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This study presents the forced degradation study of the antioxidant molecule naringenin (NNG) under various stress conditions following
ICH guidelines Q1A(R2). Significant degradation under basic and oxidative stress were observed. It is quite stable in acidic, photolytic
and thermal conditions. Under basic stress conditions, two major degradation products, NNG-DP1 and NNG-DP2, were obtained, which
are isomers of each other. Under oxidative stress, one major degradation product, NNG-DP1, was observed, structurally similar to the E-
isomer obtained under basic stress conditions. The degradation compounds were isolated using chromatographic separation, purified and
characterized utilizing advanced analytical methods, including (*H, *3C, D20) NMR, FT-IR, COSY, NOESY and mass spectrometry
techniques. Repeatability of the self-developed HPLC method was determined at 20-120 pg/mL, obtaining an RSD (%) < 2.0 and
accuracy > 98%. The mean recovery, LOD and LOQ values were found to be 98.25-102.88%, 0.1 ug/mL and 1.0 pg/mL, respectively. A
probable mechanism for the formation of the major degradation products was also proposed.
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INTRODUCTION

Naringenin (NNG), (2S)-5,7-dihydroxy-2-(4-hydroxy-
phenyl)-3,4-dihydro-2H-1-benzopyran-4-one (CisH120s) found
in a variety of plants comes from a class of compounds called
flavonoids exhibiting antioxidant properties [1]. It is comm-
only consumed as part of the diet and offers several health
benefits, with reported antioxidant, anti-inflammatory, anticar-
cinogenic, antibacterial and vasodilatory activities [2-5]. The
fruits of the citrus family, cherries, tomatoes, grapefruits and
cocoa all contain the flavonoid naringenin (NNG).

Development of a new drug requires considerable time
and financial resources [6]. A suitable analytical framework is
therefore required for the evaluation of therapeutic compounds
before regulatory approval [7,8]. Various analytical techni-
ques such as titration, spectrophotometry, spectroscopy, mass
spectrometry and chromatography, are used to assess drug
quality [9,10]. Forced degradation studies provide information
on degradation products and pathways, formulation stability
and the development of suitable analytical methods. Such

studies are useful for assessing the intrinsic stability of a mole-
cule, identifying degradation products, understanding their
formation pathways and determining the rate and extent of
degradation [11,12]. Stability and forced degradation studies
can further help in the selection of suitable packaging materials
and storage conditions and in the characterization of degrada-
tion products [13]. HPLC and UHPLC are widely used analy-
tical techniques for monitoring drug degradation under stress
conditions [14,15].

The degradation of NNG has mainly been investigated
in the context of developing analytical methods for its routine
analysis. Most reported studies have used HPLC or LC-MS
for the detection of degradation products [16]. Cordenonsi et al.
[17] investigated the forced degradation of NNG under thermal
stress at 60 °C for 1-90 days and under photolytic conditions
by exposing NNG solutions in ethanol to UV-A radiation
(Blacklight Blue lamp-Orion, 352 nm/30 W) and UV-C radia-
tion (Light Express lamp LE UV, 254 nm/30 W). The extent
of degradation was determined using HPLC. In another study,
Cordenonsi et al. [18] investigated the photodegradation of
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NNG-loaded nanoparticles using a self-developed HPLC
method and evaluated the photodegradation kinetics.

A review of the available literature revealed limited
information on the forced degradation of NNG under ICH
recommended acidic, alkaline, oxidative, photolytic and thermal
stress conditions [16-18]. Detailed studies describing the major
degradation products, their structural elucidation and the
possible pathways involved in their formation are scarce.
Characterization of degradation products of an active pharma-
ceutical ingredient (API) is important for impurity profiling,
formulation stability and the selection of suitable packaging
and storage conditions [19]. Based on this research gap, the
present study was undertaken to investigate the stress degra-
dation behaviour of NNG under ICH-recommended condit-
ions. This work follows our earlier studies on the degradation
of ascorbic acid [20].

