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Abstract: Medicinal plants Caryopteris grata and Caryopteris odorata from Azad Jammu and Kashmir (AJK), a biodiversity-
rich region of the western Himalayas shaped by varied topography and climate, were examined. The Nakyal mountainous
zone of the Kotli district represents a distinct ecological niche where plants experience environmental pressures that could
influence their phytochemical profiles. Leaf extracts of C. grata and C. odorata were prepared using solvents of varying
polarities. We hypothesized that polar extracts would show stronger antioxidant and anti-inflammatory effects. Gas chro-
matography-mass spectrometry (GC-MS) analysis revealed that C. grata was dominated by 7-methylcyclopenta[c]pyran-
4-carboxylic acid methyl ester (61.93%), while C. odorata exhibited a more balanced profile rich in coumarin (30.59%),
phytol (10.39%), and n-hexadecanoic acid (7.02%), with both species sharing three compounds but differing markedly in
their relative abundance. Dose-response curves revealed that C. odorata exhibited significantly stronger cyclooxygenase
(COX) inhibitory activity than C. grata, with methanol and ethyl acetate fractions showing the highest potency. DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging, and ferric thiocyanate (FTC) assays showed clear dose-dependent
inhibition by all extracts, with C. odorata, particularly its methanol and ethyl acetate extracts, achieving higher activity at
lower concentrations than C. grata. ANOVA with repeated measures for FTC inhibition (24-72 h) exhibited significant
effects of species, extract type, and their interaction (P<0.05), with C. odorata methanol and ethyl acetate extracts consist-
ently outperforming other treatments. C. odorata extracts show greater antioxidant and anti-inflammatory potential than
C. grata, as indicated by their stronger bioactive profile.
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INTRODUCTION and pharmacological investigation, leaving many with

‘ ) uncharacterized therapeutic profiles [5,6].
The genus Caryopteris comprises small shrubs and

perennial herbs, many of which are valued in tradi-
tional medicine for their diverse therapeutic properties
[1,2]. The genus reportedly contains a wide array of
bioactive phytochemicals [3], including flavonoids,
phenolic acids, terpenoids, and essential oils, which
contribute to their pharmacological potential. Several
Caryopteris species have been used in folk remedies for
treating fever, cough, inflammation, skin disorders, and
microbial infections [4]. Despite their ethnomedicinal
relevance, only a limited number of species within this
genus have undergone comprehensive biochemical
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Phytochemicals play an important role in plant
defense systems and are increasingly recognized as
vital sources of health-promoting compounds for
humans [7,8]. Among these, phenolic compounds and
flavonoids exhibit potent antioxidant activity, neu-
tralizing reactive oxygen species (ROS) and reducing
oxidative stress, which is implicated in the pathogenesis
of chronic diseases such as cardiovascular disorders,
cancer, diabetes, and neurodegenerative conditions
[9]. Moreover, these secondary metabolites are linked
to anti-inflammatory activity through modulation of
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pro-inflammatory mediators and signaling pathways
[2]. Evaluating the phytochemical composition and
bioactivity of medicinal plants is, therefore, essential
to identify potential candidates for natural antioxidant
and anti-inflammatory therapeutics [10-12].

The antioxidant potential of plant metabolites is
commonly assessed using both radical-scavenging and
lipid-peroxidation inhibition assays, which together
provide insight into their mode of action [9,13]. The
DPPH assay evaluates the ability of compounds to
donate electrons to neutralize free radicals, while the
FTC method measures inhibition of lipid peroxidation,
a critical process in oxidative damage to biological
membranes [14]. These approaches, combined with
anti-inflammatory evaluation, enable a comprehensive
assessment of plant bio-efficacy. Despite the recognized
medicinal relevance of Caryopteris species [15], system-
atic antioxidant and anti-inflammatory profiling using
complementary assays remains limited, particularly
for species from poorly explored regions.

Azad Jammu and Kashmir (AJK), located in the
western Himalayas, is known for its biodiversity-rich re-
gions due to its varied topography and climate [16]. The
Nakyal mountainous zone of Kotli district represents
a unique ecological spot where medicinal plant spe-
cies are found under specific environmental pressures
that may influence their phytochemical composition.
Caryopteris odorata and Caryopteris grata, the focus of
the present study, are naturally distributed in this region
but have not been comprehensively evaluated for their
antioxidant and anti-inflammatory properties. Given
the increasing interest in region-specific bioresources,
understanding the bioactive potential of these species
from AJK can contribute to both conservation and
sustainable utilization efforts.

The present study was designed to quantify and
compare the radical scavenging abilities of C. odorata
and C. grata extracts prepared using solvents of varying
polarity, to evaluate their anti-inflammatory potential
by the inhibition of key enzymatic mediators, and to
study the relationship between solvent polarity and bio-
activity. We hypothesized that the plant polar extracts
would exhibit higher antioxidant and anti-inflammatory
activities due to higher phenolic and flavonoid contents.
C. odorata has been extensively studied for its strong
antioxidant and anti-inflammatory potential. Previous
research demonstrated that the ethyl acetate fraction of
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C. odorata exhibited exceptional free radical scaveng-
ing activity (IC50=8.01£0.254 pg/mL) and the highest
total antioxidant capacity among the tested fractions
[3]. Singh et al. [6] further confirmed these proper-
ties, reporting significant DPPH radical scavenging
activity in the leaf essential oils. Moreover, four new
iridoid glucosides were isolated from C. odorata that
showed notable antioxidant activity and inhibition of
lipoxygenase, suggesting a possible anti-inflammatory
mechanism [5]. In contrast, information on C. grata
remains scarce. Although a study reported the chemical
composition of its essential oils [10], it did not evalu-
ate their antioxidant or anti-inflammatory activities.
Therefore, despite substantial evidence supporting the
bioactivity of C. odorata, comparative studies explor-
ing both C. odorata and C. grata (particularly using
solvent extracts of varying polarities and modern
analytical profiling such as GC-MS) are lacking. This
gap limits our understanding of the differences and
the potential pharmacological relevance of C. grata.
The obtained findings are expected to inform future
bioprospecting, validate traditional medicinal claims
[6,14,15], and highlight the potential of these species
as sources of natural health-promoting agents.

MATERIALS AND METHODS
Ethics statement

The collection of plant material complies with relevant
institutional, national, and international guidelines
and legislation [17].

Sample collection and extractions

Leaves of C. grata (Wall. ex Walp.) Benth. & Hook. f. ex
C. B. Clarke and C. odorata (D. Don) B. L. Rob. were
collected from the Nakyal Mountains, District Kotli,
Azad Jammu and Kashmir, Pakistan, during the spring
season (March 2023). To ensure botanical accuracy,
the plant was authenticated, and a reference sample
(MUH No. 014221) was deposited in the Department
of Botany’s plant collection at Mirpur University of
Science and Technology, Mirpur, Pakistan. Healthy,
mature leaves were randomly collected from multiple
plants to ensure representative sampling. The leaves
were washed with distilled water to remove surface
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debris, air-dried under shade at ambient temperature
(25-28°C) for 10-15 days, and ground to a fine pow-
der using a laboratory grinder. For extraction, 20 g
of powdered leaves were macerated separately in 200
mL of each solvent (methanol, ethyl acetate, hexane,
aqueous) for 72 h at room temperature with occasional
shaking [15]. Extracts were filtered through Whatman
No. 1 filter paper, and the filtrates were concentrated
under reduced pressure using a rotary evaporator (for
organic solvents) and lyophilized (for aqueous extracts).
Concentrated extracts were stored in airtight vials at
4°C until further phytochemical analysis [18-20].

