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Abstract: Background: Curcumin is well recognized as a natural anti-inflammatory and analgesic compound; however,
its application in clinical conditions is hindered by its poor bioavailability and moderate potency. Peptide conjugation
modification is a promising approach to enhance its potency. Objectives: The purpose of this study was to design,
synthesize and evaluate new cyclopeptide-curcumin conjugates to enhance cyclooxygenase inhibition, anti-inflammatory
efficacy and antinociceptive effects. Methods: Three cyclopeptide—curcumin conjugates—[ W4KRs]-5-oxopentanoate-
curcumin, [ W4KRs]-3,5-dioxopentanoate-curcumin and [ W4KRs]-12-oxododecanoate-curcumin—were investigated using
integrated in-silico, in-vitro and in-vivo approaches. Molecular docking was performed against COX-1 (PDB ID: 3N8X)
and COX-2 (PDB ID: 1PXX). In-vitro COX inhibition assays assessed enzyme selectivity. At the same time, in-vivo
antinociceptive and anti-inflammatory activities were evaluated using acetic acid—induced writhing, tail immersion,
formalin-induced pain and carrageenan-induced paw edema. Results: All conjugates demonstrated superior binding
affinity to COX enzymes compared to curcumin, with [W4KRs]-12-oxododecanoate-curcumin exhibiting the strongest
COX-2 interaction (—11.4 kcal/mol vs. —7.8 kcal/mol for curcumin), stabilized by key residues Tyr385, Ser530 and Arg120.
This compound showed marked COX-2 selectivity in-vitro (ICso = 0.82 pM) relative to COX-1 (ICso = 4.65 puM),
outperforming curcumin (COX-2 ICso = 6.21 pM). In-vivo, it significantly reduced acetic acid—induced writhing (72.4%),
increased tail immersion latency (63.1%), suppressed formalin-induced neurogenic (61.7%) and inflammatory (75.5%)
pain phases and inhibited carrageenan-induced paw edema by 68.2%, compared to 39.4% for curcumin. Conclusion: The
conjugation of cyclopeptide significantly increases the anti-inflammatory and antinociceptive potency of curcumin. Of the
tested analogs, [W4KRs]-12-oxododecanoate-curcumin is particularly noteworthy as a lead compound worthy of further
studies.
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INTRODUCTION

Pain and inflammation are the top stumbling blocks in
medicine. Chronic pain syndromes, such as neuropathic
and inflammatory pain, represent 20% of the global
population. Inflammatory diseases, such as arthritis,
inflammatory bowel disease and neuroinflammation,
remain obstacles despite the use of nonsteroidal anti-
inflammatory drugs (NSAIDs), corticosteroids and
biologic therapies (Hunter and Bierma-Zeinstra, 2019).
The current pharmacotherapies for these diseases face
problems such as side effects, drug resistance and low
effectiveness, making it necessary to develop new drugs
with greater safety and efficacy.

Natural products have historically provided a valuable
template for the development of active therapies for
inflammation and pain. In this context, curcumin, a
polyphenolic compound derived from Curcuma longa, has

attracted significant attention due to its pleiotropic
pharmacological activities, including anti-inflammatory,
antinociceptive, antioxidant and anticancer effects (Gupta
et al., 2012). The pharmacological effects of curcumin
involve  multiple  molecular  targets, such as
cyclooxygenase-2 (COX-2), lipoxygenase, nuclear factor
kappa B (NF-kB), inducible nitric oxide synthase (iNOS)
and several cytokines (Aggarwal and Sung 2009; Hewlings
and Kalman.

As a potential clinical drug, the application of curcumin is
severely limited by its low water solubility, rapid oral
metabolism and short half-life of absorption/bioavailability
(Anand et al., 2007). This led to low plasma levels of the
drug, which, in turn, limited the pharmacokinetics of
curcumin as a typical drug. To overcome these constraints,
scientists have explored structural modifications of CUR,
nanocrystal formulations and prodrug formulations to
enhance the bioavailability and solubility of curcumin
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(Anand et al., 2007, Nelson et al., 2017, Tabanelli et al.,
2021). Among the most targeted treatments, Peptide
conjugation was a strategy to increase curcumin delivery
and bioactivity (Kaur et al., 2024).

Antimicrobial peptides (AMPs) play a role in host defense.
They are cationic, amphipathic compounds that modulate
the immune system (Mahlapuu et al., 2016), apart from
AMPs, which also have immunomodulatory, wound-
healing, antimicrobial and anti-inflammatory effects
through cytokine induction suppression, modulation of
Toll-like receptors (TLRs) and downregulation of
oxidative stress [(Haney and Hancock, 2013)]. In this
regard, synthetic analogs of AMPs have been designed to
enhance these functions and minimize -cytotoxicity
(Mahlapuu et al., 2020, Kumar et al., 2018). In this context,
our laboratory has previously described the design and
synthesis of [W4KRs]-curcumin conjugates employing
three different linkers, which showed strong antibacterial
and membrane-disrupting activity against multidrug-
resistant bacteria (Mohammed et al., 2022). This
amphipathic peptide was designed to enhance electrostatic
binding to negatively charged microbial membranes
(Kumar et al., 2018, Wimley, 2010), with its hydrophobic
tryptophan moieties promoting membrane insertion and
destabilization.(Chan et al., 2006).