To the best of our knowledge, the E-isomer has been
reported through synthetic routes, whereas the formation of
both E- and Z-isomers through forced degradation has not
been reported. The reported compounds have previously been
obtained or synthesized through different synthetic routes
[21,22]. The present study provides information relevant to
the isolation and purification of degradation products and to
the selection of suitable storage conditions under stress-prone
environments. The major degradation products were isolated,
purified, and characterized using *H NMR, *C NMR, D,0
exchange, COSY, NOESY, mass spectrometry and FT-IR
techniques.

Under basic stress conditions, two major degradation pro-
ducts were obtained. These products were identified as isomers
of each other based on their 2D NMR data, particularly
COSY and NOESY spectra. Under oxidative stress, the forma-
tion of other oxidation products was anticipated; in contrast,
the E-isomer was obtained as the major degradation product
under enhanced oxidative conditions. The study provides
information on the degradation behaviour of NNG that may
be useful in formulation development, storage and stability
assessment. The work focuses on the identification of suitable
stress conditions for enrichment of NNG degradation impuri-
ties, development of an HPLC method for their separation
and isolation and structural elucidation using spectroscopic
techniques. The degradation products identified in this study
through forced degradation may assist manufacturers and
researchers in recognizing impurities that can arise during the
synthesis, processing and storage of NNG.

EXPERIMENTAL

The analytical grade chemicals and reagents were procured
from Sigma Aldrich, TCI and BLD Pharma. Naringenin (NNG)
was obtained from Cleanchem Laboratory, Navi Mumbai,
India. The reactions were monitored using pre-coated alumi-
nium plates procured from Merck silica gel 60F2s4 using the
UV visualization technique, Ninhydrin reagent and iodine
vapours. Column chromatographic purifications were perfor-
med on Merck silica gel (200-400 mesh). Aluminium plates
pre-coated with silica gel 60F2s4 plates (10 cm x 10 cm with
6 mm thickness; Merck, Germany) were used for TLC.

Characterization: The reactions were monitored using
pre-coated aluminium plates procured from Merck silica gel

60F2s4 using the UV visualization technique, Ninhydrin reagent
and iodine vapours. Column chromatographic purifications
were performed on Merck silica gel (60-120 mesh). The H
NMR and *C NMR spectra were recorded using JEOL (JNM-
ECZ-400 s/L1) 500 MHz using (Me)4Si as the internal stan-
dard in DMSO-ds solvent. The exchangeable protons were
further confirmed with D,0O exchange experiment. Carbon and
hydrogen connectivity were proved with 2D NMR experi-
ments like COSY and NOESY. The electrospray mass spect-
rum was recorded on a MD SCIEX API3200LC/MS/MS
system equipped with an electrospray ionization technique.
The FT-IR spectra were recorded using FT-IR 4100 (JASCO).
Chromatographic analysis was performed on Thermo Ultimate
3000 reversed-phase C1g column with an internal diameter of
250 x 4.6 mm and a particle size of 5 um; manufactured by
WATERS (XTERRA RP18). The mobile phase consists of a
mixture of methanol:water in a ratio of 70:30. The mobile
phase was filtered and degassed through a 5 p membrane filter
before use and then pumped at a flow rate of 1.0 mL/min, with
20 pL volume of injection. Methanol was used as a diluent.
The run time was 20 min. The HPLC spectra were recorded
at a wavelength of 288 nm. The purification of degraded
compounds was carried out by the column chromatography
technique and preparative chromatography. The preparative
isolation of degraded compounds was done by Boitage Selekt.
Columns of 12 g and 40 g size were used. A mixture of
methanol and dichloromethane was used as a mobile phase to
obtain the desired compound, where desired compound eluted
with 5% MeOH:CH.CI; solvent. A 1 bar pressure and 40
mL/min flow rate were used to run the column.

Stress degradation study: Stress degradation studies
under acidic, basic, oxidative, thermal and photolytic condi-
tions were carried out in accordance with ICH guidelines [23].
Acidic and basic conditions can induce degradation of anti-
oxidant molecules and drugs, leading to the formation of
products with structural changes. To assess the stability of
NNG, degradation studies were carried out under both acidic
and basic conditions.

