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KEYWORDS Abstract The kinetics of hydrolysis of fluvoxamine maleate (FLV) has been investigated over the
Fluvoxamine; pH range 1.0-12.0 at 40, 60 and 80 °C. FLV degradation follows pseudo-first-order kinetics which is
Degradation kinetics; consistent with the kinetics of drugs that are not readily dissolved in aqueous medium. The hydro-
In-silico correlation; lytic degradation rate constant (k,,) range from 0.92 (pH 6.0) to 13.8 x 10~* min~! (pH 1.0). The
Pharmacokinetic; kops represents the sum of six different degradation rate constants; the ky has been found to be
Toxicity profile higher than ko y. The FLV exhibits a typical rate- pH profile with a flat bottom over the pH range

3.0-6.0 which indicates its maximum stability at pH 6.0. Ten FLV degradants have been predicted
by Zeneth software and among them four degradation products (D1, D2, D3 and D4) have been
identified in degraded samples. The in-silico pharmacokinetics and toxicity of degradation products
have been determined using Swiss ADME and admetSAR software. The toxicity profile reveals that
D2 is both AMES toxic and carcinogenic while the rest of the products are non-AMES toxic and
non-carcinogenic. All of the degradation products are high in causing fish toxicity thus their pres-
ence in pharmaceutical waste is alarming for environmental safety.
© 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1 Chemical structure of fluvoxamine.

inhibitor (SSRI) and approved for use in obsessive-compulsive
disorder (OCD) (Goodman et al., 1996) in both pediatric
(Riddle et al., 2001) and adult patients. Besides OCD, it is
widely used for many psychological conditions such as social
phobia (Stein et al., 1999), panic disorder (de Beurs et al.,
1995) and posttraumatic stress disorder (De Boer et al.,
1992). It is metabolized to fluvoxamine acid along with its
N-acetylated analog by CYP2D6 by oxidative demethylation
and deamination in liver (Van Harten, 1995). It is excreted
via kidneys in urine. Since FLV is used in pediatric population
as well, its degradation behavior in aqueous solution may help
to develop a liquid dosage form, more conformable for use by
children.

Chemically, FLV is 2-aminoethyl oxime ether of aralkylke-
tones and the molecular formula is C;sH,;F3N,0,. It belongs
to the chemical class of compounds containing a benzene ring
with one or more trifluoromethyl substitutions. It contains an
oxime group which makes it likely to degrade by hydrolysis.
Similarly, other groups are also present in the compound
which may indicate what type of degradation expected from
the molecule. Stress degradation studies of FLV under oxida-
tive and hydrolytic conditions have been carried out in acidic,
basic and neutral medium (Pawar and Dhaneshwar, 2012;
Hemke, 2015; Souri and Donyayi, 2015), however, there is
no study detailing the effect of pH and temperature on the
degradation kinetics of FLV in aqueous solution. The degra-
dation products of FLV have not been characterized or studied
in detail for their possible toxicities.

Computational tools and software have successfully taken
over most of the scientific research and are being increasingly
employed for this purpose in pharmaceutical industries as well.
Softwares are available for predicting the degradation of active
pharmaceutical ingredients (APIs) and their interactions with
excipients. Some of the developed databases and software
include programs developed by LHASA at Harvard (Corey
et al.,, 1985), ORAC by Peter Johnson’s group (Johnson,
1985), Munich by Ivar Ugi’s group (Ugi et al., 1992), and
CAMEDO by Jorgenen’s group (Jorgensen et al., 1990). Zeneth
is commercially available for predicting the degradation path-
ways and products at various temperature, pH and light con-
ditions (Parenty et al., 2013). Pharmacokinetics and toxicity
profiling of degradation products has been made easier by
in-silico tools such as TOPKAT (Enslein et al., 1994), Derek
Nexus (Segall and Barber, 2014); ToxTree (Enoch et al.,
2008) and admetSAR (Cheng et al., 2012). Such software has
been designed to predict toxicities based on correlation of
experimental data and computational modeling of a large
number of studies (Dearden et al., 1997; Combes, 2012). These
tools have greatly reduced the use of animal models for

toxicity testing and proved to be beneficial in limiting the drug
development expenses for potentially toxic drugs.

The present investigation is based on a study of the degra-
dation behavior of FLV over a wide pH range using RP-HPLC
and LC-MS techniques. It involves identification of the degra-
dation products, kinetics of degradation reactions and evalua-
tion of pH and temperature effects. It also includes insilico
experimental correlation of degradation products and insilico
pharmacokinetic profile and toxicity profiling of degraded
products.