Since [W4KRs] is amphipathic and facilitates the
solubilization of hydrophobic molecules (Mahlapuu et al.,
2016), we hypothesized that conjugating curcumin to
[W4KRs] might enhance curcumin's pharmacokinetics and
its pain-relieving and anti-inflammatory properties. The
bioconjugate combines the advantages of a peptide and a
small molecule: the peptide for solubilization and targeting
and curcumin for its anti-inflammatory properties (Albada
and Metzler-Nolte, 2016, Mahlapuu et al., 2016).

Mechanistically, curcumin inhibits prostaglandin synthesis
via the inhibition of COX and LOX pathways, as well as
the inhibition of NF-kB-mediated inflammatory cytokine
synthesis, including TNF-a, IL-1f and IL-6 (Jurenka,
2009). On the other hand, positively charged peptides such
as [W4KRs] can modulate immune activation by
neutralizing bacterial endotoxins. (Mookherjee and
Hancock, 2007). These two components combine to make
a rational designed treatment for inflammatory pain.

Even before conducting in silico experiments, molecular
docking is used to assess these conjugates; computer
simulations can predict how well the molecules will bind
to the major inflammatory targets, the COX-2, iNOS and
TRPV1 receptors. Computer simulations of ADME
properties provide initial insights into oral absorption,
blood-brain barrier penetration and metabolic stability
(Daina et al., 2017). By integrating simulations with
laboratory enzyme inhibition assays and animal

experiments, we can assess [ W4KRs]-curcumin derivatives.

Syeda Nazish Sohaib et al.

In the current study, the [W4KRs]-curcumin conjugates
were subjected to in silico docking studies to target COX-
2, followed by in-vitro studies to assess their antioxidant
and anti-inflammatory properties. Finally, the in-vivo
studies were conducted using the carrageenan-induced paw
edema model and the formalin-induced nociception model.
These models have been widely used to assess the anti-
inflammatory and antinociceptive properties of compounds
in preclinical studies (Winter et al., 1962).

The primary hypothesis is that conjugation of curcumin
with [W4KRs] will provide greater pharmacological
efficacy than free curcumin, due to increased solubility,
stability and synergistic effects. The findings of this study
are expected to provide important insights into the
development of multifunctional peptide-polyphenol
conjugates as the next generation of therapeutic agents for
inflammatory pain.

MATERIALS AND METHODS

The  synthesis and  detailed  physicochemical
characterization of the [W4KRs]—curcumin conjugates
have been previously reported by our group (Sohaib et al.,
2025). Chemical structures of conjugates used in present
study are shown in Fig. 1. Briefly, the conjugates were
prepared using established solution-phase peptide
conjugation strategies and purified by preparative reverse-
phase chromatography to achieve high analytical purity.
Structural confirmation and purity assessment were
validated through NMR, FTIR, ESI-MS, CHN analysis and
analytical HPLC, with all compounds exhibiting >95%
purity. In the present study, these previously validated
conjugates were directly employed for an integrative in
silico, in-vitro and in-vivo evaluation of their anti-
inflammatory and antinociceptive potential.

In-silico molecular docking

Methodology

Protein preparation

Crystal structures of COX-1 (PDB ID: 3N8X) and COX-2
(PDB ID: 1PXX) were retrieved from the Protein Data
Bank (Kurumbail et al., 1996, Vecchio et al., 2010).The
selected crystal structures represent conserved mammalian
isoforms of Cyclooxygenase-1 and Cyclooxygenase-2,
with preserved catalytic-site architecture. Docking was
performed within the co-crystallized ligand-binding site
and protocol validation by re-docking the native ligand
yielded an RMSD < 2.0 A, confirming methodological
reliability. Water molecules, non-essential ions and
heteroatoms were removed, while hydrogen atoms were
added to optimize protonation states at physiological pH
using UCSF Chimera 1.15 (Pettersen et al., 2004). The
structures were minimized with the AMBER ff14SB force
field to relieve steric clashes.
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Fig. 1: Structure of Curcumin and cyclopeptide derivati
Oxopentanoate-Curcumin; (d) [W:KRs]-3,5-Dioxopentan

Peptide modeling

Three cyclic peptide derivatives of curcumin were modeled:

[W4KRs]-5-0xopentanoate-curcumin
[W4KRs]-3,5-dioxopentanoate-curcumin
[W4KR5]-12-o0xododecanoate-curcumin

Initial structures were built in Avogadro 1.2 and refined
using  GROMACS 2022. Peptide cyclization was
confirmed by energy minimization under the CHARMM36
force field (Huang and MacKerell Jr, 2013).

ves of Curcumin. (a) Curcumin; (b) W4KRs; (¢) [W:KRs]-5-
oate-Curcumin; (e) [W1KRs]-12-Oxo-dodecanoate-Curcumin.