Acidic degradation: For the acid degradation study, 100
mg of NNG was initially dissolved in 1 mL of 0.1 N HCI
solution at ambient temperature for 60 h. No degradation was
obtained subsequently, the concentration of HCI solution was
increased to 5 N gradually and stirred for 60 h at 60 °C. NNG
does not react with 1 mL of 5 N HCI for 24 h at 60 °C, the
resultant solution was neutralized and the obtained solid was
filtered. The HPLC gave no degradation in the chromatogram,
hence, NNG is quite stable in acidic environment.

Basic degradation: Basic degradation was performed
using 0.1 N NaOH solution. NNG (100 mg) was dissolved in
1 mL of 0.1 N NaOH and stirred continuously for 60 h at amb-
ient temperature. Degradation was monitored by TLC and
HPLC analysis, which showed degradation products at retention
times (RTs) of 2.51 min (0.88%), 3.51 min (0.68%) and 3.91
min (15.47%). To accelerate the degradation process, the NaOH
concentration was increased to 0.5 N and the reaction was
continued for 60 h at 55-60 °C. Under these conditions, degra-
dation products were observed at RTs of 2.51 min (6.90%),
3.51 min (28.53%), and 3.91 min (9.24%).

To enrich the degradation products, NNG was finally
treated with 3 N NaOH (10 mL) and stirred at 60 °C for 24 h.
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TLC analysis showed three prominent spots, indicating the
formation of three degradation products. The reaction mixture
was neutralized to pH 7 using aqueous HCI and extracted
with dichloromethane. HPLC analysis showed three major
degradation products at RTs of 2.51, 3.51 and 3.92 min, with
degradation levels of 37.49%, 49.79% and 10.96%, respec-
tively. The HPLC chromatogram of NNG under basic stress
conditions is shown in Fig. 1.
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Fig. 1. HPLC chromatogram of NNG in basic degradation

For isolation, 1 g of NNG (assay >99%) was subjected
to alkaline stress using 3 N NaOH. After completion of the
reaction, 988 mg of crude solid was obtained. Flash chro-
matography afforded 395 mg of the E-isomer and 88 mg of
the Z-isomer as pure compounds. The remaining fractions
contained a mixture of NNG and other degradation products,
including the compound observed at RT 2.51 min. Attempts
to isolate this degradation product were unsuccessful due to
its poor stability and volatility during solvent removal.

The E- and Z-isomers were further purified by prepara-
tive chromatography and designated as NNG-DP1 and NNG-
DP2, respectively. These two degradation products are reported
for the first time as degradation products of NNG under stress
conditions.

Photolytic degradation: For the photodegradation study,
NNG (200 mg) was exposed to UV radiation at 254 and 365
nm. Two solid samples (200 mg each) were directly exposed
to UV radiation at 254 and 365 nm for 10 days. Two addi-
tional samples (200 mg each) were dissolved in alcohol and
exposed to UV radiation at the same wavelengths for 10 days.
After 8 days, all four samples were analyzed by HPLC, and
no degradation was detected. The experiment was continued
for 10 days under the same conditions, but no significant
degradation was observed. These results indicate that NNG
remains stable under the tested UV irradiation conditions.

Oxidative degradation: For the oxidative stress study,
NNG (200 mg) was dissolved in 20 mL of 3% H»O, solution
and stirred for 48 h at ambient temperature. HPLC analysis
of the resulting solution showed degradation products at
retention times (RTs) of 2.50 and 3.54 min. The experiment
was repeated by treating 200 mg of NNG with 20 mL of 3%
H20; at 50 °C. Under these conditions, degradation at RT 3.54
min increased to 5.44%, whereas the degradation at RT 2.50
min decreased.