2. Experimental
2.1. Materials and methods

2.1.1. Chemicals

A pure sample of API fluvoxamine maleate (FLV) was
obtained from PharmEvo Pvt. Ltd., Karachi Pakistan. All
chemicals were of analytical grade purchased from reputable
vendors. Buffers were prepared from deionized and distilled
water, obtained from Cl114 cartridge of Elga Labwater. All
chemicals and water used in HPLC and LC-MS analysis (ace-
tonitrile, methanol, ammonium acetate, ortho-phosphoric
acid, and triethylamine) were highly pure and HPLC grade.

2.1.2. Buffer preparation

The buffers of pH1.0 and pH2.0 were prepared by mixing
appropriate quantities of 0.2 M potassium chloride and
0.2 M hydrochloric acid.

pH1.0

250 ml 0.2 M KCl+ 670 ml 0.2 M HCI,
Volume made up with water to 1000 ml/

pH2.0

250 ml 0.2 M KCI+65 ml 0.2 M HCI,
Volume made up with water to 1000 ml

The buffers of pH3.0 to pH8.0 were prepared from mixing
0.2 M monopotassium phosphate and 0.2 M sodium hydrox-
ide. The buffers of pH3.0, 4.0 and 5.0 were obtained by adjust-
ing the pH6 buffer with ortho-phosphoric acid while the pH7.0
and 8.0 were obtained by increasing the ratio of 0.2 M sodium
hydroxide.

pH6.0

250 ml 0.2M KH,PO,+ 28 ml 0.2M NaOH,
water added to make 1000 ml
pH7.0

250 ml 0.2 M KH,PO4+ 145.5 ml 0.2 M NaOH,
water added to make 1000 ml

pHS.0

250 ml 0.2 M KH,PO4+ 230.5 ml 0.2 M NaOH,
water added to make 1000 ml

Buffer of pH9.0 was prepared by dissolving 17.4¢g
monopotassium phosphate in 800 ml of water and pH was
adjusted using 1 M potassium hydroxide and volume was
made up to 1000 ml. The buffer of pH10.0 was prepared from
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0.025 M sodium tetraborate decahydrate and 0.1 M sodium
hydroxide. The composition of pHI11.0 buffers includes
0.05M disodium hydrogen phosphate and 0.1 M sodium
hydroxide. The pHI12.0 buffer was prepared from mixing
0.2 M potassium chloride with 0.2 M sodium hydroxide.

pH10.0

500 ml 0.025 M Na,B,O; + 183 ml 0.1 M NaOH,
water added to make 1000 ml

pHI1.0

500 ml NayHPO4+ 41 ml 0.1 M NaOH,
water added to make 1000 ml

pH12.0

250 ml 0.2 M KCI+ 120 ml 0.2 M NaOH,
water added to make 1000 ml

All buffers were prepared in 1000 ml quantity and stored in
refrigerator in amber glass containers. The buffer solutions
were in workable condition for ten days which was verified
by physical appearance and pH stability.

2.1.3. Instrumentation

2.1.3.1. HPLC system and chromatographic conditions. Shi-
madzu LC-10AT solvent delivery unit had been used along
with SPD-20A UV detector for HPLC analysis. Thermo Scien-
tific Hypersil C18 ODS-HPLC column of 4.6 x 250 mm length
with 5 um particle size and 120 A pore size was used for deter-
mination of FLV in different samples. Detector wavelength
was set at 250 nm considering UV absorption of FLV and
cut-off wavelengths of mobile phase solvents. Mobile phase
contains methanol, acetonitrile and 0.05 M ammonium acetate
solution in 70:10:20 v/v ratio. The pH of mobile phase was
adjusted to 6.5 using ortho-phosphoric acid and triethylamine.
Mobile phase was filtered through a pore size of 0.45 um filter
paper using Millipore filtration assembly and then degassed by
sonicating on Elma Ultrasonic Cleaner LC30H.

2.1.4. Preparation samples for of degradation

The fresh solution of standard drug was prepared by dissolving
100 mg FLV in 100 ml methanol. The drug solution which was
exposed to degradation conditions was freshly prepared on the
day of performing degradation study. The calibration curve
was obtained by making ten serial dilutions of 1 mg/ml stock
solution with each buffer of pH1.0-12.0. Degradation samples
were prepared by adding 5 ml of 1 mg/ml FLV stock solution
to 95ml of each buffer, obtaining a final concentration of
50 pg/ml. The degradation samples were stored in freezer at
—18 °C.