Quantitative assessment of total flavonoids,
phenolic, and tannin contents

The total phenolic contents were quantified using
the Folin-Ciocalteu colorimetric assay, which relies
on the reduction of the Folin-Ciocalteu reagent by
phenolic compounds under alkaline conditions, pro-
ducing a blue complex measurable at 765 nm. Results
were expressed as gallic acid equivalents (GAE). Total
flavonoids were estimated by the aluminum chloride
(AICl;) colorimetric method, based on the formation
of a stable flavonoid aluminum complex that produces
a yellow color quantifiable at 415 nm. Values were
expressed as quercetin equivalents (QE). For total
tannin contents, the study was conducted via the
Folin-Ciocalteu method after polyvinylpolypyrrolidone
(PVPP) precipitation, where PVPP binds and removes
tannins. The phenolic contents before and after PVPP
treatment were compared, and the difference was used
to represent the tannin content in units as tannic acid
equivalents [21,22].

GC-MS analysis protocol

GC-MS analysis was performed on methanol leaf
extracts of C. grata and C. odorata using an Agilent
GC-MS system operated by MassHunter software.
Dried methanol extracts were reconstituted in HPLC-
grade methanol (1.0 mg/mL), vortexed, sonicated for
5 min, and filtered through 0.22 pm PTFE syringe
filters before injection. A 1 pL aliquot of each sample
was introduced in split-less mode (purge on at 1.0
min) onto an HP-5MS capillary column (30 mx0.25
mm i.d., 0.25 pm film) with helium as the carrier gas
at a constant flow rate of 1.0 mL min_". The injector
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temperature was set to 250°C, and the oven tempera-
ture program was as follows: initial 60°C (2 min hold),
ramp at 3°C min-" to 150 °C, then 10 °C min-' to 280°C
with a final hold of 10 min. The mass spectrometer
was operated in electron ionization (EI) mode at 70
eV, scanning from m/z 40-550 with a solvent delay of
3.0 min; ion source, quadrupole, and transfer line tem-
peratures were 230°C, 150°C, and 280°C, respectively.
Compound identification was performed by comparing
the acquired mass spectra with the NIST17 library (C:\
MassHunter\LIBRARY\NIST17.L). For each detected
peak (e.g., Peak 1 at 9.476 min, Area 4,708,803, Area
% 2.16), the three best library matches were recorded,
and the highest-quality match with consistent retention
behavior was selected for the results table. Peaks with
a match score >80% and not present in blanks above
10% intensity were reported. Relative abundances were
expressed as normalized peak area percentages [8].

DPPH radical scavenging assay

The antioxidant activity of C. odorata and C. grata
extracts was assessed using the 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) radical scavenging assay [23,24].
Stock solutions (10 mg/mL) of methanol, ethyl acetate,
hexane, and aqueous extracts were prepared, and serial
dilutions (0.0156-1 mg/mL) were made in the respec-
tive solvents. A 0.1 mM DPPH solution in methanol
was freshly prepared, and 1 mL was mixed with 1 mL
of each extract dilution. Reaction mixtures were in-
cubated in the dark for 30 min at room temperature,
and absorbance was measured at 517 nm using a UV-
Vis spectrophotometer. Trolox was used as a positive
control. Percentage inhibition was calculated as:
A control — A sample

Percent Inhibition (%) = A control X 100

where A control is the absorbance of the DPPH solu-
tion without extract, and A sample is the absorbance
with extract.

FTC inhibition assay

Ferric thiocyanate (FTC) inhibition activity was de-
termined following a modified method to evaluate the
lipid peroxidation inhibitory potential of C. grata and
C. odorata extracts [19]. Briefly, extract solutions were
prepared in appropriate solvents and incubated with
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a linoleic acid emulsion under controlled conditions.
At predetermined time intervals (0, 24, 48, and 72 h),
aliquots were withdrawn and reacted with ammonium
thiocyanate and ferrous chloride under acidic condi-
tions. The absorbance was measured at 500 nm using
a spectrophotometer. Percentage inhibition of lipid
peroxidation was calculated relative to the control
according to the formula:
A control A sample

FTC % Inhibition = x 100
A control

Cyclooxygenase (COX) enzyme inhibition assay

The inhibitory activity of C. grata and C. odorata leaf ex-
tracts against cyclooxygenase enzymes was determined
using a commercially available COX Inhibitor Screening
Assay Kit (Cayman Chemical, Ann Arbor, MI, USA)
according to the manufacturer’s protocol with minor
modifications [25]. Dried leaf extracts obtained using
methanol, hexane, ethyl acetate, and aqueous solvents
were dissolved in dimethyl sulfoxide (DMSO) to prepare
stock solutions of 10 mg/mL. Working concentrations
were prepared by serial dilution with assay buffer. The
assay quantifies the conversion of arachidonic acid to
prostaglandin catalyzed by COX enzymes. In brief, 50
L of COX enzyme solution was added to each well of a
96-well microplate, followed by 10 uL of test extract at
various concentrations. After incubation at 37°C for 10
min, 10 pL of arachidonic acid substrate (1.0 mM) was
added to initiate the reaction. The mixture was incubated
for an additional 2 min. Prostaglandin production was
detected by adding the chromogenic substrate, and
absorbance was measured at 590 nm using a microplate
reader (BioTek Epoch, USA). Indomethacin, a known
COX inhibitor, was used as a positive control. Negative
controls included reactions without plant extracts. All
samples, controls, and blanks were assayed in triplicate.
The percent inhibition of COX activity was calculated
using the formula:
A control — A sample

COX % Inhibition = x 100
A control

Statistical analysis

All statistical analyses for the quantification of phyto-
chemicals and data visualizations were performed using
RStudio 2025.05.1 Build 513, “Mariposa Orchid” Release
(Posit Software, PBC, 2025). A two-way ANOVA was
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conducted for each phytochemical to evaluate the
effects of species (C. odorata, C. grata), extract type,
and their interaction. Effect sizes were calculated as
generalized eta-squared (ges) for ANOVA tables and
partial eta squared (n*,) with 95% confidence intervals
for each factor. Where significant main effects were
detected, Tukey’s HSD post-hoc tests were applied for
pairwise comparisons. Regarding the DPPH assay,
percent inhibition values for each concentration were
calculated and plotted to generate dose-response curves
for each extract. A four-parameter logistic regression
model was used to fit the curves and estimate ICs,
values (the concentration required to achieve 50%
inhibition). All measurements were performed in
triplicate, and data are presented as mean + standard
deviation (SD). Mean per cent inhibition values at
selected concentrations were visualized using bar
plots to compare antioxidant activity between species
and extracts. The effects of species and extract type
on antioxidant activity were evaluated using two-way
ANOVA, with species (C. odorata, C. grata) and ex-
tract type as fixed factors. For the FTC assay statistics,
a repeated-measures ANOVA test was conducted.
Data from 24, 48, and 72 h were used for time-course
statistical comparison. Additionally, the area under
the inhibition-time curve (AUC) was calculated for
each replicate to represent the cumulative inhibitory
effect over the 72-h incubation period. Regarding the
COX assay, the concentration-response data were fit
by nonlinear regression using a four-parameter log-
logistic model (4PL; bottom constrained to 0 when
appropriate). ICs, estimates and 95% confidence in-
tervals were obtained from the fitted models; fits were
inspected for leverage points and lack-of-fit. To evalu-
ate the group-wise effects, mean per cent inhibition
values were analyzed using a two-way ANOVA with
tixed factors species (2 levels: C. odorata, C. grata)
and extract (4 levels: aqueous, hexane, ethyl acetate,
methanol). Multiple comparisons were performed
with Tukey’s HSD, and compact letter displays were
used on the bar plot to denote groups that differ at a
= 0.05. Analyses were performed in R (version to be
stated) using drc or nls for 4 PL fits, rstatix/afex for
ANOVA and effect sizes, and emmeans for Tukey
contrasts. Figures (dose-response curves and grouped
bar plots with the mean+SE and letters) were gener-
ated with ggplot2. Correlation analysis was conducted
using the cor function in R, with significance levels
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assessed by the cor.mtest function from the corrplot
package. PCA was conducted using the PCA function
from the FactoMineR package, and visualized with the
factoextra and ggplot2 packages [17,26].

