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ABSTRACT: Curcumin has demonstrated promising preclinical antiobesity effects, but its low
bioavailability makes it difficult to exert its full effect at a suitable dose. The objective of this study was to
screen curcumin derivatives with enhanced bioavailability and lipid-lowering activity under the guidance
of computer-aided drug design (CADD). CAAD was used to perform virtual assays on curcumin
derivatives to assess their pharmacokinetic properties and effects on pancreatic lipase activity.
Subsequently, 19 curcumin derivatives containing S skeletons were synthesized to confirm the above
virtual assay. The in vitro pancreatic lipase inhibition assay was employed to determine the half-maximal
inhibitory concentration (ICs) of these 19 curcumin derivatives. Based on CADD analysis and in Vitro i s i sos s
Validation of CADD through l

pancreatic lipase inhibition, 2 curcumin derivatives outperformed curcumin in both aspects. Microscale ™% teunene
thermophoresis (MST) experiments were employed to assess the binding equilibrium constants (K3) of = ;7 . 1 .-~
o Y = b
W~
~

the aforementioned 2 curcumin derivatives, curcumin, and the positive control drug with pancreatic
lipase. Through virtual screening utilizing a chemoinformatics database and molecular docking, 6
derivatives of curcumin demonstrated superior solubility, absorption, and pancreatic lipase inhibitory
activity compared to curcumin. The ICy, value for 1,7-bis(4-hydroxyphenyl)heptane-3,5-dione (C4),
which displayed the most effective inhibitory effect, was 42.83 uM, while the ICy, value for 1,7-bis(4-hydroxy-3-
methoxyphenyl)heptane-3,5-dione (C6) was 98.62 uM. On the other hand, the ICg, value for curcumin was 142.24 uM. The
MST experiment results indicated that the Ky values of C4, C6, and curcumin were 2.91, 18.20, and 23.53 uM, respectively. The
results of the activity assays exhibited a relatively high degree of concordance with the outcomes yielded by CADD screening. Under
the guidance of CADD, the targeted screening of curcumin derivatives with excellent properties in this study exhibited high-
efficiency and low-cost benefits.

synthesis  NMR enzyme experiment  MST experiment

1. INTRODUCTION potential in ameliorating the undesirable characteristics of
curcumin. However, most of them often fail to avoid the
substantial time and cost expenditures incurred during the
preliminary investigation of curcumin.'”'” Hence, expediting
the acquisition of the desired target compound within a shorter
development cycle is a pressing and imperative concern.
With the rapid advancement of artificial intelligence,
computer-aided drug design (CADD) screening holds the
potential to significantly reduce the substantial costs associated
with conventional drug development.'® It can predict, screen,
and lead optimize compounds based on their structure or
potential pharmacological groups.'*'® Based on its primary
focus on compound structures and the screening properties
related to target receptors, CADD enables seamless alignment
with the property alterations resulting from the structural

Turmeric (Curcuma longa L.), the dried rhizome of the ginger
plant, is widely used as a dual-purpose food and medicine." It
has been shown to have minimal inherent toxicity and exhibits
various pharmacological activities, including anti-inflammatory,
hypolipidemic, and hypoglycemic properties.”® Obesity
constitutes a ubiquitous global public health challenge,
precipitating numerous deleterious health complications.”
Curcumin is regarded as the principal bioactive component
of turmeric, and it has been demonstrated to enhance the
capacity to ameliorate obesity by reducing hepatic and plasma
lipid levels.” However, the limited water solubility and poor
absorption of curcumin impede its effective utilization and
hinder further development.® Therefore, it is imperative to
explore potential strategies that can enhance the efficacy of

curcumin.