2.1.5. Hydrolysis

The FLV solution (50 pg/ml) was allowed to degrade in a
water baths maintained at 40 °C. The samples were collected
at 15 min intervals up to 180 min which were immediately fro-
zen to quench the degradation reaction. The process was
repeated using each buffer in the pH range 1.0-12.0 at 60
and 80 °C. The filtered samples if needed were diluted and
injected to HPLC system for analysis.

2.1.6. Order of reaction

The order of reaction is determined by plotting a graph of con-
centration or function of concentration versus time. The slope
of straight line indicates the order of reaction. The rate con-
stant k, is used to calculate half-life (t;,) and shelf-life (to)
of FLV in solution which are given by following formulae
for a first-order reactions.

= 0.693/k (1)

190 = 0.150/ko (2)

2.1.7. Effect of temperature

The effect of temperature on degradation of FLV has been
studied using the Arrhenius equation. The Arrhenius plot is
constructed between natural logarithm of rate constant and
inverse absolute temperature. The straight-line plot is used to
calculate activation energy by the following formula:

E, = —(slope) x R (3)

where R is the gas constant, 8.314 J-mol/K.

The integrated form of Arrhenius equation can be used to
find activation energy algebraically using reaction temperature
and rate constants.

kv E, (1 1
=% (57 @

2.1.8. In-silico study

The degradation products of FLV and its pathways under
studied conditions was predicted using Zeneth software
(Parenty et al., 2013). The predictive data obtained from the
software are compared to already established libraries or data-
base which is continually updated by Lhasa Limited. In-silico
ADME and toxicity predictions were performed using Swiss
ADME tool and admetSAR. The basis of prediction software
is the relationship of physicochemical properties such as log P
and solubility with those of pharmacokinetics of the com-
pound. The tools calculate physicochemical properties and
predict the pharmacological and toxic properties of the identi-
fied degradation products.

2.1.9. Identification of degradation products by LC-MS

A 1 mg/ml quantity of FLV solution in buffers of pH 1.0 and
12.0 was allowed to degrade for 240 min and the maximum
degradation was observed at 80 °C. The samples were then
analyzed by ESI-LC/MS technique. Identification of degrada-
tion products was carried out by LC-MS preceded by positive
mode electron spray ionization (ESI) by Agilent 6400 triple
quadrupole LC-MS system. The instrument uses Agilent
Mass-Hunter Workstation software. The data acquisition
was operated at gradient scan mode. The degradation products
were separated on a ZORBAX Eclipse Plus C18 column
(4.6 x 100 mm, 5 um) with a pore size of 95 A. The column
temperature was maintained at 25 °C, flow rate at 1 ml/min
and injection size of 20 pl. The mobile phase composition
was methanol and water in a 70:30 v/v ratio. The MS scans
were recorded in the range of 50-1000 m2/z. The structures of
the degradation products of FLV were calculated from the
mass spectra.
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3. Results and discussion

3.1. Method validation

Analytical method validation is an important part of quantifi-
cation of any analyte for its accurate and precise determina-
tion. Therefore, the validation of the RP-HPLC was
performed before its application in the present study. The val-
idation is reported in Table 1. The validation’s results showed
that the newly developed method fulfill all the requirements of
method validation (Guideline, 2005). Method was linear in the
range of 1.5 to 100 ug/ml with correlation coefficient r’
of > 0.999 as given in Table 1.

The linearity of the proposed method was performed by
generating calibration curves from serially diluted stock solu-
tion and calculation of the values of coefficient of correlation,
slope and intercept values. Intra-day and Inter-day accuracy
and precision were also performed as given in Table 1. System
suitability of the method was evaluated by performing repli-
cate analysis of the drug. The symmetry of the standard peaks,
theoretical plates of the column and % relative standard devi-
ation among the five replicate were evaluated.

Various parameters including system suitability, specificity,
linearity, accuracy, intra-day and inter-day precision, limit of
detection, limit of quantification and robustness were studied
according to ICH guideline (Guideline, 2005). To establish
robustness, the samples were analyzed after making deliberate
alternation in the method parameters. Small changes were also
made in the chromatographic conditions like mobile phase
composition, flow rate, etc.