RESULTS

Quantification and assessment of the major
bioactive polyphenol groups

Multivariate analysis of variance (MANOVA) was con-
ducted to assess the combined effects of species (C. grata
and C. odorata) and extraction solvents on leaf phe-
nolic, flavonoid, and tannin contents (Supplementary
Table S1). The MANOVA (Pillai’s Trace) indicated a
highly significant main effect of species (Pillai=0.9685,
F (3,14) =143.35, P<0.001) and a significant main effect

Table 1. Two-way ANOVA results for phenolics, flavonoids, and tannins in leaves of C.

grata and C. odorata
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of extract (Pillai=0.9341, F (9,48)=2.41, P=0.024).
The species x extract interaction was not significant
(Pillai=0.6963, F (9,48) =1.61, P=0.139), indicating that
extraction effects were broadly similar for both species.

Given the significant multivariate effects for
MANOVA analysis, we conducted separate two-way
ANOVAs for each phytochemical (Table 1). The species
exerted a strong and highly significant influence on
all measured compounds: phenolics (Fi,16 = 135.42,
P<0.001), flavonoids (Fy,16 = 95.38, P<0.001), and
tannins (F,16 = 110.62, P<0.001). The extraction
method significantly influenced the phenolic content (F
(3,16) =4.52, P=0.018) and flavonoids (F (3,16)=4.25,
P=0.022), but not tannins (F (3,16)=0.79, P=0.517).
The interaction terms were non-significant for all com-
pounds (P>0.1), reinforcing the MANOVA finding that
extraction effects were consistent across species. Species
effects were exceptionally large
for phenolics (n*p=0.894), flavo-
noids (n’p=0.856), and tannins
(n’p=0.874), indicating that spe-

Compound | Effect DFn |DFd| F |p-value| Significance | ges cies identity explained most of the
Phenolics | Species 1 16 | 135.42 | <0.001 e 0.894 variations in compound concen-
Extract 3 | 16 | 4524 | 0018 i 0459 trations (Supplementary Table S2).
Species x Extract 3 16 | 2.280 | 0.118 ns 0.299 Extraction effects were moderate
Flavonoids | Species 1 16 | 95.381 | <0.001 ox 0.856 for phenolics (HZPZO 459) and fla-
Extract 3 16 | 4.253 | 0.022 * 0.444 . 2
: vonoids (n*p=0.444), but small for
Species x Extract 3 16 | 0.683 0.575 ns 0.114 ¢ . ( 2520 129) Int i
Tannins | Species 1 | 16 | 110.62] <0.001 o 0.874 annins n p=u.127). nteraction
Extract 3 | 16 | 0789 | 0517 ns 0.129 effects were small to moderate in
Species x Extract | 3 | 16 | 2212 | 0.126 ns 0.293 magnitude (n°p<0.299).

ns — not significant

ges — generalized eta-squared effect size measure from ANOVA; ***P<0.001, **P<0.01, *P<0.05,

For flavonoids (Fig. 1A), C.
odorata consistently demonstrated

Species [_] canopteris grata [ carvopterss oo
A B a = [+
ab = ab b -
= R b 3 B
—I— —
bed = o P d
cd Ew —— =

oids (mglg)
Phenolics (mg/g)
ins (mglg)

Flavon
Tannis

higher concentrations than C. gra-
. ta for all extraction types, consist-

S ent with the large and significant

- species effect found in the ANOVA
(n’p = 0.856). In C. odorata, aque-
ous and ethyl acetate extractions
yielded the highest flavonoid levels
(both labeled “a” in Tukey’s test),

& < Ll R ¢
& &
Extract Extract

followed by methanol and hexane.
In C. grata, the highest flavonoid

Extract

Fig. 1. Quantification and comparative analysis of the major bioactive polyphenol groups in
Caryopteris species collected from the Nakyal mountainous region of Kotli, AJK, Pakistan.
A - flavonoids; B - phenolics; C - tannins. Data are presented as mean+standard deviation
(n=3). Bars sharing different letters within each compound group represent statistically
significant differences (P<0.05) according to Tukey’s HSD post-hoc test.