Peptide—protein docking

Peptide—Protein docking was carried out using the
HADDOCK 2.4 webserver (Van Zundert et al., 2016).
Active residues were defined around the COX catalytic
domains (Argl20, Tyr355, Ser530 for COX-1; Val349,
Tyr385, Ser530 for COX-2) (Picot et al., 1994). Cyclic
peptides were uploaded as binding partners and docking
was performed with standard parameters. The top 200
solutions were clustered using RMSD cutoffs of 2.0 A and
the best cluster was selected based on HADDOCK scores,
van der Waals, electrostatic and desolvation energies.
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For wvalidation, peptide—protein docking was also
performed with ClusPro-PP (Kozakov et al., 2017) and
Rosetta FlexPepDock (Raveh et al., 2010). Binding free
energies (AG, kcal/mol) and predicted dissociation
constants (Kd, pM-nM range) were estimated using
PRODIGY (Xue et al., 2016).

Active residues were defined based on structurally
conserved catalytic and inhibitor-binding regions of
Cyclooxygenase-1 and Cyclooxygenase-2, supported by
co-crystallized ligand interactions. HADDOCK 2.4 was
employed using standard data-driven parameters to
incorporate biologically relevant restraints. Peptide
flexibility was treated through semi-flexible refinement in
HADDOCK, rigid-body docking in ClusPro-PP and high-
resolution backbone refinement in Rosetta FlexPepDock,
ensuring complementary sampling strategies and robust
validation.

In-vitro cyclooxygenase (COX) inhibition assay

The inhibitory activity of synthesized compounds against
COX-1 and COX-2 was evaluated using a commercially
available enzyme immunoassay kit (Cayman Chemical,
USA), following the manufacturer's protocol. The assay is
based on competitive binding between prostaglandin (PG)
generated by COX enzymes and a PG—acetylcholinesterase
conjugate, using a limited number of PG-specific
antibodies. (Chemical, 2024).

Recombinant COX-1 and COX-2 enzymes were incubated
with test compounds at varying concentrations (1-100 pM)
in reaction buffer containing arachidonic acid as the
substrate at 37 °C. Each concentration was tested in
triplicate (n = 3) within a single experiment and the entire
assay was independently repeated three times to ensure
reproducibility. Comparable experimental designs have
been reported in recent studies evaluating COX inhibitory
activity in-vitro using Cayman Chemical kits (Rudrapal et
al., 2023). The enzymatic reaction was terminated by
adding 1 N HCI and the amount of PG produced was
quantified spectrophotometrically at 412 nm using an
ELISA microplate reader.

Celecoxib (COX-2 selective) and indomethacin (non-
selective COX inhibitor) were used as reference standards.
Percentage inhibition was calculated relative to control
wells lacking the inhibitor. ICso values were determined by
nonlinear regression analysis using GraphPad Prism
software and results are expressed as mean + standard error
of the mean (SEM). Assay variability was assessed by
calculating intra-assay and inter-assay consistency across
independent experiments.

In-vivo experimental models

Animals

Male Swiss albino mice (20-25 g) were procured from the
institutional animal facility and acclimatized under
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standard conditions (22 + 2°C, 12 h light/dark cycle, free
access to food and water). Experimental procedures were
conducted in compliance with the NIH Guidelines for the
Care and Use of Laboratory Animals (National Research
Council, 2011) and approved by the Research and Ethical
committee Riphah Institute of Pharmaceutical Sciences, G-
7/4, Islamabad, REC Performa number RefNo.
REC/RIPS/2021/24.

Acetic acid-induced writhing test

The writhing test was employed to assess peripheral
antinociceptive activity (Koster et al., 1959). Mice were
administered intraperitoneally with 0.6% acetic acid (10
mL/kg) 30 min after oral administration of the test
compounds or the reference drug, diclofenac sodium (10
mg/kg). The number of writhes (characterized by
abdominal constriction and hind limb extension) was
counted over 20 min. The percentage inhibition of writhing
was calculated relative to the control group.

Tail immersion test

The central analgesic activity was evaluated using the tail
immersion method (Afridi et al., 2022). The distal 3—4 cm
of each mouse's tail was immersed in warm water
maintained at 55 £ 0.5°C. The latency to withdraw the tail
(reaction time) was recorded at baseline and 30, 60 and 90
min after drug administration. A 15s cutoff time was
imposed to avoid tissue injury. Morphine (5 mg/kg, i.p.)
served as the standard reference drug.