3.2. Hydrolysis

The degradation behavior of FLV at various temperatures, i.e.
40, 60 and 80 °C in buffers of pH1.0-12.0. The degraded sam-
ples was quantified using a validated RP-HPLC method and
the order and rate of degradation was determined. The effect
of pH and temperature on degradation kinetics of FLV have
been studied using Arrhenius equation and pH-rate profile.

Table 1 Validation Parameters for the assay of FLV.
Statistical Parameter Fluvoxamine
Linearity range (ng/ml) 1.5-100
Intra-day

Recovery range (%) 99.6-101.4
Precision (% RSD) 0.4-0.9
Inter-day

Accuracy (%) 98.5-100.6
Precision (% RSD) 0.5-1.3
Slope 24.0 x 10°
standard error of the slope 106
correlation coefficient R’ 0.999
Intercept 12.9 x 10°
standard error of the intercept 247
standard error of the regression 793

LOD (ug/ml) 0.34

LOQ (pg/ml) 1.03

The degraded samples were also subjected to ESI-LC-MS
analysis to determine the chemical structure of degradants.
This study incorporates computational tools with that of
experimental results, in order to evaluate the degradation path-
way to form products. Degradation prediction software,
Zeneth, predicted formation of ten degradation products of
FLV under hydrolytic conditions, however, the chromato-
graphic assay confirms the formation of four of these products.
The in-silico tools such as admetSAR have been further
utilized to evaluate toxicity of the degradation products.

Many researchers have investigated the stress degradation
behavior of FLV, however, the structure elucidation of its
degradation products and its effect on human subjects have
gone uninvestigated as present. Pawar has developed a simple
and precise method for quantitative analysis of FLV in the
presence of its degradation products using thin layer chro-
matography (Pawar and Dhaneshwar, 2012). This study sub-
jected FLV to acid and alkali hydrolysis, oxidation, and
photodegradation. This method can separate FLV from its
degradation products but has its limitation in quantitative
analysis. Hemke performed stress degradation for both the
solid and solution state of FLV. The solution-state analysis
was carried out in 0.1 N HCI, 0.1 N NaOH, distilled water
and 3% H,0, (Hemke, 2015; Souri and Donyayi, 2015). The
RP-HPLC method has been used for the quantitative analysis
of FLV in degradation samples and pharmaceutical dosage
form. The proposed method has good resolution for the sepa-
ration of FLV from its degradation products. Hemke observed
two degradation products during hydrolytic degradation but
these were not characterized (Hemke, 2015). Souri et al.
exposed FLV to 0.5M HCI, 2M NaOH and 10% H,0, at
80 °C and showed that the rate and extent of degradation
was higher in acidic medium compared, to those of alkaline
medium, however, no degradation products were separated
or characterized (Souri and Donyayi, 2015). It was also found
that the major amount of administered FLV undergoes meta-
bolism in human body and the metabolites were generally inac-
tive for antipsychotic activity (Overmars et al., 1983). Since the
main route of metabolism was oxidation and an abundant
amount of oxygen is also available to the drug during
manufacturing and storage, it is possible that the drug under-
goes similar changes which would render it ineffective due to
degradation process.

3.2.1. Kinetics of thermal hydrolytic degradation

The thermal degradation of data showed that FLV underwent
first order kinetics in the pH range 1-12. The rate of degrada-
tion of molecule is affected by pH, temperature, ionic state and
functional group present. The observed rate constant (k) of
FLV depends on six rate constants &, k, k;, k>, k3, kyand ks as
given in following equation.

kops = ko + k[FLV*] + ki[FLV][H"] + ko[FLV][HO]
+ k3 [Di][Da] + ka[D1][OH ™| + ks[Dy "] [D] (5
The apparent first-order rate constants (k,p,) for the ther-
mal hydrolytic degradation of FLV (Table 2) at pH 1.0-12.0
range from 0.92 (pH 6.0) to 13.8 x 10™* min~" (pH 1.0). The

most rapid apparent first order rate constant (k) was found
to be 13.8 x 10~*min~" at pH 1.0 (Fig. 2).
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0.0016
Table 2 First-order rate constants (ko) for thermal degrada-
tion of FLV at 80 °C in buffers of pH1.0-12.0. 0.0014
pH Rate Constant (k) x Correlation Shelf life to, _: 0.0012
10~* (min~) Coefficient (R?) (min) £ oom
1 138 0.990 76.0 E o008
2 46.0 0.992 228.2 Z
3115 0.991 913.0 S 00006
4 092 0.989 777.8 £ oo
5 0.92 0.989 1141.3
6 1.80 0.993 1141.3 0.0002
7 4.60 0.984 583.3 o
s§  6.70 0.982 288.2 0 2 4 6 8 10 12 14
9 670 0.998 156.7 pH
i(l) 2;8 gggg i;g; Fig. 3  pH-rate profile of thermal hydrolytic degradation of FLV
12 670 0.997 156.7 at 80 °C.