content was recorded in the aque-
ous extracts, while the hexane ex-
tracts produced the lowest values.
The significant extraction effect
(P=0.022) reflects these variations
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Table 2. GC-MS profile of C. grata leaf extract
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Peak No. | RT (min) | Area% | CASNo. |IUPAC Name Common Name
1 9.476 2.16 2033-30-9 | 5,6-dimethyl-1h-benzimidazol-2-one —
2 9.754 2.15 54789-69-4 | 2-methyl-4h-3,1-benzoxazin-4-one —
3 10.760 1.73 3368-21-6 | 3-(4-isopropylphenyl)prop-2-enoic acid 4-isopropylcinnamic acid
4 10.861 1.21 73573-81-6 | 1,2-dimethoxy-4-[(1e)-2-[(11,2r)-2-(3,4-dimethoxyphenyl) | —
cyclohex-3-en-1-yl]ethenyl]benzene
5 11.011 | 61.93 | 63785-74-0 | methyl 7-methylcyclopenta[c]pyran-4-carboxylate —
6 12.594 0.60 504-96-1 7,11,15-trimethyl-3-methylidenehexadec-1-ene —
7 13.536 2.57 57-10-3 hexadecanoic acid palmitic acid
8 14.440 1.73 150-86-7 (2e,71,11r)-3,7,11,15-tetramethylhexadec-2-en-1-ol phytol
9 14.691 2.38 506-44-5 (92,122,15z)-octadeca-9,12,15-trien-1-ol a-linolenyl alcohol
10 16.461 | 10.21 451-79-6 | (e)-n’-(2-fluorophenyl)methanimidoyl hydroxylamine o-fluorobenzaldoxime
11 16.884 0.77 | 1000377-93-5 | bis(2-propylpentyl) benzene-1,2-dicarboxylate di(2-propylpentyl) phthalate
12 17.494 1.02 | 128535-01-3 | n-phenyl-2-methylcyclopent-2-ene-1-carboxamide —
13 17579 | 1.04 | 35963-08-7 |(13a,17aq)-1,2:14p,15B:21,23triepoxy-7a-hydroxy-4,4,8- | —
trimethyl-17-oxa-d-homo-24-nor-5a-chol-20,22-diene-
3,16-dione
14 17.799 2.66 5682-82-6 | 2,5-dicyclopentylidenecyclopentan-1-one —
15 18.638 2.74 | 1000435-69-4 | 4-chloro-2-(9-fluoro-[1,2,4]triazolo[1,5-c]quinazolin-2-yl) | —
phenol
16 18.975 1.06 | 1000212-78-7 | 5-(4-fluorophenylsulfanyl)-6-methoxy-4-methyl-8- | —
nitroquinoline
17 19.253 2.92 20390-12-9 | 6a,11a-dihydro-3,8,9-trimethoxy-6h-benzofuro[3,2-c][1] | —
benzopyran
18 20.671 1.13 1139-17-9 | isolongifol-5-ol Isolongifolol
Table 3. GC-MS Profile of C. odorata
PeakNo.| RT (min) |Area%| CASNo. |IUPAC Name Common Name
1 7.572 6.42 496-16-2 | 2,3-dihydro-1-benzofuran dihydrobenzofuran
3 9.722 30.59 91-64-5 2h-1-benzopyran-2-one coumarin
5 13.525 7.02 57-10-3 hexadecanoic acid palmitic acid
6 14.445 10.39 150-86-7 (2e,71,11r)-3,7,11,15-tetramethylhexadec-2-en-1-ol | phytol
7 14.681 5.14 463-40-1 (92,122,15z)-octadeca-9,12,15-trienoic acid a-linolenic acid
8 16.435 6.51 |1000353-20-4 | 3-methoxythiophenol, s-trifluoro- —
9 16.884 7.10 | 1000377-93-5 | bis(2-propylpentyl) benzene-1,2-dicarboxylate di(2-propylpentyl) phthalate
10 17.794 424 |1000443-23-4 | 4-cyclohexyl-1-(furan-2-ylmethyl)piperazine —
11 19.831 6.97 | 20535-83-5 | 6-methoxy-1h-purin-2-amine —

among solvent types, though the absence of a signifi-
cant interaction suggests similar extraction patterns
in both species. For phenolics, C. odorata consistently
exhibited higher total contents than C. grata across all
extraction types (Fig. 1B). In both species, methanol
extraction yielded the highest phenolic concentrations,
as indicated by shared significance letters in Tukey’s
test. In C. odorata, phenolic levels from ethyl acetate
and methanol extractions did not differ significantly,
while in C. grata, aqueous and hexane extractions
produced statistically similar phenolic contents. These

patterns align with the significant species and extrac-
tion main effects detected in the ANOVA, with species
differences being particularly pronounced.

For tannins (Fig. 1C), C. odorata again had con-
sistently higher concentrations than C. grata across
all extracts, in agreement with the large species effect
(n’p=0.874) and non-significant extraction main ef-
fect. In C. odorata, aqueous, ethyl acetate, and hexane
extracts showed the highest tannin yields (all labeled
“@”), whereas methanol extracts were slightly lower
(“ab”). In C. grata, methanol extraction produced
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the highest tannin content, with aqueous, ethyl
acetate, and hexane extracts showing similarly
lower levels (all “c”). The extraction significance
(P=0.517) in the ANOVA suggests these visual

differences are not statistically robust.
GC-MS analysis of C. grata and C. odorata

The GC-MS profile of C. grata revealed a
distinct dominance of a single compound,
7-methylcyclopenta[c]pyran-4-carboxylic acid
methyl ester (61.93% area), which was absent
from C. odorata (Table 2). In contrast, C. odorata
exhibited a more balanced chemical composition
(Table 3), with coumarin (30.59%) as the prin-
cipal constituent, followed by phytol (10.39%)
and n-hexadecanoic acid (7.02%). Both species
contained three compounds, i.e., n-hexadecanoic
acid, phytol, and phthalic acid, di(2-propylpentyl)
ester, with significant differences in their relative
abundance. While C. grata contained these at
2.57%, 1.73%, and 0.77% respectively, C. odo-
rata possessed markedly higher proportions of
7.02%, 10.39%, and 7.10%, indicating a greater
contribution of these shared metabolites to its
overall chemical profile.

Several compounds were unique to each spe-
cies. C. grata has O-fluorobenzaldoxime (10.21%)
along with multiple synthetic or halogenated
compounds such as 4-chloro-2- {9-fluoro- [1,2,4]
triazolo[1,5-c] quinazolin-2-yl} phenol and other
complex aromatic heterocycles. C. odorata was
characterized by naturally occurring phytochemi-
cals such as 9,12,15-octadecatrienoic acid (5.14%),
benzofuran derivatives, and nitrogen-containing
heterocycles like alkyl piperazines and purine
derivatives. Collectively, C. grata demonstrated a
chemical profile dominated by a single ester and a
suite of nitrogen/halogen-containing heterocycles,
suggesting the presence of specialized metabolites
or potential environmental contamination mark-

ers. In contrast, C. odorata presented a more typical
phytochemical fingerprint, enriched with coumarins,
fatty acids, and terpenoid alcohols, reflecting a broader

spectrum of natural plant secondary metabolites.
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Caryopteris grata Caryopteris odorata Trolox

Percent Inhibition (%)

Extract

Dose—Response for Caryopteris odorata

50

Percent Inhibition (%)

0.03 0.10 0.30 1.00
Concentration (mg/mL, log scale)

= Methanol = Ethyl Acetate -5 Hexane -+ Aqueous

Dose—Response for Caryopteris grata

50

Percent Inhibition (%)

0.30 1.00

0.10
Concentration (mg/mL, log scale)

= Methanol - Ethyl Acetate -~ Hexane -+~ Aqueous

Fig 2. Quantitative and comparative evaluation of antioxidant activities in
Caryopteris species. A - DPPH percentage inhibition of C. grata and C. odo-
rata extracts. Data represent the meantstandard deviation (n=3). Bars with
different letters within each compound group indicate statistically significant
differences (P<0.05) according to Tukey’s HSD post-hoc test; B — dose-response
curves showing DPPH radical scavenging activity of extracts for C. grata; C
- dose-response curves showing DPPH radical scavenging activity of extracts
for C. odorata. Curves were fitted using a four-parameter logistic model (LL.4).