For isolation of the major degradation product, NNG
(500 mg, assay >99%) was subjected to oxidative stress using
30% H»0,. HPLC analysis showed a major degradation pro-
duct at RT 3.54 min, corresponding to 28.53% degradation,

as shown in Fig. 2. After completion of the reaction, 470 mg
of crude product was obtained. Flash chromatography afforded
120 mg of the pure E-isomer, along with 335 mg of unreacted
NNG and a mixture of other compounds. Based on its spectral
and analytical data, the isolated E-isomer was identified as
NNG-DP1.
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Fig. 2. HPLC chromatogram of NNG oxidative degradation

Under oxidative stress at lower H,O, concentration, two
degradation products were observed. Under the more strin-
gent oxidative conditions, only NNG-DP1 was detected as
the major degradation product. NNG-DP1 was also obtained
under basic hydrolytic conditions.

Thermal degradation: For thermal degradation, 200 mg
of NNG solid was placed on a petri dish and kept in an oven
for 6 days at 100 °C and also 200 mg NNG was dissolved in
1 mL of DMF solvent and this clear solution was kept in an
oven for 100 °C and both samples were analyzed in HPLC.
No degradation occurred, hence NNG was quite stable in high
thermal condition.

RESULTS AND DISCUSSION

In this study, naringenin (NNG) is subjected to forced
degradation under acidic, basic, photolytic, oxidative and
thermal conditions. Degradation was observed in basic as
well as in oxidative conditions. NNG was found to be stable
in acidic, photolytic and thermal conditions. The degraded
compounds were isolated & identified by using HPLC, NMR
(*H, 3C, D;0), COSY, NOESY, FT-IR and mass spectro-
scopy techniques. In HPLC analysis, it was observed that
three degradation products at 2.50 RT, 3.58 RT and 4.04 RT
under basic stress and two degradation products at 2.50 RT
and 3.58 RT in oxidative stress. The HPLC chromatogram of
NNG displays a peak at 5.57 RT for the retention period as
shown in Fig. 3.

The HPLC chromatograms of NNG under different stress
conditions, along with the chromatogram of the parent comp-
ound, are shown in Fig. 4. The chemical structures of NNG
and its degradation products were elucidated using HPLC,
NMR (*H, C, D,0), COSY, NOESY, FT-IR and mass spect-
roscopy techniques. The degradation conditions and corres-
ponding extent of degradation are shown in Table-1.

From the characteristic data, it was interpreted that the
compounds obtained at 3.58 RT (E-isomer) separately in
oxidative and basic stress are structurally similar. The NNG
degradation products NNG-DP1 and NNG-DP2 are charact-
erized by their spectral and analytical data. The HPLC chro-
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TABLE-1
SUMMARY OF FORCE DEGRADATION STUDY

Degradation

parameter Reaction condition Results
Acidic Stirred in 0.1 N HCI for 60 h at room temperature API remained stable without any degradation
Stirred in 0.5 N HCI for 60 h at 60 °C temperature
Stirred in 5 N HCI for 24 h at 60 °C temperature
Alkaline Stirred in 0.1 N NaOH for 60 h at room temperature NNG-DP1 0.68%, NNG-DP2 15.47% and at 2.51 RT 0.88%
degradation formed
Stirred in 0.5 N NaOH for 60 h at 55-60 °C temperature NNG-DP1 28.53%, NNG-DP2 19.24% and at 2.51 RT 6.9%
degradation formed
Stirred in 3 N NaOH for 24 h at 55-60 °C temperature NNG-DP1 49.79%, NNG-DP2 10.96% and at 2.51 RT
37.49% degradation formed
Photolytic Dry exposure at 254 & 365 nm for 10 days Stable when exposed in ultraviolet radiation
Alcoholic solution of API exposed to 254 & 365 nm for 10 days
Oxidative Stirred in 3% H202 Sol" for 48 h at room temperature 2.5 RT & NNG-DP1 0.27% degradation formed
Stirred in 3% H202 sol" for 48 h at 50 °C temperature 2.5 RT & NNG-DP1 5.44% degradation formed
Stirred in 30% H20: sol" for 44 h at 50 °C temperature Only NNG-DP1 28.53% degradation formed
Thermal Heated up to 100 °C for 6 days API is thermally stable
200 666
1 - Naringanin API - 5.570
175 600
=~ 550
150 (a) NNG-DP1
2 - 500 (b) NNG-DP2 )
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8 100 400
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Fig. 3. HPLC chromatogram of naringenin (NNG) 2 3 4 5 6 7 8 9 10
min
6000 Fig. 5. HPLC chromatogram of both the degradation products obtained in
oxidative and basic stress condition along with the antioxidant
5000 molecule (NNG)
54000 |
< 6.83-6.85 (m, 2H, H), 7.72-7.78 (m, 4H, Hq, J = 15-16 Hz,
g 3000 trans coupling), 8.16 (d, 1H, J=9.0 Hz, H¢), 10.26-10.53 (m,
§2000 ; ] 2H, OHy), 13.61 (s, 1H, OHy). _ _
s d The *H NMR spectrum showed signals for the 4 aromatic
< 1000¢ < protons of Hg as a multiplet in the range of 7.784-7.749 ppm.
ol The two olefinic protons exhibited a coupling constant of J =
16.5 Hz, supporting the formation of the E-isomer. The H
-1000 13 . . )
o & 4 6 8 10 12 11 18 18 20 and C NMR assignments are shown in Table-2. The D,O