3.2.2. pH-rate profile

A plot of rate constant versus pH is used to show the pH-
dependence of a hydrolytic reaction. The pH-rate profile of
FLYV at 80 °C is shown in the Fig. 3, which indicates that the
rate of reaction increases with a decrease in pH in the acidic
region and increases with an increase in basic pH in the alka-
line region. The pH of maximum stability is 3.0-6.0 with max-
imum stability at around 6.0. The ks at pH 6.0 is found to be
0.92 x 10~*min~". The rate-pH profile of FLV is a typical
shaped curve with inflections similar to that of diazepam in
the acid and alkaline range (Han et al., 1977). The plateau in
the pH range of 3-6 indicates that the zwitterionic species of
the molecule are least susceptible to hydrolytic degradation.
This region is suitable for the formulation of FLV extempora-
neous or pharmaceutical product. Moreover, the phosphate
buffer species used during the degradation reactions are also
known to exert a stabilizing effect in this region like those of
amphotericin (Hamilton-Miller, 1973), meperidine (Hor
et al., 1997), warfarin (Hiskey et al., 1962) and benzyl penicillin
(Finholt et al., 1965).

It is known that drug products are mostly found stable
(Souri and Donyayi, 2015) under slightly acidic conditions as
the catalysis rates at alkaline pH are higher than those of the
acidic pH. If the rate of reaction is unaffected by the buffer

2.02
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Fig. 2 The apparent-first-order degradation of FLV at pH 1 at
80 °C.

and is significantly high, the rate-pH profile shows a flat region
of maximum stability from slightly acidic to slightly basic pH.
When there are acidic or basic moieties in a drug, the ioniza-
tion of a particular functional group affects the rate in the
pH-region of hydrolysis. It is commonly due to a change in
electrophilicity of the hydrolyzing functional group as a result
of ionization (Waterman et al., 2002). Ionizable drugs tend to
show a characteristic inflection in the rate-pH profile (Fig. 3)
when pH of the solution becomes equal to their pKa.

3.3. In-silico prediction by Zeneth and experimental correlation
of degradation of FLV

Zeneth software has predicted the formation of ten degrada-
tion products (Fig. 4) if the compound is allowed to react with
itself, degradation products and the degradation products with
each other; the reaction is restricted to three steps. The LC-MS
results verify the formation of four of these products, which
include DI (MW = 260.255), D2 (MW = 76.099), D3
(MW = 318.155) and D4 (MW = 520.51). The D4 peak is
very small which is due to its very low concentration in the
solution. D1 is found as the most abundant product both at
pHI and pHI12, which makes D2 as equally abundant since
it is formed as a result of fragmentation of FLV into DI.
The possible transformations and structures of the degrada-
tion products as predicted by Zeneth and confirmed by LC-
MS results are shown in Fig. 5 and Table 3. DI
(C13H,5F30;) and D2 (C,HgN,O) are formed at pH1 and
pH12 as a result of hydrolysis of oxime or hydrazone, the
intermediate formed as a result of hydrolysis is unstable and
breaks into two fragments. The LC-ESI-MS/MS spectrum of
[M+H] ™ ions (m/z 261) of D1(Rt = 4.39 min) formed in both
acidic and basic hydrolysis, shows the product ions of m/z
229.08 (loss of OCHj3 from the parent ion at m/z 261), m/z
215.068 (loss of CH, from the ion at m/z 261), and m/z 105
(loss of C4HsF3 from the ion at m/z 261). D3 (C;sH,F3N,0,)
is formed as result of photochemical isomerization of query
molecule. The LC-ESI-MS/MS spectrum of [M +H] ions
(m/z 319) of D3 (Rt = 5.409 min) was formed in samples at
all pH, shows the product ions of m/z 258 (loss of two frag-
ments CH4N and CH;O from the parent ion at m/z 319). DI
undergoes further degradation by intermolecular aldol reac-
tion and forms D4 (CrsH30F¢O4) (Fig. 6).
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Fig. 4 Degradation pathway of FLV as predicted by Zeneth Software.