DPPH radical scavenging activity

The DPPH radical scavenging activity of C. odorata and
C. grata indicated differences between species and ex-
traction solvents (Fig. 2A). Among C. odorata extracts,
methanol exhibited the highest inhibition (~67%),
statistically comparable to the synthetic antioxidant
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Trolox (~64%), followed by ethyl acetate (~58%), hexane
(~40%), and aqueous (~36%) extracts. In contrast, C.
grata demonstrated comparatively lower activity, with
methanol (~42%) and ethyl acetate (~40%) extracts
outperforming hexane (~36%) and aqueous (~31%)
fractions. C. odorata polar extracts (methanol, ethyl
acetate) showed significantly greater radical scaveng-
ing potential than corresponding C. grata extracts,
suggesting a higher abundance of phenolic or other
antioxidant constituents in C. odorata. The antioxidant
activity of C. odorata and C. grata, evaluated through
DPPH radical scavenging dose-response curves and
ICs, values, revealed marked differences in potency
between species and extracts. In C. odorata, methanol
and ethyl acetate extracts displayed steep, left-shifted
sigmoidal inhibition curves, achieving >90% scaveng-
ing at relatively low concentrations (Fig. 2B). These
extracts exhibited the lowest ICso values (methanol:
38.51-48.72 ug/mL; ethyl acetate: 62.31-89.85 pg/mL),
indicating strong efficacy. Hexane and aqueous extracts
showed weaker activity with flatter curves and much
higher ICs, values (189.16-235.20 pg/mL and 224.00-
354.63 pg/mL, respectively). In comparison, C. grata
demonstrated generally right-shifted dose-response
curves, reflecting the need for higher concentrations to
achieve comparable inhibition (Fig. 2C). Its methanol
(184.48-237.21 pug/mL) and ethyl acetate (195.64-
230.66 pg/mL) extracts, while the most active for
this species, remained substantially less potent than
C. odorata equivalents. Hexane and aqueous extracts
of C. grata were the least effective, with ICs, values
exceeding 247 pg/mL. Across both species, Trolox,
used as a positive control, displayed vastly superior
activity (ICso=1.79-2.15 ug/mL). Overall, C. odorata,
particularly its methanol and ethyl acetate extracts,
exhibited markedly stronger radical scavenging capac-
ity than C. grata, suggesting higher concentrations or
greater efficiency of antioxidant phytochemicals. Trolox,
used as a positive control, exhibited a markedly lower
ICso (1.79-2.15 pug/mL; Supplementary Table S3), with
its full dose-response curve (Supplementary Fig. S1).

The two-way ANOVA for DPPH radical scavenging
activity showed significant main effects of species and
extract type. Across all extracts, C. odorata and C. grata
differed significantly in antioxidant potential (F=8.207,
P=0.00473), indicating that one species consistently
exhibited higher activity than the other. Similarly, an-
tioxidant activity varied significantly among the four
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extracts irrespective of species (F=4.419, P=0.00515),
suggesting that solvent type strongly influenced the
extraction of active compounds. The interaction be-
tween species and extract was not significant (F=1.203,
P=0.31064), implying that the relative ranking of ex-
tract effectiveness was similar for both species, with
no extract showing contrasting patterns between the
two (Supplementary Table S4).

FTC inhibition assay

The repeated-measures ANOVA indicates that the
species and extract type had highly significant main
effects on per cent inhibition, as well as a significant
Species x Extract interaction, meaning that the effect
of the extract differs between species (Supplementary
Table S5). Time also had a small but significant effect,
suggesting that percentage inhibition changed over the
24-72 h period. However, none of the interactions in-
volving Time (Species x Time, Extract x Time, Species
x Extract x Time) were significant, indicating that the
temporal change in inhibition was consistent across
species and extracts. This suggests that while the type
of extract and species strongly influence antioxidant
activity, the effect of time is modest and does not
depend on the species or extract type.

In the FTC assay, C. grata exhibited relatively
low antioxidant potential across all extracts and time
points (Supplementary Fig. S2). The bar plot visually
reinforces the two-way ANOVA findings by show-
ing clear separation between C. odorata and C. grata
in COX inhibitory activity across all extract types.
C. odorata consistently produced higher inhibition
values, with its methanol extract approaching 65%
inhibition and ethyl acetate extract exceeding 55%,
both substantially outperforming the corresponding
C. grata extracts. The positive control (indomethacin)
showed ~85% inhibition, while the untreated control
had negligible activity. Among the tested extracts, the
methanol fraction consistently produced the highest
inhibition of lipid peroxidation, with values reaching
approximately 12% at 72 h. The ethyl acetate extract
showed moderate activity, ranging from 7-9% over
time, while the aqueous and hexane extracts demon-
strated only weak inhibition, remaining below 5%.
Statistical analysis indicated that the methanol extract
differed significantly from the aqueous and hexane
fractions, whereas ethyl acetate showed intermediate
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in strong extracts confirm the re-
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liability of these measurements.
For C. grata, FTC % inhibition
remained low across all extracts
and time points, indicating lim-
ited lipid peroxidation inhibition
capacity (Fig. 3B). Of the extracts,
methanol consistently achieved the
highest inhibition, peaking at 48 h
(11.33+3.23%) before a slight de-
cline at 72 h (10.67+0.45%). Ethyl
acetate showed a moderate activity,

60

Fig. 3. Time-course curves and comparison of FTC inhibition across four tested extracts

A - C. odorata; B - C. grata.

behavior. C. grata contains modest levels of antioxi-
dant constituents, with methanol extract being the
most effective solvent for their recovery. C. odorata
showed considerably higher antioxidant activity in
the FTC assay compared to C. grata. The methanol
extract was the most potent, producing inhibition
values between 21-24% throughout the assay period,
followed closely by the ethyl acetate fraction (18-20%).
Both extracts differed significantly from the aqueous
and hexane fractions. The aqueous extract displayed
moderate inhibition of 8-10%, whereas the hexane
extract remained weak (3-7%). The sustained inhibi-
tion by methanol and ethyl acetate suggests that C.
odorata possesses a substantial pool of phenolic and
other polar antioxidant metabolites.

C. odorata demonstrated substantially higher FTC
% inhibition than C. grata, highlighting a stronger an-
tioxidant potential against lipid peroxidation (Fig. 3A).
Methanol extracts were proven to be the most potent,
peaking at 48 h (23.01+1.78%) before a modest decline
at 72 h (21.35+2.47%). The ethyl acetate extracts main-
tained consistently high inhibition (~18-20%) across all
time points, with minimal variability, reflecting stable
and reproducible activity. Aqueous extracts showed
moderate inhibition (~8-9%), whereas the hexane
extracts displayed a weaker trend overall, and a marked
increase from 2.97+0.25% at 24 h to 7.75+1.97% at 48
h before declining. Across the extracts, peak inhibi-
tion often occurred at 48 h, possibly due to optimal
accumulation or release of active compounds before a
gradual decline at 72 h. The smaller standard deviations

maintaining values between ~6-8%
across time, with a small peak at
48 h. Aqueous and hexane extracts
demonstrated minimal inhibition
(<5% in most cases), with slight increases observed at
48 h. Stronger extracts exhibited relatively low standard
deviations, indicating good reproducibility, whereas
weaker extracts (e.g., aqueous at 24 h) showed greater
variability. Overall, the time trend suggests that anti-
oxidant activity in C. grata peaks at mid-incubation (48
h) before stabilizing or declining slightly. The control
group showed negligible FTC inhibition across all
time points, with mean values fluctuating around zero
and standard deviations reflecting baseline variability
rather than any true inhibitory effect. No progres-
sive inhibition trend was observed, confirming that
changes in the test samples were attributable to plant
extracts rather than assay drift or experimental noise
(Supplementary Fig. S3).

