the chromatograms
btained were similar to the profiles obtained in the stability stud-
es. With storage for 5 days, an even greater increase could be
bserved, yielding sufficient amounts of the degradation products
o obtain information on their chemical structures by using hyphen-
ted techniques such as LC–MS, LC-NMR, etc.

The most dramatic increase in oxidative degradation product
evels was obtained at 60 ◦C. After 1 day of storage, DP-1, DP-2,
P-3 and DP-4 increased to 4.19%, 1.54%, 0.56% and 0.25%, respec-

ively. These levels increased over time during the storage period,
ut as shown in the chromatogram in Fig. 8, degradation products
hat were not actually observed in the stability studies were also
etected. On the basis of these observations, a temperature condi-
ion of 60 ◦C was not considered to be appropriate for predicting
ossible degradation products.

As described above, a condition of 25 ◦C is too mild for the predic-
ion of all of the oxidative degradation products in the short term. A
ondition of 60 ◦C, on the other hand, was too severe. On the basis
f these results, storage conditions of 40 ◦C and a 3-day storage
eriod were considered to be optimal for the prediction of oxidative
egradation in the short term. From the degradation product profile
btained, it is considered that the same degradation reaction as in
ctual storage of the solid-state Compound A had occurred. There-
ore, this developed prediction system is considered to be useful for
redicting oxidative degradation products that could be generated
nder actual storage conditions.

. Conclusions

Stress conditions for predicting possible oxidative degradation
roducts in solid-state pharmaceutical compounds were investi-
ated using Compound A as a model compound. The four main
egradation products of Compound A were identified as oxidation
roducts and then a prediction system for the oxidation reaction
as developed. The solid-state Compound A was stored under
oisture-saturated conditions using aqueous solution with hydro-

en peroxide as the oxidant and oxidative degradation occurred
ithin a short period of time. Moreover, substitution of the
eadspace air in the prediction system with oxygen was effective

n accelerating the degradation even further. After optimization of
he conditions, a similar degradation product profile to that actu-
lly observed in stability studies was successfully obtained in only
days under conditions using 3% hydrogen peroxide at 40 ◦C. The

rediction system developed in this study was effective for the
rediction of the oxidative degradation of solid-state Compound
. Since oxidation is a commonly occurring degradation mecha-
ism in pharmaceuticals, the developed prediction system would
e applicable to other pharmaceuticals. The information regarding

egradation product profiles and pharmaceutical stability obtained
sing this newly developed prediction system will be useful for the
evelopment of stable pharmaceutical formulations and the selec-
ion of suitable packaging configurations at the early stage of drug
evelopment.
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