In order to enhance the lipid-lowering activity of curcumin Received:  April 14, 2024
by ameliorating its unfavorable characteristics, exploration has Revised: ~ May 30, 2024
been conducted on various approaches, including nano- Accepted: June 3, 2024

formulations of curcumin,” intestinal microbiota metabolism,® Published: June 13, 2024

structural modifications,” and synergistic utilization with other
drugs.'” The aforementioned approaches exhibit promising
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modifications of curcumin.'® The application of CADD
enables high-throughput screening of various distinct charac-
teristics arising from structural modifications of curcumin
derivatives. This facilitates the rapid and effective acquisition of
compounds demonstrating superior bioavailability and activity
compared to curcumin. Subsequently, guided by the screening
outcomes, targeted synthesis of derivatives can effectively
mitigate the cost incurred by the blind synthesis. The accuracy
and reliability of the screening results can be ensured through
specific activity testing and evaluation. The activity assays
encompass both traditional in vitro pancreatic lipase inhibition
assays and innovative microscale thermophoresis (MST). MST
is a technique that detects changes in the migration rate of
biomolecules in a temperature gradient, enabling the
exploration of binding and dissociation processes between
biomolecules and acquisition of information regarding patterns
of molecular interactions and kinetic constants.'”"*

In this study, variations in the linear skeleton and substituent
of curcumin derivatives were sorted through a literature search.
CADD assessed the drug-likeness, aqueous solubility (LogS),
human intestinal absorption (HIA), plasma protein binding
(PPB), blood-brain barrier permeability (BBB), hepatotoxicity
(H-HT), and oral bioavailability (OB) of curcumin derivatives.
The effect of 19 curcumin derivatives on the inhibition of
pancreatic lipase was developed with the help of molecular
docking methods. To validate the results of CADD screening,
we obtained standard samples of certain curcumin derivatives
and further investigated their activities against pancreatic lipase
through in vitro enzyme inhibition assays and MST. This
experiment was the first instance of using CADD to evaluate
the activity of curcumin derivatives against pancreatic lipase.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. HPLC grade acetonitrile
was purchased from Merck (Merck, New Jersey, USA).
Deionized water was prepared using an ultrapure water system
(Pgwater, Wuhan China). Deuterated reagents were obtained
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, USA). Pancre-
atic lipase (CAS: 9001-62-1), 4-nitrophenyl butyrate, and
orlistat were purchased from Macklin Biochemical (Macklin,
Shanghai, China). Tris and Tris—HCl were acquired from
Solarbio Biotechnology (Solarbio, Beijing, China). The RED-
NHS second-generation dye, NHS-labeled buffer, and protein
sample purification column were all purchased from Nano-
temper (Nanotemper, Munich, Germany). Human-derived
pancreatic lipase, PBS buffer, and Tween 20 were acquired
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, USA). Raw
materials were obtained from Energy Chemical (Energy,
Anhui, China), including tributyl borate, diboron trioxide, n-
butylamine, acetone, 3,4-dimethoxybenzaldehyde, 3,4,5-trime-
thoxybenzaldehyde, nickel chloride hexahydrate, p-hydroxy-
benzaldehyde, 3-hydroxy-4-methoxybenzaldehyde, and 3,4-
dihydroxybenzaldehyde. Thin-layer chromatography (TLC)
and silica gel column chromatography were purchased from
Qingdao Ocean Chemical (QOC, Qingdao, China).

2.2, Determination of Curcumin Derivatives. The
determination of the structural derivatives of curcumin was
obtained through the compilation of relevant research
literature. Alterations in the quantity of methoxy and hydroxy
groups on the phenyl ring substituents of curcumin exhibited
varying degrees of influence on its polarity, water solubility,
and pharmacological efficacy."”™*' Monocarbonyl curcumin,
dihydrocurcumin, tetrahydrocurcumin, and octahydrocurcu-

min had been demonstrated to outperform curcumin in terms
of stability, bioavailability, and activity.”*">* Based on the
aforementioned reasons, we had identified the substitution
positions and quantities of methoxy and hydroxy groups on the
phenyl ring of curcumin as well as structural modifications of
double bonds and f-diketones on the backbone. Ultimately,
curcumin derivatives were obtained through a linear arrange-
ment for CADD analysis.

2.3. Property Prediction of Curcumin Derivatives. The
analysis of drug-like properties, LogS, HIA, PPB, BBB, OB, and
H-HT of curcumin derivatives was conducted on ADMETIlab
2.0 (https://admetmesh.scbdd.com/).

In order to assess the potential of curcumin derivatives as
therapeutic agents, the Lipinski rule was employed to assess
whether a compound exhibited pharmacological properties.””
This required a molecular weight (MW) of <500, a partition
coefficient (LogP) of <5, fewer than S hydrogen bond donors
(Hdon), fewer than 10 hydrogen bond acceptors (Hacc), and
fewer than 10 rotatable bonds (RBN).* If any two or more of
these rules were violated, oral absorption by living organisms
became challenging.