Time (min)
Fig. 4. Overlaid chromatogram of NNG in various stress conditions (a)

basic degradation, (b) NNG API, (c) oxidative degradation, (d) photo-
lytic degradation, (e) thermal degradation and (f) acidic degradation

matograms of the isolated degraded products NNG-DP1 and
NNG-DP2 are individually overlaid with the antioxidant
molecule of the NNG molecule, as shown in Fig. 5.
Characterization of isolated compounds (NNG DP1
and NNG DP2): To confirm the structure of the isolated
compounds (NNG DP1 and NNG DP2), NMR, mass, FTIR
and HPLC techniques were used for characterization.
Structural elucidation of NNG DP1: HPLC purity:
99.43%, m.p.: 190 °C. *H NMR (500 Hz, DMSO-dg, & ppm):
6.28 (d, 1H, J = 2.1 Hz, Ha), 6.41 (d, 1H, J = 2.4 Hz, Hy),

exchange experiment showed no additional signal in the down-
field region, supporting the presence of phenolic OH protons.
The FT-IR spectrum showed characteristic absorption bands
at 3481 cm* (OH), 1685 cm* (C=0), 1633 cm* (C=C), 1494
cm? (aromatic C-H) and 1143 cm™ (aromatic C-H). The
absorption band at 1633 cm™ supports the presence of a C=C
bond.

The COSY spectrum (Fig. 6a) showed coupling between
the signals at 7.7 ppm (C11H and CisH) and 6.8 ppm (Cq2H
and Ci4H), confirming the expected coupling between the
aromatic protons. The signals at 8.16 ppm (CsH) and 6.41
ppm (C2H) were mutually coupled with a coupling constant
of J =8.6 Hz. The signals at 7.784 ppm (CoH) and 7.749 ppm
(CgH) showed a coupling constant of J = 16.5 Hz, consistent
with a trans- or E-configuration of the double bond. The
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TABLE-2
ANALYTICAL DATA OF NNG-DP1 AND NNG-DP2
NNG-DP1 NNG-DP2
13C (100 MHz - 'H (400 Hz, DMSO-ds) 13C (100 MHz . 1H (400 Hz, DMSO-ds)
' Assignment ' Assignment
DMSO-ds) 5 J 8 value Assignment DMSO-ds) 5 : 3 value Assignment
102.59 Co 6.28 d,J=2.1Hz 1H, 102.55 Co 6.28 m, 1H, CeH
CeH
108.10 Cs 6.41 d, J=8.6 Hz, 1H, 108.07 Cs 6.40 d,J=3.2 Hz, 1H, C:H
CoH
113.00 C2 6.83-6.85 m, 2H, C12H, CasH 112.96 Cz 6.84 m, 2H, C12H, CasH
115.84 Cs 7.72-7.78 m, 4H, CuH, CisH, 115.81 Cs 7.75-1.77 m, 4H, Cu1H, CisH,
CoH, CsH (3 = 165 CoH, CsH (J = 8.5 Hz)
Hz) trans cis
117.40 C4,Cs 8.16 d, J=9.0 Hz, 1H, 117.39 C4,Ce 8.16 d,J=3.2 Hz, 1H, C3H
CsH
125.75 Cis 10.26-10.53 m, 2H, C1-OH, C13- 125.73 Cis 10.12 s, 1H, C:-OH
OH
131.22 Cuo 13.61 s, 1H, Cs-OH 131.21 Cuo 10.66 s, 1H, C13-OH
132.84 Cu, Cus 132.83 Ci1, C1a 13.61 s, 1H, Cs-OH
144.28 Cr 144.24 Cuw
160.27 Ci 160.24 C1
164.96 Cs 164.94 Cs
165.80 Cus 165.76 Ci3
191.53 C=0 (Cy) 191.50 C=0 (C7)
»1.0] f I g i [
s | ” ll " 5300 ‘
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Fig. 6. (@) COSY and (b) NOESY spectra of NNG-DP1