3.4. Arrhenius plot of fluvoxamine degradation

FLV has a higher rate of degradation in acidic pH as
compared to that of basic pH and little or no degradation at

neutral pH. The rate-pH profile shows that the drug is found
most stable at pH 6.0 and has the highest rate of degradation
at pH 1.0. In this study, the temperature dependency of the
rate of degradation is shown at pH 1.0 (maximum degradation
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Fig. 5 LC-MS Spectrum of FLV degradation product at pH1 D1 (a), D3 (b), D4 (c).

point) and pH6.0 (minimum degradation point). The rate of
degradation increases with an increase in temperature. The val-
ues of k,,, for the reaction of FLV at pH 1 were found to be

2.3,6.9 and 13.8 x 10~* min~! at 40, 60 and 80 °C respectively
while the k,,;, at pH 6 were 0.46 (40 °C) and 0.92 10~* min™"
(60 and 80 °C). The effect of temperature on the rate of a
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Table 3 FLV and its degradation products.

Product ID Proposed Predicted Mass Calculated Observed Error (ppm) Proposed
Formula by Zeneth Mass Mass (a) observed (b) observed Structure
calculated predicted
/“\/\A‘/\u/\/""'
FLV (Q) Cy5H, F3N,0, 318.155 318.33 318.339 0.009 0.183 Q
-+
e o
AN
D1 Ci3H,5F50; 260.102 260.25 260.255 0.005 0.153 P
D2 C,HgN,O 76.063 76.1 76.099 —0.001 0.035
D3 C;5H F3N>0, 318.155 318.33 318.339 0.009 0.183
D4 CysH30F04 520.204 520.5 520.51 0.01 0.305

reaction is explained by Arrhenius equation k = Ae#. This
equation is based on collision theory; the particles must collide
in proper orientation and with enough energy to form a new
molecule. The Arrhenius plot (Ink vs 1/T) for the degradation
of FLV at 40, 60 and 80 °C at pH 1.0 is a straight line and can
be used to calculate activation energy using equation (6).

E(I
Ink =+ InA (6)

where In k is the natural logarithm of rate constant k,,, E, is
the activation energy, R is the molar gas constant given by
8.314 J-mol/K, T is the absolute temperature and In A is the
value of frequency factor, obtained by extrapolation of Arrhe-
nius plot. So, from this graph (Fig. 7) the values of E, and A
have been found to be 41.27 KJ/mol and 18.71 x 10%> min~' for
the degradation reaction was carried out at three temperatures;
313K (40 °C), 333 K (60 °C) and 353 K (80 °C). The activa-
tion energies calculated are almost the same as acetylsalicylic
acid suspension i.e. 10 kcal/mol (James, 1958). The rate of
reaction becomes double on 10 °C rise in temperature and is
optimum for the degradation reaction to occur (Hidalgo
et al., 2012).

3.5. Degradation products and pathway prediction

Computational chemistry software can be used to predict
hydrolytic degradation and products, and rationalize its
pathways. The importance of understanding the degradation
pathways lies in ensuring the safety of the drug during its
manufacturing, storage and until final consumption by the
end-user. A number of modeling software are commercially
available which are able to predict the synthetic outcome of
a reactions as indicated in introduction. In the present study
Zeneth-7 has been used to predict the hydrolysis pathway
and thermal hydrolytic products.

The software has a database of commonly used excipients.
The query compound (FLV) was individually tested at varying
temperatures, i.e. 40 °C and 80 °C, pH 1.0, pH 7.0 and pH
12.0, in the presence of light and peroxides. It also allows to

limit the extent of reaction whether the query compound and
the degradation products are allowed to react with each other
or not. The conditions for the degradation predictions were set
as the query compound was allowed to react with itself (Q, Q
+ Q). The compound was also allowed to react with degra-
dants (Q + D) and the degradants were allowed to react with
query compound and with each other (D + Q, D + D). The
maximum number of allowed steps in a reaction were
restricted to 3 and the number of maximum possible degrada-
tion products was 400. The software uses a built-in knowledge
based prediction system, which is dependent on expert knowl-
edge and literature review from Lhasa to identify potential
degradation pathways (Jorgensen et al., 1990; Parenty et al.,
2013). The results show the sites of potential degradation,
structural changes in the degradation products and the mech-
anism of reaction.