Upon the completion of assessing the drug-like properties of
curcumin derivatives, the subsequent evaluation pertained to
the properties influencing their pharmacological efficacy in
vivo. First, to appraise the aqueous solubility impacting the in
vivo translocation, distribution, and transmembrane capability
of curcumin derivatives, the LogS was predicted.27 Second, to
analyze the in vivo effectiveness of curcumin derivatives,
predictions were made regarding HIA, BBB, PPB, H-HT, and
OB.

2.4. Molecular Docking and Dynamics Simulation.
SYBYL-X 2.0 (Trepos, New Jersey, USA) was employed for
molecular docking, and Pymol (Schrodinger, New York, USA)
was utilized for processing saved files, analyzing amino acid
residues and binding conformations, and generating ligand
interaction diagrams. Discovery Studio 2019 (Dassault
Systémes, Paris, France) was employed to conduct molecular
dynamics simulations of curcumin derivatives with pancreatic
lipase.

The 2D structure of orlistat was obtained from PubChem
(https://www.ncbi.nlm.nih.gov/pccompound/3034010),
while the structures of curcumin and its derivatives were
constructed in ChemDraw. The sketch function was utilized
for hydrogenation and conformational optimization. The PDB
format of pancreatic lipase (PDB ID: 1LPB) was downloaded
from RCSB PDB (http://www.rcsb.org/pdb/home/home.do).
The molecular docking module Docking Suite was employed
to optimize the enzyme protein, including the removal of
crystal water, hydrogenation of charges, protein structure
repair, and generation of docking pockets. The study employed
the SEXC mode, a high-precision docking mode, for molecular
docking. This mode was based on a search engine of molecular
shape similarity, employing prototype molecules to delineate
protein binding pockets. It utilized probes to detect surface
hydrophobicity, hydrogen bonding, and electrostatic properties
of the protein pocket, ultimately facilitating the docking of
ligand molecules to the protein’s binding site. Subsequently,
enzyme-ligand files were generated and saved in the molecular
SD format. During the assembly process, the total score (TS)
was calculated and the results were analyzed. Following
solvation of the protein, molecular dynamics simulations
were conducted. The molecular dynamics simulation process
entailed optimization, heating, equilibration, and sampling of
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Figure 1. Integrating the analytical strategy of computer-aided drug design screening and in vitro experimental validation.

the protein-small molecule complex. The simulation results
were utilized for trajectory analysis to obtain the root-mean-
square deviation curves (RMSD) and root-mean-square
fluctuation curves (RMSF).

2.5. Synthesis of Curcumin Derivative Standards. The
synthetic steps for curcumin derivatives, encompassing a
repertoire of S distinct frameworks, are delineated in Figure
S1.”**” Thin-layer chromatography (TLC) was performed for
component identification, and silica gel column chromatog-
raphy was employed for separation and purification. The
synthesis reaction in this experiment was based on the aldol
condensation reaction between aldehyde groups and the
hydrogenation and reduction reaction of carbon—carbon
double bonds in a hydrogen environment with Pd/C catalysis.
This route offered mild reaction conditions and a high yield.
The synthesized compounds were subsequently well-charac-
terized by using NMR. A 20 mg aliquot of curcumin derivative,
intended for nuclear magnetic resonance analysis, was
dissolved in 0.5 mL of the deuterated reagent. 'H NMR
(400 M) and *C NMR (101 M) spectra were recorded on
Bruker Ascend 400 spectrometers (Bruker, Massachusetts,
Switzerland).

2.6. Pancreatic Lipase Inhibition Test of Curcumin
Derivatives. The pH was measured by using a PHS-2F pH
meter (Inesa, Shanghai, China), and the enzyme marker used
was the Tecan Infinite FSO enzyme marker (Tecan, Zurich,
Switzerland).