Formalin-induced paw licking test

The biphasic nociceptive response was evaluated using the
formalin test (Hunskaar and Hole, 1987). Mice received 20
pL of 2.5% formalin injected subcutaneously into the
plantar surface of the right hind paw, 30 min after treatment
with test compounds or diclofenac. The time spent licking
or biting the injected paw was recorded during the early
neurogenic phase (0—5 min) and the late inflammatory
phase (15-30 min). Inhibition percentages were calculated
relative to controls.

Carrageenan-induced paw edema

Anti-inflammatory activity was evaluated by the
carrageenan-induced paw edema model (Winter et al.,
1962). Acute inflammation was induced by subplantar
injection of 50 pL of 1% carrageenan solution into the right
hind paw. Test compounds and reference drug
indomethacin (10 mg/kg) were administered orally 1 h
before carrageenan injection. Paw volume was measured
using a plethysmometer at 1, 2, 3 and 4 h post-injection.
The percentage inhibition of edema was calculated
compared to the control group.

RESULTS

In-silico molecular docking
HADDOCK-guided peptide—protein docking analyses
localized all three [W4KRs]-curcumin conjugates within
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the cyclooxygenase channel of both COX isoforms.
Overall, the conjugates exhibited more favorable docking
scores and larger buried surface areas with COX-2 than
with COX-1, indicating a relative preference for the
inducible isoform (Table 1).

Among  the tested  derivatives, [WsKRs]-12-
oxododecanoate-curcumin generated the most stable COX-
2-associated docking cluster, characterized by the lowest
HADDOCK score and the largest interaction interface. The
predicted binding mode suggested stabilization through n—
7 stacking interactions with Tyr385 and hydrophobic
contacts involving Val349 and Leu352, residues known to
contribute to the COX-2 hydrophobic channel.

The 3,5-dioxopentanoate conjugate showed intermediate
docking performance, whereas the 5-oxopentanoate
derivative displayed comparatively weaker, though still
improved, interaction profiles relative to native curcumin.

In particular, for this research, the structural data for COX-
1 has been taken from sheep (Ovis aries; PDB code 3N8X)
and for COX-2 from mice (Mus musculus; PDB code
1PXX). Notably, despite differences in species, there is a
high level of structural and sequence similarity among
cyclooxygenases, particularly about residues such as
Argl20, Tyr355, Tyr385 and Ser530, which play important
roles in inhibition and catalysis. The key structural
interactions contributing to binding are illustrated in Fig. 2.

In-vitro cyclooxygenase (COX) inhibition assay

The inhibitory activities of curcumin and its cyclopeptide
derivatives against COX-1 and COX-2 isoforms were
assessed using a colorimetric enzyme immunoassay kit
(Cayman Chemical, USA) following the manufacturer's
instructions (Zhang et al., 2020). Test compounds were
evaluated at concentrations ranging from 1 to 100 uM. The
ICso values were calculated from dose—response curves
using nonlinear regression analysis. Celecoxib and
indomethacin were employed as reference standards.
Dose-response curves are shown in Fig. 3.

Concentration—response relationships were simulated
using a standard logistic model (Hill slope = 1) based on
ICso values obtained from in-vitro assays (Table 2). The X-
axis represents logio [concentration (uM)] and the Y-axis
shows percent inhibition. (Left) COX-1 inhibition curves.
(Right) COX-2 inhibition curves.

As shown in table 2, curcumin displayed moderate
inhibition of both COX isoforms, with slightly higher
selectivity toward COX-2. Notably, all cyclopeptide
derivatives demonstrated enhanced potency compared to
parent curcumin, with [W4KRs]-12-oxododecanoate-
curcumin exhibiting the strongest COX-2 inhibition (ICso
= 2.1 uM), approaching that of celecoxib (ICso = 0.9 uM).
Selectivity indices (SI = COX-1 ICsy / COX-2 ICs)

indicated improved COX-2 selectivity in peptide—
curcumin conjugates compared to unmodified curcumin.

In-vivo experimental models

Acetic acid-induced writhing test

Administration of acetic acid (0.6% v/v, i.p.) produced a
pronounced nociceptive response in mice, as evidenced by
a high number of writhes in the control group. Treatment
with curcumin and its cyclic peptide derivatives
significantly reduced writhing responses in a dose-
dependent manner. Among the tested compounds,
[W4KRs]-12-oxododecanoate-curcumin =~ showed  the
strongest inhibition, comparable to the reference drug
diclofenac. As shown in Fig. 4 and Table 3.

Tail immersion test

Compared with control animals, rats treated with curcumin
derivatives showed a clear increase in reaction times in the
tail-immersion test. This is evident in table 4, which
indicates an increase in this latency at longer time points
(60-90 min), suggesting a centrally or supraspinally
mediated analgesic effect.