Comparative COX inhibition profiles
of C. odorata and C. grata

The comparative COX inhibition profiles (Supplemen-
tary Fig. S4) indicated that C. odorata possesses sub-
stantially stronger anti-inflammatory potential. Across
all tested solvents, C. odorata extracts exhibited lower
ICs, values and steeper inhibition curves, with methanol
and ethyl acetate fractions showing particularly high
potency, approaching the activity of the reference drug
indomethacin. In contrast, C. grata demonstrated only
moderate activity in its methanol and ethyl acetate ex-
tracts, while hexane and aqueous extracts were largely
inactive within the tested concentration range. In the
control group (Fig. 4A), the baseline response was
flat, with no detectable COX inhibition at any tested
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Fig. 4. Dose-response data for cyclooxygenase (COX) inhibition as depicted by various
tested extracts A — Dose-response plot for the control group showing baseline COX
inhibition in the absence of any treatment. Only the untreated point at 0 pg/mL is pre-
sent, confirming no intrinsic inhibition and validating the use of this panel as a baseline
reference; B — indomethacin (positive control), demonstrating high COX inhibition
(~78-92%) across all tested concentrations; C — dose-response curves for C. grata extracts;
D - dose-response curves for C. odorata extracts with methanol and ethyl acetate frac-
tions showing high potency with ICs, values of ~14 ug/mL and ~19 pg/mL, respectively.
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The C. odorata extracts (Fig. 4D) ex-
hibited markedly higher potency across
all solvents compared to C. grata. The
methanol and ethyl acetate extracts were
the most active, with ICs, values of ~14 pg/
mL and ~19 ug/mL, respectively, indicat-
ing strong inhibitory effects at relatively
low doses. The hexane extract showed
moderate potency (ICso=~33 pug/mL),
while the aqueous extract was weaker
but still capable of reaching 50% inhibition
(ICs50=49 pug/mL). These results suggest
that C. odorata, particularly its methanol
and ethyl acetate extracts, holds prom-
ising potential as a source of bioactive
compounds for COX inhibition, surpass-
ing the inhibitory efficacy observed in C.
grata. Further details regarding ICs, (ug/
mL) of COX inhibition by extract (mean
of triplicates) and ICs, per replicate sum-
mary (mean + SD) for COX inhibition
have been updated in the supplementary
data (Supplementary Tables S6 and S7).
Two-way ANOVA analysis confirmed that
both plant species and solvent extract type
independently and significantly influenced

concentration. Only a single data point was present at
0 pg/mL, representing the untreated condition, which
maintained 0% inhibition. The indomethacin panel
(Fig. 4B) served as the positive control, showing strong
COX inhibitory activity even at low concentrations.
Inhibition values ranged from approximately 78%
to 92% across the tested range, with near saturation
observed from the lowest dose onwards, preventing
a typical sigmoidal curve fit. For C. grata, methanol
and ethyl acetate extracts displayed measurable COX
inhibition with moderate potency, reaching ICs, val-
ues of approximately 41.95 pg/mL and 48 pg/mL,
respectively (Fig. 4C). In contrast, hexane and aqueous
extracts did not reach 50% inhibition within the tested
range, suggesting negligible activity under the assay
conditions. Overall, C. grata demonstrated weaker
COX inhibitory potential, with methanol extracts
being the most active among the tested solvents but
still requiring comparatively higher concentrations to
achieve inhibitory effects.

COX inhibitory activity (Supplementary

Table S8; Supplementary Fig. S5). The
main effect of species was highly significant (F (1,64)
=34.923, P<0.001, ges=0.353), with C. odorata consist-
ently showing higher inhibition than C. grata when
averaged across all extracts. The large effect size in-
dicates that species identity accounted for approxi-
mately 35% of the explainable variance, reinforcing
the superior bioactivity of C. odorata observed in the
dose-response curves.

The main effect of extract type was also significant
(F (3,64) =11.109, P<0.001, ges=0.342), reflecting the
general trend that methanol and ethyl acetate fractions
were more potent than aqueous or hexane extracts,
regardless of species. In contrast, the interaction be-
tween species and extract type was not significant (F
(3,64) =0.352, P=0.788, ges=0.016), indicating that
the magnitude of difference between the two species
was consistent across all solvent extractions. This
lack of interaction suggests a broad, species-driven
difference in COX inhibition rather than a selective
solvent-specific advantage.
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Spearman correlation and PCA biplot

The correlation heatmap (Supplementary Fig. S6)
demonstrated consistently strong positive associations
among the measured phytochemicals and antioxidant
activities for C. grata and C. odorata collected from
the Nakyal mountains, Kotli, AJK, Pakistan. DPPH,
FTC, and COX assays were almost perfectly correlated
(r=0.94-0.99), indicating they capture overlapping
antioxidant properties. Tannins showed a near-perfect
correlation with flavonoids (r=0.98) and a strong as-
sociation with phenolics (r=0.88), while flavonoids
and phenolics were also closely related (r=0.88), sug-
gesting co-occurrence of these compounds in the plant
tissues. Moderate correlations (r=0.36-0.59) between
some phytochemical groups and specific antioxidant
assays indicate that while overall trends are similar,
individual phytochemicals may contribute differently
to each bioassay (Supplementary Table S9).

The PCA (Fig. 5) revealed that PC1 accounted for
the largest proportion of variance, clearly separating
the two species. C. odorata samples clustered on the
positive PCI1 side, associated with elevated tannin, fla-
vonoid, and phenolic contents, and stronger antioxidant
activities, whereas C. grata grouped on the negative
PCl side, reflecting lower levels of these traits. The
95% confidence ellipses showed no overlap, indicating
distinct phytochemical-bioactivity profiles. These find-
ings suggest that C. odorata from this region may be a
comparatively richer source of phenolic antioxidants,
with greater pharmacological potential.
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DISCUSSION

The present investigation provides further information
on the phytochemical composition, antioxidant capac-
ity, and anti-inflammatory potential of C. odorata and
C. grata from the Nakyal mountainous zone of Azad
Jammu and Kashmir. The detection of phytochemi-
cals aligns with earlier reports on Caryopteris species
from other regions [27,28], which have demonstrated
a rich phytochemical profile contributing to diverse
pharmacological effects [29]. The significant variation
in phytochemical content across extraction solvents
confirms the solvent polarity dependency of secondary
metabolite recovery. The polar and mid-polar solvents,
methanol and ethyl acetate, yielded the highest phe-
nolic and tannin contents in the plant species. This
is consistent with the well-documented solubility of
polyphenols in polar solvents [30].

The GC-MS profiling of C. odorata detected multiple
bioactive constituents previously reported to possess
antioxidant and anti-inflammatory properties [2,5,31].
These compounds may explain the biological effects
observed in our assays. Ahmed et al. [2] reported on
the pharmacological roles of coumarins. With literature
reporting coumarin as a natural anti-inflammatory
compound [32] with cultural and medicinal significance
[3,5], the study investigated the anti-inflammatory role
of the Caryopteris species. The detected compound,
dihydrobenzofuran, along with its derivatives, has been
reported to possess strong radical-scavenging properties
[33], attributed to the electron-donating hydroxyl and
methoxy groups on its aromatic structure. This is in
agreement with the antioxidant activity measured in
our study. By inhibiting pro-inflammatory

PCA of and

PC2(19.7%)

o
PC1(76.2%)

enzymes, including COX and lipoxygenase
(LOX), dihydrobenzofurans have been
shown to decrease the production of in-
flammatory mediators [34]. These findings
support our GC-MS and subsequent trials
on COX inhibition, well supported by our
dose-responsive curves.