The pancreatic lipase inhibition experiment followed a
standardized protocol.’”*' The reaction system comprised 80
uL of Tris—HCI buffer (50 mM, pH 7.5), 60 uL of enzyme
solution (2.5 mg mL™"), 40 uL of pancreatic lipase inhibitor
(curcumin derivatives: 2, S, 10, 20, 50, and 100 ug mL™%;

orlistat: 0.125, 0.25, 0.5, 1.0, 2.0, and 4.0 ug mL™"), and 60 uL
of 4-nitrophenyl butyrate substrate solution (2 mg mL™"). It
was ensured that the concentration of dimethyl sulfoxide
(DMSO) in the solution system was less than 5%. The curve
was fitted at 405 nm to calculate the change rate of the
absorbance over time. The percent inhibition was calculated
using the following formula:

%Inhibition = [1 — K, — K,/K_] X 100%

Here, K, represents the change rate of absorbance caused by
enzyme reaction after addition of the inhibitor, K is the
change rate of absorbance caused by enzyme reaction without
addition of the inhibitor, and K, is the change rate of
absorbance caused by enzyme reaction without addition of the
inhibitor.

2.7. MST Experiment of Curcumin Derivatives. The
MST analysis of compounds and pancreatic lipase was
conducted using Monolith NT.115 (Nanotemper, Munich,
Germany). The affinity results were presented on the
MO.Control and MO.Affinity Analysis platforms (Nano-
temper, Munich, Germany).

The final dye solution, with a concentration of 300 M, was
prepared by combining 7 uL of the second-generation RED-
NHS dye solution (600 uM, dissolved in DMSO) with 7 yL of
the labeled buffering agent NHS (dissolved in 3 mL of distilled
water). The dye-protein solution, a total of 100 L, consisted
of 90 uL of trypsin solution (10 uM, dissolved in PBST) and
10 uL of the final dye solution. The dye-protein solution was
then incubated in darkness at room temperature for 30 min.
Subsequently, the purified labeled protein solution was
obtained through protein purification by column filtration.
Subsequently, the affinity between curcumin derivatives and
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Figure 2. Structures of curcumin derivatives were determined through literature retrieval. They were classified by different skeletons (A—E) and
substituents (1—14) on different benzene rings. Synthetic compounds are marked with * in the upper right corner of their respective ID numbers.
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Figure 3. Performing an analysis of the properties of curcumin derivatives utilizing a pharmaceutical physicochemical property database facilitated
by computer technology. (A) Analysis of OB, BBB, HIA and H-HT, blue is negative, and red is positive. (B) Analysis of PPB and LogS, among
them, the blue dotted line is the value of PPB of curcumin, which was 89.72%, and the gray dotted line is the value of curcumin LogS, which was
—4.61 Log mol L. The red border and mark indicate curcumin; “Cur.” is its abbreviation.

pancreatic lipase was analyzed at a reaction temperature of 37
°C.

2.8. Strategy Analysis of CADD. As shown in Figure 1,
this study used a method combined with the CADD
experience. Initially, we determined the types of structural
changes in curcumin derivatives through a review of relevant
literature and our previous reports.”>*” After the substituents
and skeletal modifications of the curcumin derivatives were
determined, the structures of these derivatives were linearly
arranged to generate a cohort of curcumin derivatives for
subsequent analysis.
curcumin derivatives in terms of their drug-likeness, LogS,
HIA, PPB, BBB, H-HT, and OB. Through this screening
process, we identified derivatives that surpassed curcumin in
terms of all of these aspects. To ensure that the curcumin
derivatives possess improved pharmacokinetic properties along
with superior pancreatic lipase inhibitory activity, their

We conducted evaluations of the

interaction with pancreatic lipase was assessed using a
molecular docking evaluation. By integrating the aforemen-
tioned evaluations, we screened curcumin derivatives that
exhibited enhanced bioavailability and pancreatic lipase
inhibition activity. In order to ensure the reliability of the

27672

experimental results, we utilized chemical synthesis to obtain a
set of standardized curcumin derivatives after conducting
CADD evaluations. Subsequently, we conducted separate in
vitro pancreatic lipase inhibition experiments and MST assays
to evaluate the inhibitory potency and binding affinity of the
curcumin derivatives toward pancreatic lipase.

2.9. Data Analysis. Graphs and statistical analyses were
constructed by using GraphPad Prism 7 (GraphPad Software,
California, US). Tables and figures were constructed using
Adobe Illustrator 2022 (Adobe, California, US). HRMS
analysis was conducted using Mestrenova 14.0.0 (Mestrelab
Research, Galicia Autonomous Region, Spain).