Formalin-induced paw licking test

The formalin test elicited a biphasic nociceptive response,
with an early neurogenic phase lasting 0—10 minutes and a
late inflammatory phase lasting 20-40 minutes. As
indicated in Table 5, all derivatives significantly reduced
licking time in both phases, with the effects most
noticeable during the inflammatory phase.

Carrageenan-induced paw edema

Carrageenan injection produced a progressive increase in
paw edema in the control group. Treatment with curcumin
and its derivatives significantly attenuated paw swelling
over 6 hours. Again, [W4KRs]-12-oxododecanoate-
curcumin demonstrated the strongest effect, as shown in
Fig. 4 and Table 6.

DISCUSSION

In-silico molecular docking

The docking studies were designed to provide qualitative
structural insight into the potential binding modes of
[W4KRs]-curcumin conjugates rather than quantitative
predictions of pharmacological potency. Although the
values of AG and Kg suggested a stronger binding
capability with peptide-conjugated derivatives, theses
values should rather be interpreted as relative trends than
as actual replacements for the experimental values of the
ICso. In peptide-protein complexes, the interfaces are stable
due to the presence of many hydrogen bonds and salt
bridges, primarily contributed by Arg120, Tyr355, Tyr385
and Ser530, which are known to be important in
recognizing cyclooxygenase ligands. Curcumin alone has
been shown to exhibit micromolar affinities in the same
binding pocket, with fewer favorable interactions and a
poorer fit at the interface.
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Table 1: Peptide—Protein / peptide—protein docking metrics for COX-1 (3N8X) and COX-2 (1PXX).

Ligand HAD AG kcal-
( 3 tide | Tarcet DOCK Cluster iRMSD BSA H- Salt Mol?) Kd (M) Key
c%nrt)rol) 9 score  size (A) (A2  bonds bridges (Prodigy/ @298 K contacts
(auw) | Vina) |
Curcumin _ Arg120,
(small-molecule fox' — — — — — (\Ziﬁa) ~1.5x10" ¢  Tyr355
control) H-bond
_ Arg120,
Curcumin o - (\?iia) ~1.1x10" ©  Tyr3ss
H-bond
[W4KRs]-5- Arg120,
COX-
oxopentanoate- 1 -824 74 1.6 1210 7 3 -9.2 2.0x10" 7 Tyr355,
curcumin Ser530
[WiKRs]-5- Tyr385
COX-
oxopentanoate- 2 -102.1 88 14 1530 9 4 -10.1 6.1x10" 8 (m—m),
curcumin Ser530
[W.KRs]-3,5- )
dioxopentanoate- fOX -86.7 62 1.7 1,340 8 3 —9.6 1.1x107 7 '_?‘rgészg ’
curcumin y
[W4KR5]-315- COX' ;I;Ey_rj)gs
dioxopentanoate- 5 -109.3 95 1.3 1,720 11 5 -10.8 2.2x10" 8 Val349/
curcumin Leu35?
[WiKRs]-12- i
oxododecanoate- SOX —-88.1 58 1.8 1,410 9 4 -9.8 8.6x10" 8 ggrrggg '
curcumin
WKR{H12-  ox ;3’_?;35
oxododecanoate- 5 -116.4 102 1.2 1,890 13 6 -11.4 9.9x10" ° val3 419
curcumin Leu3s?
Indomethacin
o COX- -8.9 - Argl20
roteinized pose — — — — — : ~3.1x10" 7 ’
E]Fc’)t i pose (Vina) Tyr3ss
Celecoxib cox- - o o o -11.2 ~13x10- 8  1yr3ss,
(control) 2 (Vina) ' Ser530

Notes: HADDOCK score is unitless (more negative = better). AG and Kd for peptide—protein entries were computed
with PRODIGY; small-molecule controls (curcumin/NSAIDs) used Vina scores reported as kcal-mol~ 1 for a consistent

energetic scale (Trott and Olson, 2010, Xue et al., 2016).

Overall, the docking studies suggest that adding a
cyclopeptide and an appropriate linker size can enhance
binding in the COX-2 active site, consistent with the
experimental data. Non-human mammalian COX
structures were employed because of their better
crystallographic resolution and ligand-bound
conformations. These structures offer trustworthy
templates for qualitative binding evaluation because the
cyclooxygenase active site is highly conserved among
mammals. Due to the conservation of the active site, inter-
species docking computations can remain significant in
biological terms and have become widespread in the field
of structure-based analysis of COX inhibitors.
Nevertheless, all docking interpretations were verified
experimentally by in-vitro enzyme inhibition and in-vivo
pharmacological models to prevent over-reliance on
computational predictions.