NOESY spectrum (Fig. 6b) provided further support for the
assigned E-configuration. The mass spectrum showed a major
ion at m/z 257, corresponding to [M+H]*.

Based on the 'H NMR, $*C NMR, COSY, NOESY, FT-IR
and mass spectrometric data, NNG-DP1 was identified as (E)-
1-(2,4-dihydroxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one
(Fig. 7a) [24]. The proposed structure is consistent with the
obtained spectroscopic and analytical data.

NNG-DP2 structural elucidation: HPLC purity: 99.32%,
m.p.: 174 °C. 'H NMR, (400 Hz, DMSO-dg, & ppm): 6.28-
6.29 (d, 1H, J = 2.4 Hz, Ha), 6.40-6.42 (dd, 1H, J = 11.2 Hz,
Hb), 6.84-6.86 (d, 2H, J = 8.8 Hz, H), 7.75-7.77 (m, 4H, J =
8.5 Hz Hy), 8.16-8.18 (d, 1H, He); 10.12 (s, 1H, OHy), 10.66
(s, 1H, OHg), 13.61 (s, 1H, OHy).

(E)-1-(2,4-Dihydroxyphenyl)-3-
(4-hydroxyphenyl)prop-2-en-1-one
(m.w.: 256.25)
E-isomer (NNG-DP1)

(2)-1-(2,4-Dihydroxyphenyl)-3-

(4-hydroxyphenyl) prop-2-en-1-one

(m.w.: 256.25)
Z-isomer (NNG-DP2)

Fig. 7. Structure of (a) NNG-DP1 and (b)NNG-DP2
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For NNG-DP2, the *H NMR spectrum showed a multi-
plet in the range of 7.769-7.748 ppm, tentatively assigned to
CqH and CgH, along with C11H and CisH (Table-2). The signal
range was narrower than that observed for the E-isomer,
consistent with the lower coupling expected for the Z-isomer.
The *H NMR spectrum showed coupling constants of 2.0 Hz
for both CgH and CgH, supporting the proposed structure of
the degradation product. The FT-IR spectrum showed an
absorption band at 1603 cm™, supporting the presence of a
C=C bond. In the COSY spectrum (Fig. 8), the aromatic
protons CsH (8.17 ppm) and C2H (6.41 ppm) showed mutual
coupling with a coupling constant of J = 3.2 Hz. The aromatic
protons C1oH and C14H (6.82 ppm) showed coupling with C11H
and CisH (7.74 ppm). No coupling was observed between the
signals at 7.72 ppm (CgH) and 8.16 ppm (C3zH), supporting
the assignment of a cis- or Z-configuration. The COSY data,
together with the NMR spectral features, which confirmed
that NNG-DP1 and NNG-DP2 are geometric isomers. The
mass spectrum showed a major ion at m/z 255.03 in the
negative ESI mode, corresponding to [M—H]~. Thus, based
on these results, it is confirmed that the degraded compound
is (2)-1-(2,4-dihydroxyphenyl)-3-(4-hydroxyphenyl)prop-2-
en-1-one (Fig. 7b).