3. RESULTS

3.1. Screening of Curcumin Derivatives with CADD.
As shown in Figure 2, a total of 70 predicted derivatives of
curcumin were identified with their names listed in Table S1.
These derivatives were composed of a linear arrangement of S
structural frameworks and 14 substituents. The five structural
frameworks were denoted by the letters A, B, C, D, and E,
respectively. Within each structural framework, there were 14
derivative compounds formed based on the arrangement of

https://doi.org/10.1021/acsomega.4c03596
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substituents, and A6 represented curcumin. The evaluation
results of drug-like properties are shown in Table S2. All
compounds met the specified criteria, with none of the
parameters exceeding the predetermined range simultaneously.
All curcumin derivatives had the potential to be developed into
drugs. The pharmacokinetic analysis of curcumin derivatives is
illustrated in Figure 3 and Table S3. In Figure 3A, the results
for H-HT, BBB, HIA, and OB of curcumin are depicted in
both negative and positive aspects, where curcumin derivatives
displaying negativity across all four metrics exhibited properties
superior to curcumin. In Figure 3B, LogS and PPB of curcumin
are numerically represented, with curcumin derivatives
demonstrating values, where LogS exceeded that of curcumin
and PPB was lower than curcumin, showcasing properties
superior to curcumin. The water solubility analysis indicated
that S0 curcumin derivatives exhibited higher water solubility
compared to curcumin. PPB analysis revealed that 33 curcumin
derivatives had a lower PPB than curcumin. Besides, using a
30% OB threshold for prediction, 38 curcumin derivatives
demonstrated OB values higher than those of curcumin. With
the exception of D1, D2, D3, D4, and DS, whose absorption
rates were all below 30%, all other curcumin derivatives
exhibited good HIA. Apart from A8, A10, Al12, B8, B10, C8,
C10, C12, C13, DS, and D10, all other curcumin derivatives
demonstrated low BBB permeability. All compounds exhibited
a propensity for the absence of H-HT.

The molecular docking results are presented in Figure 4 and
Table S4. The TS of curcumin was 7.0624. The molecular

S

Figure 4. Molecular docking of curcumin derivatives with pancreatic
lipase. The dotted line in the inner circle is 7.0624 for curcumin
docking, and the dotted line in the outer circle is the maximum
docking score, that is, 9.1104 for D12 and pancreatic lipase. “Cur.” is
the abbreviation for curcumin.

docking screening of curcumin derivatives indicated that 35 of
them exhibited a stronger pancreatic lipase binding capacity
than curcumin. Thus, in summarizing the analysis results aided
by CADD, it was found that B3, C2, C4, C6, C9, and D14
exhibited superior physical and chemical properties compared

with curcumin in all evaluation parameters. As depicted in
Figure S and Table SS, the interaction targets of 6 curcumin
derivatives, which were identified through CADD screening,
with pancreatic lipase are elucidated. The ligand interaction
diagram is depicted in Figure S2. The amino acid sites involved
in binding of orlistat to pancreatic lipase were SER-152, LEU-
153, HIS-151, PHE-77, and GLY-76. The primary binding
amino acids for pancreatic lipase and curcumin derivatives
were SER-152, HIS-151, PHE-77, and ARG-256. The
molecular dynamics simulation results of curcumin derivatives
C2, C4, C6, C9, B3, and D12, along with curcumin and
orlistat, are presented in Figure S3. The RMSD for C4, C6,
curcumin, and orlistat fell within the range of 0.75—3.0 A,
while their RMSF values remained below 3.0 A. The RMSD
ranges for C2 and C9 were similar, falling within the range of
0.8—5.0 A, while their RMSF values lay within the range of
0.5—4.5 A. The overall RMSF values for D14 and B3 remained
stable; however, their RMSD exhibited the largest fluctuations,
ranging between 1.0 and 8.0 A