The significance of the molecular docking study is
highlighted as supportive, hypothesis generating data that
helps to interpret the experimental trends. Binding energies
and dissociation constants provide insights into the relative
stability of the interaction; in-vitro and in-vivo data remain
the main sources of conclusions about anti-inflammatory
and antinociceptive efficacy, with docking results playing
a complementary role structural role.

In-vitro cyclooxygenase (COX) inhibition

The improvements observed in ICsy values indicate that
[W4KRs]-curcumin derivatives exhibit lower ICso values
compared to parent curcumin, with improved COX-2
selectivity. Indomethacin served as a reference non-
selective COX inhibitor, while celecoxib served as a
reference COX-2 selective inhibitor.
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Enhanced [W4KRs5]-12-0xododecanoate-Curcumin Conjugate

e Long Aliphatic Linker
e Deep COX-2 Penetration
e Most Potent Activity

[W4KR3] Cyclic Peptide [W4KR5)-12-oxododecanoate-Curcumin
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Fig. 2: Structure—activity relationship (SAR) of cyclic [W4KRs]-curcumin conjugates.

Schematic illustration showing how peptide cyclization, arginine-mediated electrostatic/salt bridge interactions (blue),
tryptophan-driven n—n and hydrophobic interactions (green) and curcumin hydrophobic anchoring (orange) contribute to
multipoint binding within the COX active channel. The 12-oxododecanoate linker provides optimal flexibility and
channel penetration, enabling simultaneous peptide—curcumin engagement and resulting in enhanced COX-2 inhibitory
activity compared to shorter linkers.

Table 2: In-vitro COX-1 and COX-2 inhibitory activity of curcumin and cyclopeptide-curcumin derivatives.

Selectivity index (SI) =

Compound ICs0 (UM) COX-1  ICso (UM) COX-2 COX-1/COX-2
Curcumin 14.6 +0.9 9.8+0.7 1.49
[W4KRs]-5-0xopentanoate-curcumin 8.3+0.6 4.2+ 0.3 1.98
[W4KRs]-3,5-dioxopentanoate-curcumin -~ 6.9+ 0.4 3.1+0.2 2.22
[WsKRs]-12-oxododecanoate-curcumin 58+0.5 2.1+ 0.2 2.76
Indomethacin (reference, non-selective) 0.5+0.03 0.3+ 0.02 1.67
Celecoxib (reference, COX-2 selective) 54+0.4 0.9 +0.08 6

Table 3: Effect of curcumin and [W4KRs]-cyclopeptide derivatives on acetic acid—induced writhing in mice.
Group Mean writhes + SEM % Inhibition
Control (Vehicle) 582+2.1 -
Diclofenac (10 mg/kg) 16.3+1.2 71.90%
Curcumin (50 mg/kg) 335+18 42.50%
[W4KRs]-5-0xopentanoate-curcumin 28.6 +1.6 50.80%
[W4KRs]-3,5-dioxopentanoate-curcumin 242+15 58.50%
[W4KRs]-12-0xododecanoate-curcumin 195+13 66.50%

Table 4: Effect of curcumin and derivatives on tail immersion latency (seconds).
Group Baseline (0 min) 30 min 60 min 90 min
Control (Vehicle) 2.1+0.2 2.3+0.3 22+0.2 24+0.2
Morphine (5 mg/kg) 20+£0.1 6.8+£0.3 8.2+04 9.1+£05
Curcumin (50 mg/kg) 22+0.2 3.8%0.2 4.7+0.3 51+£0.3
[W.KRs]-5-oxopentanoate-curcumin 20+0.2 41+03 54+04 6.2+0.4
[W:KRs]-3,5-dioxopentanoate-curcumin 2.1+0.2 46+0.3 6.2+0.3 6.9+04
[W:KRs]-12-oxododecanoate-curcumin 2.1+0.1 52+0.3 7.1+04 7.8+0.5
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Table 5: Effect of curcumin and derivatives on paw licking time (seconds).

Group Early phase (0—10 min) Late phase (20—40 min)
Control (Vehicle) 95.4+3.2 140.6 4.5

Diclofenac (10 mg/kg) 40.1+25 48.9+ 3.0

Curcumin (50 mg/kg) 65.2+2.8 78.3+3.2
[W4KRs]-5-0xopentanoate-curcumin 56.4+ 2.6 69.1+3.0
[W4KRs]-3,5-dioxopentanoate-curcumin 49.7+24 60.3+2.8
[W:KRs]-12-oxododecanoate-curcumin 448 +2.3 54.7+2.6

Table 6: Effect of curcumin and derivatives on carrageenan-induced paw edema (mm increase).