HPLC method development and validation of NNG:
The developed HPLC method was evaluated for specificity,
selectivity, linearity, accuracy, precision, and robustness. The
method was validated according to ICH Q2 (R1) guidelines
[25,26] and USP requirements. The degradation behaviour of
NNG was assessed using the developed stability-indicating
HPLC method.

Method specificity and selectivity were assessed by eval-
uating the peak purity of NNG and its degradation products,
NNG-DP1 and NNG-DP2, using a PDA detector. The peak
purity results confirmed the absence of interfering peaks,
supporting the specificity of the method. Linearity was eval-
uated over the concentration range of 20-120 pg/mL. The
calibration curve showed good linearity, with a correlation
coefficient (r?) of 0.999.

Precision was evaluated at three concentration levels
(80, 100 and 120 pg/mL), with each concentration analyzed
in triplicate. Intra-day precision was assessed on the same

ki
o
o

8]

ppm
OOONNNNNNNNNNOOOODODOND
NROWORNONTAWN OO NONBWN O

day, while inter-day precision was determined on consecu-
tive days. The %RSD values obtained for both intra-day and
inter-day precision were below 2% (Table-3), confirming the
precision of the method. Precision was assessed through
repeatability (intra-day precision) and intermediate precision
(inter-day precision) and expressed as relative standard devi-
ation (%RSD) for a series of measurements (Table-4).

TABLE-3
SYSTEM SUITABILITY RESULTS OF NNG

SST RUN Area (MAU x min)
11 INJ 55.4839
2MINJ 56.1653
34 INJ 56.932
41 INJ 57.7447
5MINJ 57.8803
61 INJ 58.4345

Average 57.10678333
SD 1.026221845
RSD 1.80

TABLE-4
LOQ, INTRA-DAY AND INTER-DAY
METHOD PRECISION DATA OF NNG

Area (MAU x min)

Intra-da Inter-da
Sample LOQ.I?VEI methody methody
precision precision precision
15UINJ 6.4634 59.8442 45.3845
2M INJ 6.7417 59.1959 44.9264
3 INJ 6.6525 58.2446 45.6898
4N INJ 6.6522 58.3978 45.4253
5t INJ 6.6368 58.5308 44.8312
6" INJ 7.0814 59.9376 45.6474
Average 6.704666667 59.02515 45.31743333
% SD 0.187789365 0.68065798 0.329898473
% RSD 2.80 1.15 0.73

ppm

Accuracy was assessed at concentrations of 80, 100 and
120 pg/mL. The percentage recovery ranged from 98.25 to
102.88% (Table-5), confirming the accuracy of the method.

200 |

o8] |

7.0

8.0

100 9.0 100 200

ppm

8.0 7.0

Fig 8. (a) COSY and (b) NOESY spectra of NNG-DP2
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TABLE-5
INTER-DAY RECOVERY AND ACCURACY DATA STUDY OF NNG

Amount Area (mAU Amount Recovery + 5D (%) RSD (%) Average Mean Total average
added (ppm) X min) found (ppm) (%) area (mAU)  recovery (%) recovery (%)
45.757 81.15 101.44
80 46.446 82.37 102.97 0.514 1.109 46.406 102.88
47.016 83.38 104.23
56.561 100.31 100.31
100 56.950 101.00 101.00 0.571 0.010 56.367 99.97 100.36
55.591 98.59 98.59
65.040 115.35 96.12
120 65.231 115.69 96.41 1.189 0.028 66.475 98.25
69.155 122.65 102.21
Linearity establishes the relationship between analyte = 7° s
concentration and analytical response over a specified concen- € 28 P
- . aps - x
tration range. System suitability testing (SST) was performed S 40 o~
to verify the performance of the HPLC system during analy- E 30 e y=05639x—4.7015
sis. The slope and correlation coefficient of the calibration g 20 i R’ =0.9992
curve were found to be 0.563853714 and 0.999, respectively. < 10 -~
Limit of detection (LOD) and limit of quantification % & i @ & d% 128 a6