Our results demonstrated the superior
efficacy of C. odorata extracts in terms of
antioxidant and anti-inflammatory as-
says. The C. odorata GC-MS profile was

Fig. 5. Principal component analysis (PCA) of phytochemical traits and bioactivities
in C. grata and C. odorata. The biplot shows species clustering and variable load-
ings, highlighting the major contributors to variation across extracts and assays.

unique to coumarin, a naturally occurring
benzopyrone exhibiting strong antioxidant
activity through multiple mechanisms,
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including direct free radical scavenging, singlet oxygen
quenching, and metal ion chelation [35]. Literature
reports that coumarin derivatives also downregulate
inflammatory pathways such as NF-«kB and suppress
COX-2 expression, thereby reducing prostaglandin
production [36]. The antioxidant and anti-inflamma-
tory action aligning with the high DPPH scavenging
and COX inhibitory activity recorded for C. odorata
methanol and ethyl acetate extracts, is due to coumarin
being a major component (30.59%).

Furthermore, n-hexadecanoic acid, commonly
known as palmitic acid, exhibits moderate anti-inflam-
matory properties [37]. While excessive dietary palmitic
acid is pro-inflammatory, in plant-derived extracts it
may serve as a bioactive lipid with antimicrobial and
mild anti-inflammatory effects, possibly via modulation
of macrophage activity. It also exhibits some antioxidant
potential by stabilizing cell membranes and reducing
oxidative damage to lipids [38]. GC-MS also reported
the presence of phytol, which has antioxidant capac-
ity through ROS scavenging and inhibition of lipid
peroxidation. It exhibits anti-inflammatory effects
by suppressing nitric oxide production and down-
regulating pro-inflammatory cytokines in activated
macrophages. These properties likely contribute to
the sustained FTC inhibition observed in C. odorata
extracts [39,40]. a-Linolenic acid is recognized for its
potent anti-inflammatory effects through competitive
inhibition of arachidonic acid metabolism, leading to
reduced synthesis of pro-inflammatory eicosanoids
[41]. Its antioxidant role is partly indirect, stemming
from membrane stabilization and modulation of oxi-
dative signaling pathways. The presence of a-linolenic
acid in C. odorata may therefore enhance both radical
scavenging and COX inhibitory effects. Presumably,
the presence of dihydrobenzofuran, coumarin, phytol,
and a-linolenic acid provides a strong chemical basis
for the superior performance of C. odorata in both
DPPH radical scavenging and COX inhibition assays.
The crosstalk between these metabolites, particularly
the combination of polyphenolic and fatty acid-derived
compounds, may enhance overall bio-efficacy through
complementary mechanisms of ROS neutralization,
membrane protection, and suppression of inflamma-
tory mediator production.

The GC-MS profile of C. grata was characterized
by 4-isopropylcinnamic acid, palmitic acid, phytol,
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a-linolenyl alcohol, O-fluorobenzaldoxime, di(2-
propylpentyl) phthalate, and isolongifolol. Several
of these phytochemicals, including phytol [40,42],
palmitic acid [43], and a-linolenyl alcohol [44], have
documented antioxidant and mild anti-inflammatory
effects through free radical neutralization, lipid per-
oxidation inhibition, and modulation of eicosanoid
biosynthesis. 4-Isopropylcinnamic acid possesses
moderate radical scavenging and antimicrobial prop-
erties, while isolongifolol [45,46] is reported to have
anti-inflammatory and cytoprotective effects. However,
some constituents, such as O-fluorobenzaldoxime and
di(2-propylpentyl) phthalate, have limited evidence
for strong bioactivity in these contexts and may not
contribute significantly to pharmacological efficacy.
While C. grata exhibits a bioactive profile capable of
moderate antioxidant and anti-inflammatory activ-
ity, the broader and phenolic-enriched metabolite
composition of C. odorata confers both potency and
a broader spectrum of action. The GC-MS analysis
revealed species-specific differences in dominant com-
pounds. C. odorata contained coumarin, phytol, and
n-hexadecanoic acid, all of which have documented
antioxidant, anti-inflammatory, and antimicrobial
properties [47]. In contrast, the predominance of
7-methylcyclopenta[c]pyran-4-carboxylic acid me-
thyl ester in C. grata suggests a narrower spectrum
of bioactive contribution. This might have marked
superior efficacy of C. odorata compared to C. grata.

The marked superiority of C. odorata over C. grata
in phenolic and tannin contents was mirrored in its
stronger antioxidant performance in both DPPH and
FTC assays. Phenolics and tannins are known to effec-
tively donate hydrogen atoms or electrons to neutralize
free radicals, as well as chelate pro-oxidant metal ions
[48]. The high activity of C. odorata methanol and ethyl
acetate extracts in DPPH radical scavenging confirms
their efficiency in targeting stable free radicals, while
sustained FTC inhibition indicates effective suppression
of lipid peroxidation, a critical pathway in oxidative
stress-related cellular damage. The strong positive
correlations observed between phytochemical levels
and antioxidant assays reinforce the central role of
polyphenols in these bioactivities [49].

Caryopteris species, such as C. incana extracts
have [8] anti-inflammatory activity. There is little data
on C. odorata from the AJK region. The comparative
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underperformance of C. grata may reflect either a
lower abundance of active polyphenolic compounds
or differences in the composition of its bioactive me-
tabolites, as indicated by the GC-MS profiles. The high-
altitude ecological origin of these plants in Nakyal may
also contribute to their phytochemical richness [50].
Plants growing under environmental stresses such as
high UV exposure, temperature fluctuations, and low
nutrient availability often accumulate higher levels of
secondary metabolites as adaptive mechanisms [51].
This environmental influence might partly explain the
antioxidant and anti-inflammatory activities observed
in Caryopteris sp.

This study addresses a key research gap by being
the first to systematically compare C. odorata and
C. grata from this region through complementary
antioxidant and anti-inflammatory assays, alongside
phytochemical quantification and GC-MS profiling.
The findings suggest that C. odorata, particularly its
methanol and ethyl acetate extracts, hold promise
as a natural source of therapeutic agents targeting
oxidative stress and inflammation. Further research
should focus on bioassay-guided isolation of active
compounds, in vivo validation, and mechanistic stud-
ies, to fully realize the pharmacological potential of
these underexplored species. Additionally, in vitro
findings should be complemented with in vivo models
to assess pharmacokinetics, bioavailability, and safety
profiles. This study underscores the pharmacological
potential of C. odorata as a natural antioxidant and
anti-inflammatory source, and contributes to the
phytochemical and bioactivity data available for the
Caryopteris genus. The study reinforces the signifi-
cance of AJK’s high-altitude flora as a reservoir of
bioactive compounds, potentially shaped by unique
environmental and ecological factors
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SUPPLEMENTARY MATERIAL

Supplementary Table S1. Multivariate analysis of variance (MANOVA) results for the effects of spe-
cies (C. grata and C. odorata) and extracts on combined leaf phenolic, flavonoid, and tannin contents

Effect df |Pillai’s Trace | Approx. F | num df | den df | P value | Significance
Species 1 0.9685 143.35 3 14 <0.001 et
Extract 3 0.9341 241 9 48 0.024 *
Species x Extract 3 0.6963 1.61 9 48 0.139 ns
Residuals 16

***P<0.001, **P<0.01, *P<0.05, ns=not significant. MANOVA conducted using Pillai’s trace to account for cor-
related dependent variables

Supplementary Table S2. Partial eta-squared (n°p) effect sizes for phenolics,
flavonoids, and tannins with 95% confidence intervals