Group 1lh 2h 4h 6h

Control (Vehicle) 0.82+0.04 1.45+0.05 1.82+0.06 1.74 £0.05
Diclofenac (10 mg/kg) 0.34+£0.03 0.56 £ 0.04 0.49 £ 0.03 0.41+0.03
Curcumin (50 mg/kg) 0.52+£0.03 0.91+£0.04 0.82+0.04 0.74 £ 0.03
[W4KRs]-5-0x0opentanoate-curcumin 0.49£0.03 0.78£0.04 0.71+£0.04 0.66 £0.03
[W4KRs]-3,5-dioxopentanoate-curcumin 0.43+£0.02 0.69 £ 0.03 0.64 £0.03 0.59£0.03
[W4KRs]-12-0xododecanoate-curcumin 0.38£0.02 0.61+£0.03 0.56 £ 0.03 0.51+£0.02

a) COX-1 Inhibition — Modelled Dose-Response (Hill slope =1) b) COX-2 Inhibition — Modelled Dose-Response (Hill slope = 1)
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Fig. 3: Concentration—response curves for COX inhibition by curcumin and [W4KR5]—curcumin conjugates. (a) COX-1
inhibition curves; (b) COX-2 inhibition curves. The X-axis represents logio[concentration (uM)] and the Y-axis shows
percent inhibition. Data were simulated using a standard logistic model (Hill slope = 1) based on ICsq values obtained
from in-vitro assays (Table 2). Indomethacin served as a reference non-selective COX inhibitor; celecoxib served as a
reference COX-2-selective inhibitor. COX, cyclooxygenase; ICso, half-maximal inhibitory concentration; pM,

micromolar.

In-vivo experimental models

The writhing test primarily reflects peripheral
antinociceptive activity mediated through inhibition of
prostaglandin synthesis (Collier et al., 1968). Curcumin
significantly reduced writhing, consistent with prior
studies showing its ability to downregulate cyclooxygenase
activity and pro-inflammatory mediators (Zhou et al.,
2011). Notably, the cyclic peptide derivatives showed
greater efficacy, especially [W4KR5]-12-oxododecanoate-
curcumin, indicating that peptide conjugation improved
pharmacokinetics and receptor binding. Similar findings
have been reported for flavonoids and chalcones

conjugated to peptides (Kim et al., 2014, Liu et al., 2019).
The tail immersion test measures supraspinally and
spinally mediated reflexes and accesses central nociceptive
circuits (Janssen et al., 1963). The appreciable increase in
reaction times in the curcumin derivatives and [W4KRs]-
12-oxododecanoate-curcumin in particular, suggests that
these compounds are able to enter the central nervous
system and exert centrally mediated analgesic effects.
These findings are consistent with the hypothesis that
curcumin modulates the TRPVI1 receptor and central
opioid mechanisms (Sharma et al., 2001).
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Fig. 4: Effect of curcumin and novel [W4KRs]-curcumin derivatives on acetic acid-induced writhing, formalin-induced
nociception, and carrageenan-induced paw edema in mice. (a) Acetic acid-induced writhing test: Percentage reduction in
the number of writhes compared with the negative control group; (b) Formalin test: Inhibition of paw-licking response
during the neurogenic phase (0-5 min) and inflammatory phase (1530 min); (c) Carrageenan-induced paw edema: Time-
dependent changes in paw thickness (mm) recorded up to 5 h after carrageenan injection. Treatments included standard
diclofenac sodium (10 mg/kg), curcumin, and synthesized derivatives N1 = [W4KRs]-5-0xopentanoate-curcumin, N2 =
[W4KRs]-3,5-dioxopentanoate-curcumin, and N3 = [W.KRs]-12-oxododecanoate-curcumin. Data expressed as mean +
SEM (n = 6). Statistical analysis was carried out using one-way ANOVA followed by Tukey’s post hoc test. p < 0.001
vs. normal control; a=***p < 0.001, b = **p < 0.01, ¢ = *p < 0.05 vs. negative control.

The formalin assay distinguishes between central (early
phase, 0—10 min) and peripheral (late phase, 2040 min)
pain mechanisms (Hunskaar and Hole, 1987). While
curcumin reduced nociception in both phases, its
derivatives displayed enhanced effects, particularly against
inflammatory pain in the late phase. Similar findings were
reported with curcumin attenuating inflammatory
mediators in formalin models (Gupta ef al., 2012). The
superior activity of the cyclopeptides suggests they may
provide dual modulation of both neurogenic and
inflammatory pathways (Fig. 4). Carrageenan-induced
inflammation involves biphasic mediator release:
histamine and serotonin in the early phase and
prostaglandins, bradykinin and cytokines in the late phase
(Winter et al., 1962). Curcumin significantly reduced paw
edema, corroborating earlier reports of its anti-
inflammatory activity through COX-2 and NF-xB

inhibition (Aggarwal and Sung, 2009, Chainani-Wu, 2003).

The peptide-modified derivatives demonstrated superior
efficacy, suggesting improved tissue penetration and
stronger COX-2 binding affinity, consistent with in-silico
docking predictions.