(LOQ): The calculated LOD and LOQ values for NNG were
0.1 and 1.0 pg/mL, respectively. According to ICH Q2A,
Q2B and Q2(R2) guidelines, an acceptable analytical method
should provide an accuracy of at least 95%. Accuracy was
evaluated at 80, 100 and 120 pg/mL, with each concentration
prepared and analyzed in triplicate. The percentage recovery
ranged from 98.25 to 102.88%, confirming the accuracy of
the method. The recovery and accuracy results for NNG are
shown in Table-5, while the validation parameters and their
acceptance criteria are summarized in Table-6.

TABLE-6

SUMMARY OF VALIDATION PARAMETER RESULTS
Parameter Acceptance criteria HPLC
Recovery (%) 98-102 100.36
Linearity range (pg/mL) - 20-120
Correlation coefficient NLT 0.999 0.999
No. of theoretical plates NLT 2500 3457

Precision % RSD NMT 2% 1.15

Intermediate precision % RSD NMT 2% 0.73

LOD (ug/mL) = 0.1

LOQ (pg/mL) - 1.0

The peaks corresponding to NNG and its degradation
products were well resolved from each other, which further
confirmed the suitability of the developed stability-indicating
HPLC method. A linear relationship was observed between
peak area and NNG concentration over the range of 20-120
pg/mL (Fig. 9).

Plausible mechanism: A plausible mechanism for the
formation of the degradation products (NNG-DP1 and NNG-
DP2) is proposed in Scheme-1. Under basic conditions, NNG
undergoes ring opening of the heterocyclic C-ring through
proton-transfer and C—O bond cleavage, leading to the corres-
ponding open-chain chalcone intermediate. Subsequent dehy-
dration results in formation of the conjugated C=C bond,
which can adopt either E- or Z-configuration. The two geo-
metric isomers obtained under basic stress were identified as

Concentration (ppm)
Fig. 9. Linearity plot of NNG

NNG-DP1 (E-isomer) and NNG-DP2 (Z-isomer). The assign-
ment was supported by their NMR data, particularly the
olefinic coupling constants and NOESY spectra.

Under oxidative conditions, naringenin appears to under-
go a similar ring-opening process in the presence of hydrogen
peroxide, followed by formation of the chalcone system. Under
the stronger oxidative conditions, NNG-DP1 was obtained as
the major degradation product, while NNG-DP2 was not det-
ected in significant amounts. The preferential formation of
the E-isomer may be related to its higher stability under the
oxidative conditions. The pro-posed pathway is based on the
isolated degradation products and spectroscopic data and rep-
resents a plausible mechanism for their formation.

Conclusion

The present study addressed the limited information
available on the forced degradation behaviour of naringenin
under ICH-recommended stress conditions. Naringenin (NNG)
showed degradation under alkaline and oxidative conditions,
whereas no significant degradation was observed under the
tested photolytic conditions. Two major degradation pro-
ducts, NNG-DP1 and NNG-DP2, were formed under alkaline
stress and were isolated, purified and characterized using
spectroscopic and analytical techniques. Structural elucida-
tion established that the two products are geometric isomers.
Oxidative stress resulted predominantly in the formation of
NNG-DP1, which was isolated and characterized separately.
NNG-DP1 was identified as (E)-1-(2,4-dihydroxyphenyl)-3-
(4-hydroxyphenyl)prop-2-en-1-one, with a molecular weight
of 256.25 g/mol, while NNG-DP2 was identified as (Z)-1-
(2,4-dihydroxyphenyl)-3-(4-hydroxyphenyl)prop-2-en-1-one,
with a molecular weight of 256.25 g/mol. Furthermore, a
stability indicating HPLC method was also developed and
validated for NNG and its degradation products, with satis-
factory specificity, selectivity, accuracy, linearity, precision,
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(a) In basic condition
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Scheme-1: Proposed mechanism for the formation of the degradation products
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