Compound | Effect n’p | 95% CILow | 95% CI High
Phenolics | Species 0.894 0.792 1.000
Extract 0.459 0.075 1.000
Species x Extract | 0.299 0.000 1.000
Flavonoids | Species 0.856 0.720 1.000
Extract 0.444 0.059 1.000
Species x Extract | 0.114 0.000 1.000
Tannins Species 0.874 0.753 1.000
Extract 0.129 0.000 1.000
Species x Extract | 0.293 0.000 1.000

Supplementary Table S3. ICs, values (ug/mL) of C. odorata, C. grata, and Trolox in the DPPH radical
scavenging assay. Values represent individual replicates. Lower ICs, indicates higher antioxidant potency

Species Extract Replicate IC50 Species Extract Replicate 1C50
Caryopteris odorata Methanol 1 48.7218 Caryopteris grata Methanol 2 191.9407
Caryopteris odorata Methanol 2 38.50549 Caryopteris grata Methanol 3 237.2114
Caryopteris odorata Methanol 3 37.74657 Caryopteris grata Ethyl Acetate L 230.6579
Caryopteris odorata | Ethyl Acetate 1 70.51308 Caryopteris grata Ethyl Acetate 2 215461

- Caryopteris grata Ethyl Acetate 3 195.641
Caryopteris odorata | Ethyl Acetate 2 62.30806 Caryopteris grata Hexane 1 416.2569
Caryopteris odorata | Ethyl Acetate 3 89.84921 Caryopteris grata Hexane 2 2477964
Caryopteris odorata Hexane 1 189.1582 Caryopteris grata Hexane 3 263.0368
Caryopteris odorata Hexane 2 196.7987 Caryopteris grata Aqueous 1 325.4794
Caryopteris odorata Hexane 3 235.1968 Caryopteris grata Aqueous 2 337.2168
Caryopteris odorata Aqueous 1 284.0669 Caryopteris grata Aqueous 3 284.4847
Caryopteris odorata Aqueous 2 224.0028 Trolox Trolox 1 2.151186
Caryopteris odorata Aqueous 3 354.6311 Trolox Trolox 2 1.788839
Caryopteris grata Methanol 1 184.4775 Trolox Trolox 3 1.906322

Supplementary Table S4. Results of two-way ANOVA for DPPH radical scavenging activity as
affected by species and extract type

Source Df | SumSq | MeanSq | Fvalue Pr(>F) Significance
Species 1 7215 7215 8.207 0.00473 b
Extract 3 11653 3884 4.419 0.00515 e
Species x Extract 3 3172 1057 1.203 0.31064 ns
Residuals 160 140646 879 — — —

df=degree of freedom; Pr(>F) = probability value from the F-test; **P<0.01; *P<0.05; ns=not significant (P>0.05)
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Supplementary Table S5. Repeated-measures ANOVA employed for FTC inhibition

Effect df (num) | df (den) F value P value Significance
Intercept 1 16 2152.72 <2.2e-16 e
Species 1 16 319.73 5.34e-12 el
Extract 3 16 160.58 3.75e-12 e
Species x Extract 3 16 33.42 4.02e-07 e
Time 2 32 5.84 0.0069 b
Species x Time 2 32 0.096 0.909 ns
Extract x Time 6 32 0.378 0.888 ns
Species x Extract x Time 6 32 0.425 0.857 ns

**P<0.001, **P<0.01, *P<0.05

Supplementary Table S6. IC5, (ug/mL) of COX inhibition by

401

Supplementary Table S7. ICs, per replicate summary (mean *

extract (mean of triplicates) SD) for COX inhibition

Species Extract ICso (ug/mL) Species Extract nvalid/3 | MeanIC;s, | SD
C. odorata Methanol 14.22 C. grata Aqueous 0/3 — —

C. odorata Ethyl Acetate 19.21 C. grata Ethyl Acetate 2/3 45.82 0.68
C. odorata Hexane 33.17 C. grata Hexane 0/3 — —

C. grata Methanol 41.95 C. grata Methanol 3/3 42.18 2.05
C. odorata Aqueous 49.49 C. odorata | Aqueous 1/3 46.48 —

C. grata Ethyl Acetate 48.04 C. odorata | Ethyl Acetate 3/3 19.06 1.74
C. grata Hexane >50 (not reached) C. odorata | Hexane 3/3 32.71 3.07
C. grata Aqueous >50 (not reached) C. odorata | Methanol 3/3 14.29 1.20

Supplementary Table S8. Two-way ANOVA analysis confirming both plant species
and solvent extract type independently and significantly influenced COX inhibitory

activity

Effect DFn |DFd |F P value Significance
Species 1 64 34.923 | 1.45x 10k |

Extract 64 11.109 |5.81 x 10%& | ***

Species x Extract |3 64 0.352  0.788 ns

***P<0.001; ns: non-significant

Supplementary Table S9. Pearson correlation coefficients between phytochemical contents and anti-
oxidant activities in C. grata and C. odorata

DPPH FTC COX Phenolics | Flavonoids Tannins
DPPH 1 0.969% % | 0.944% % |0.690 0.479 0.362
FIC 0.969% % |1 0.908% % | 0.708% 0.586 0.410
COX 0.944%% | 0.908%% |1 0.816% 0.582 0.557
Phenolics 0.690 0.708 % 0.816% 1 0.856% 0.880%
Flavonoids | 0.479 0.586 0.582 0.856% 1 0.919% %
Tannins 0.362 0.410 0.557 0.880% 0.919% % 1

DPPH_mean - 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity (mean value); FTC_mean - ferric thiocyanate
assay (mean value); COX_mean - cyclooxygenase inhibitory activity (mean value); Phenolics — total phenolic content;
Flavonoids - total flavonoid content; Tannins - total tannin content. Significant correlations are marked with stars:
K P<0.05, % K P<0.01.
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Dose—Response Curves for Trolox

Percent Inhibition (%)

Concentration (mg/mL, log scale)

Extract -= Trolox

Supplementary Fig. S1. Dose-response curves for DPPH radical
scavenging activity of the positive control Trolox (1.79-2.15 pg/

mL ICs,).
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Supplementary Fig. S2. Mean=SE for FTC inhibition (%) over time (24, 48, 72 h) for all extracts of C. grata and C.
odorata, including control.
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Supplementary Fig. S3. FTC inhibition profile of the control
group showing baseline stability across time.
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Supplementary Fig. S4. Bar plot showing mean
COX inhibition (%)+standard error for C. grata
and C. odorata across four solvent extracts (aque-
ous, ethyl acetate, hexane, methanol), alongside
the untreated control (None) and positive control
(Indomethacin). Different lowercase letters above
the bars indicate statistically significant differ-
ences between groups (P<0.05, Tukey’s HSD).

Supplementary Fig. $5. Main effects of species
and extract type on COX inhibition, with effect
sizes (generalized eta squared) indicated above
each bar and significant differences marked with
asterisks (P<0.05, P< 0.01, P< 0.001). Magnitude
categories: ~0.02 small, ~0.13 medium, ~0.26
large (Cohen’s benchmarks adapted for ges).

Supplementary Fig. S6. Correlation heatmap
of phytochemical contents and bioactivities of
C. grata and C. odorata. The heatmap illustrates
pairwise Pearson correlation coefficients, with
color intensity indicating the strength and di-
rection of association between measured traits.