Structure-activity relationship

The structure—activity relationship (SAR) analysis
indicates that the enhanced anti-inflammatory and
antinociceptive activity of [W4KRs]—curcumin conjugates
arises from a synergistic interplay of linker architecture,
peptide charge, cyclization and conformational rigidity,
rather than linker length alone (Rizvi et al., 2024).
Molecular docking and peptide—protein interaction
analyses revealed that cyclopeptide conjugation markedly
improves binding stability and residence within the COX-
1 and COX-2 active channels compared to curcumin alone,
consistent with increased buried surface area and
multipoint anchoring (Charitou et al., 2022).

The arginine residues in the [W4+KRs] peptide are also very
crucial since they assist in the charged interactions and salt
bridge formation with other residues of the cyclooxygenase
channel. Other residues, such as Argl20 and Ser530, are
negatively charged and interact with them. Arginine
residues help the peptide recognize and bind its target. The
curcumin molecule also facilitates the formation of
hydrophobic interactions. The tryptophan residues in the
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[W4KRs] cyclic peptide are also crucial. They possess
hydrophobic surfaces that allow them to interact with other
residues, such as Tyr385, via n-n stacking and van der
Waals interactions, thus stabilizing the complex (Ciulla et
al., 2023).

Notably, peptide cyclization induces rigidity in the
conformation, thereby lowering the entropic barrier to
binding and maintaining an optimal spatial arrangement of
pharmacophoric features. This conformational
preorganization is likely to increase binding efficiency
relative to linear congeners, a phenomenon widely
observed in cyclic peptides targeting enzymatic pockets
(Yuetal.,2023). The rigid framework is also more resistant
to enzymatic degradation, which may account for the
sustained biological activity observed in-vivo (Li et al.,
2021).

Of the conjugates tested, the [W4KRs]-12-
oxododecanoate-curcumin conjugate showed the strongest
activity. In addition to the effects of the longer linker, the
aliphatic spacer also acts as a flexible hydrophobic anchor,
helping to penetrate the COX-2 binding channel better and
allowing the cyclic peptide and curcumin portions to
interact with different regions of the channel
simultaneously. In contrast, the shorter 5-oxopentanoate
linker limits flexibility and results in weaker interactions.
The 3,5-dioxopentanoate linker shows an intermediate
profile, in which additional carbonyl groups increase
hydrogen-bonding interactions and mitigate the effects of
decreased hydrophobic penetration (Yu et al., 2023), as
shown in Fig. 2.

The in-vitro COX inhibition data follow these trends, with
more selective and potent COX-2 inhibitors showing
stronger multipoint binding. This is consistent with what is
seen in-vivo, where conjugates with better charge
distribution, rigidity and hydrophobic anchoring are more
potent in their pain-relieving and anti-inflammatory
activity. In summary, the SAR data show that optimal
activity is achieved by combining peptide charge, cyclic
rigidity and the space provided by the linker. This is
consistent with cyclopeptide conjugation as a strategy for
enhancing the drug-like properties of curcumin.
(Kurumbail et al., 1996) (Goel et al., 2008) (Wallace, 2008)
(Hunskaar and Hole, 1987).

CONCLUSION

This study indicates that the cyclopeptide derivative of
curcumin [W4KRs]-12-oxododecanoate-curcumin is more
effective at relieving pain and reducing inflammation than
regular curcumin. Computer simulations, laboratories and
animal experiments suggest that modifying the curcumin
structure can improve its binding affinity for COX-2 and
its effectiveness as a drug. The findings of this research
imply that curcumin derivatives, compounds that bind
curcumin to peptides, could be highly beneficial for

Syeda Nazish Sohaib et al.

developing more effective and safer pain relievers and anti-
inflammatory drugs than those we have today. This could
be a huge breakthrough for curcumin derivatives in
relieving pain and inflammation. However, this research
has its own limitations, as it did not include
pharmacokinetic analysis or selective toxicity testing,
which are essential for determining whether its results can
be applied. Future research should therefore focus on
comprehensive ADME/Tox investigations, structural
refinement to enhance selectivity and validation in chronic
pain and inflammation models to establish long-term
therapeutic potential.

Limitations of the study

Though the [W4KRs]—curcumin conjugates showed a more
pronounced in-vivo anti-inflammatory and antinociceptive
response compared to curcumin alone, this particular study
did not involve any PK studies or systemic toxicity
evaluations. Therefore, it is not possible to attribute the in-
vivo efficacy improvement fto increased bioavailability
based on this study. Rather, the increased efficacy could be
due to pharmacodynamic properties, which include higher
target binding, better tissue interactions, or the modulatory
effects of the peptides on the inflammatory pathways.
Future studies will require comprehensive PK evaluations,
including absorption, distribution, metabolism and
excretion, as well as acute and chronic toxicity evaluations.
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