3.6. FLV thermal degradants prediction at pH 1.0 and 12.0

The FLV molecule was allowed to degrade at 80 °C in presence
of water, oxygen and light in a buffer of pH 1 and pH 12.
Based on the functional groups in FLV and set reaction condi-
tions, Zeneth predicted eight transformations that may be pos-
sible during stress degradation of FLV. Seven of these
transformations were same for both pH 1 and pH 12 with
the only difference in alcohol based reactions which was dehy-
dration reaction at pH 1 and retro-aldol reaction at pH 12.
Other transformations that were same for both pH includes;
hydrolysis of oxime or related compound, photochemical iso-
merization of oxime or hydrazone, intermolecular condensa-
tion to imine, intermolecular aldol reaction, hydrolysis of
acyclic imine, addition of amine to imine, and elimination to
alpha, beta-unsaturated compound (Alsante and Baertschi,
2005). These transformations predict formation of three major
degradation products at the first step; D1, D2 and D3. D1
which undergo further degradation to form two degradation
products i.e. D4 and DS, that are subsequently degraded to
form five more products making a total of 10 expected degra-
dation products (Fig. 4).
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Fig. 6 Mechanism of hydrolysis of FLV in acid-base solution.
- Arrhenius Plot at pH1.0 3.7. Hdentification of degradation products by LC-MS|ESI
_15‘2.0 28 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325
7 The hydrolytic degradation products of FLV under acidic and
§—15.6 alkaline conditions (pH 1.0-12.0) obtained after 3 h of thermal
=158 V=’3R§2:4‘07’;5;:°“9 treatment were identified by LC-ESI-QQQ-MS and MS/MS
g 16 ' analysis. ESI-QQQ-MS (positive mode) scan of FLV and its
3162 degradation products in acidic and alkaline solutions showed
2 lea peak [M+H]" at m/z 319.0 (FLV), 261.0 (DI1), 76.0 (D2),
5’_16 . 319.1 (D3) and 520.2 (D4), corresponding to the molecular for-
s mulae Cl5l‘1231:“31w202Jr (C'dlC. 3]9155), C13H16F302+ (calc.
168 261.0), C,HFN,O (calc. 76.063), C;sH,,F3N,05 (calc. 319.1)

-17

1/Temperature (K-1)

Fig.7  Arrhenius plot of FLV degradation at 40, 60 and 80 °C in
buffer of pH1.0.

and Co6H30F¢N3O4 (calc. 520.2), respectively.

D1 and D2 degradants are formed under both acidic and
basic (pH 1.0 and pH 12.0) at 80 °C. LC-MS-ESI spectra of
major degraded products of FLV are shown in Figs. 4 and 5.
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The D3 degradant is previously known (41), however, D1, D2
and D4 are first time identified in this study. Proposed structure
and molecular formula of all thermal degraded products are
summarized in Table 3. Extracted-ion chromatograms (EIC)
of FLV and its thermal degraded products are shown in
Fig. 8. The results of this study show that FLV on heating in
acid/base solution leads to the formation of four thermal
degraded products (D1 to D4).

3.8. In-silico ADMET toxicity screening of degradation
products

The SwissADME (Daina et al., 2017) and admetSAR (Cheng
et al., 2012) were used for insilico study of ADMET (absorp-
tion, distribution, metabolism, elimination and toxicity), drug
likeness of FLV and its degradants. The predicted pharma-
cokinetics (Table 4) and drug likeness properties of FLV and
its degradation products are given in Table 5 and Fig. 9. These
in-silico tools predict likely degradation products of drug using
Lipinski (Lipinski, 2004; Muegge, 2003); Ghose (Ghose et al.,
1999; Nisha et al., 2016); Veber, Egan (Bhal et al., 2007; Brown
et al., 2016); Muegge (Muegge, 2003) criteria.

The drug-likeness parameters of FLV and its degradation
products. The pink area represents the optimal range for each
properties (lipophilicity: XLOGP3 between —0.7 and +5.0,
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Table 4 Pharmacokinetics of FLV and its degradation products.

Pharmacokinetics

Q D1 D2 D3 D4
GI absorption High High High High Low
BBB permeant Yes Yes No Yes No
P-gp substrate No No No No Yes
CYP1A2 inhibitor No Yes No No No
CYP2C19 inhibitor Yes Yes No Yes No
CYP2C9 inhibitor No No No No No
CYP2D6 inhibitor Yes Yes No Yes Yes
CYP3A4 inhibitor No No No No Yes
Log Kp (skin permeation) —6.37 cm/s —5.76 cm/s —7.91 cm/s —6.37 cm/s —5.57 cm/s

Table 5 Drug-likeness of FLV and its degradation products according to various protocols.

Drug-likeness

Q DI D2 D3 D4
Lipinski Yes; 0 Yes; 0 Yes; 0 violation Yes; 0 No; 2 violations: MW > 500,
violation violation violation MLOGP > 4.15
Ghose Yes Yes No; 4 violations: MW < 160, WLOGP < -0.4, Yes No; 2 violations: MW > 480,
MR < 40, #atoms < 20 WLOGP > 5.6
Veber Yes Yes Yes Yes No; 1 violation: Rotors > 10
Egan Yes Yes Yes Yes No; 1 violation:
WLOGP > 5.88
Muegge Yes Yes No; 2 violations: MW < 200, #C < 5 Yes No; 1 violation: XLOGP3 > 5
Bioavailability 0.55 0.55 0.55 0.55 0.17
Score
LEGEND
LIPO D1 LIPO . Sadi
Q LIPO Lipophilicity
SR sze i e POLAR Polarity
INSOLU Insolubility
INSATU Insaturation
FLEX Flexibility
INSATU POLAR  INSATU POLAR e—— Compound Bioavailability
Bioavailability Range
INSOLU INSOLU
D2 D3 D4
LIPO LIPO LIPO
FLEX SIZE FLEX SIZE FLEX SIZE
P
INSATU POLAR INSATU POLAR INSATU POLAR
INSOLU INSOLU INSOLU

Fig. 9  Oral bioavailability parameters of FLV and its degradation products.
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Table 6 Toxicity profile of FLV and its degradation products.

Compound HIA BBB AMES Toxicity Carcinogenicity Fish Toxicity LD50 in rat (mol/kg)
Fluvoxamine 1 0.9775 Non-AMES toxic Non-carcinogenic High 2.69
Dl 1 0.9956 Non-AMES toxic Non-carcinogenic High 2.63
D2 0.9644 0.8913 AMES toxic carcinogen Low 2.34
D3 1 0.9775 Non-AMES toxic Non-carcinogenic High 2.69
D4 1 0.9885 Non-AMES toxic Non-carcinogenic High 2.58

FLYV and its degradation products reveal that all of the degra-
dation products have lower LD50 values than the parent com-
pound making the degradation products more lethal in rats.
Fish toxicity of all degradation products of FLV are high caus-
ing an environmental threat as well (Table 6).

4. Conclusion

Fluvoxamine (FLV) is used as a single agent or in combination
with risperidone for the treatment of obsessive-compulsive dis-
order. It is degraded by hydrolysis, thermolysis and photolysis.
The presence of oxime ether in FLV makes it susceptible to
hydrolysis. The protonation of FLV is critical and is the
rate-limiting step in its hydrolysis in acidic region. The drug
follows apparent first-order degradation kinetics under the
conditions employed. The degradation takes place in acidic,
neutral and basic environment but the rate of reaction is higher
in acidic solutions. The activation energy is calculated to be
41.27 KJ/mol (10 Kcal/mol) which indicates that the drug
molecule is moderately susceptible to temperature changes.

A typical rate-pH profile is observed for thermal degrada-
tion of FLV showing a flat bottom (pH 3.0-6.0) with maxi-
mum stability at pH 6.0. The shelf-life (tog) has been found
to be 1.26 h at pH 1.0 and 19 h at pH 6.0. These results may
be used as a reference for expiration dating of extemporaneous
aqueous preparation of FLV. The aqueous solutions of FLV
should be kept below room temperature. During manufactur-
ing processes such as wet granulation the pH of aqueous med-
ium should be maintained at 6.0 with phosphate buffer to
avoid loss of potency and utilize an added benefit of stabilizing
effect of phosphate buffer.

In-silico experimental correlation reveals that FLV under-
goes degradation through different routes; acid-base catalysed
hydrolysis, epimerization, and aldol condensation. The D2
(hydroxyl amine derivative) product which is formed in all
degradation processes is found to be both AMES-toxic and
carcinogenic. It is absorbed in the gastrointestinal tract but
does not cross blood-brain barrier.
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