3.2. Synthesis of Curcumin Derivative Standards.
After the use of CADD to screen the physicochemical
properties of curcumin derivatives, it was imperative to
proceed with obtaining specific experimental data for these
compounds. Employing methods of chemical synthesis became
instrumental in acquiring a collection of curcumin derivatives,
showcasing diverse performances as predicted. As shown in
Figure 2, the asterisk (*) in the upper right corner indicates the
synthesized derivatives of curcumin. Nineteen derivatives of
curcumin, including curcumin itself, had been synthesized. The
selection of these curcumin derivatives for synthesis was a
comprehensive consideration of the requirements of the
structural framework, the screening outcomes of CADD, and
the feasibility of synthesis. The detailed synthetic methods of
19 curcumin derivatives are illustrated in Scheme SI1. The
NMR data and spectra of 19 curcumin derivatives are
presented in Table S6 and Figures S4—S41, respectively. In
the 'H NMR spectrum of curcumin derivatives, peaks with
chemical shifts in the range of § 9.06—9.98, 6.59—7.8, and 3.7—
3.85 were attributed to the phenolic hydroxyl group, hydrogen
on the benzene ring, and the methoxy group, respectively. In
the >C NMR spectrum of curcumin derivatives, the chemical
shifts fall within the ranges of 6 103.8—159.8 and 55.8—60.8,
corresponding to the benzene ring group and the methoxy
group.

3.3. Evaluation of Pancreatic Lipase Inhibitory
Activity. The inhibitory activity of the synthesized curcumin
derivatives was assessed by pancreatic lipase inhibition assays
in vitro and the MST test. The inhibition rates of 19 curcumin
derivatives on pancreatic lipase are presented in Figure 6 and
Table 1. The results from Figure 6 indicated that the inhibitory
potency of curcumin derivatives C4, Al, A4, CS, B10, Al4, AS,
C6, D4, B2, and Al0 against pancreatic lipase consistently
surpasses that of curcumin. Table 1 reveals that the ICs, of
curcumin was 142.24 yM. Curcumin derivatives C4, Al, A4,
CS, B10, Al4, AS, C6, D4, B2, and A10 exhibited ICy, values
of 42.83, 67.82, 70.44, 81.46, 82.67, 91.61, 95.40, 98.62,
11097, 111.66, and 113.29 uM, respectively. They demon-
strated superior inhibitory efficacy compared to curcumin.
Among curcumin derivatives, compound C4 exhibited the
most potent inhibitory activity, with an ICs, value of 42.83 uM.
As shown in Figure S42, the positive control drug, orlistat,
demonstrated the ICs, value of 1.02 M.
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Figure 6. Inhibitory effect of synthetic curcumin derivatives on
pancreatic lipase in vitro. The red border indicates curcumin.

Table 1. IC;, of Synthetic Curcumin Derivatives on
Pancreatic Lipase

No. 1Cq, (uM) NO. 1C, (uM)
orlistat 1.02 B2 111.66
C4 42.83 Al0 113.29
Al 67.82 A6 142.24
A4 70.44 B12 164.45
CS 81.46 Al12 168.98
B10 82.67 DS 175.02
Al4 91.61 A8 187.76
AS 95.40 B4 204.32
Cé 98.62 E6 23S5.18
D4 110.97 E4 264.63

C4 and C6 were two of the six curcuminoid derivatives
identified through CADD screening, and they also exhibited
stronger inhibitory activity in enzyme inhibition experiments,
thus further conducting the MST test on C4 and C6. The
affinity results of the compounds with pancreatic lipase are
depicted in Figure 7. The binding constant (K;) of curcumin
with pancreatic lipase was 23.53 uM. For C6, the K, was 18.20
uM, and for C4, the K3 was 2.91 M. The results indicated that
C4 exhibited an obviously stronger binding affinity with
pancreatic lipase than curcumin. The affinity test results of
orlistat with pancreatic lipase are illustrated in Figure $43, but
it was incapable of fitting the affinity curve.

4. DISCUSSION

In this study, a set of curcumin derivatives was efficiently and
swiftly screened by using CADD to identify compounds

exhibiting enhanced pharmacokinetic properties and potent
pancreatic lipase activity. Initially, a thorough evaluation of the
pharmacokinetic properties and pancreatic lipase activity of the
curcuminoid derivatives was conducted using CADD. This
screening process identified 6 curcumin derivatives that
exhibited superior performance in both aspects, surpassing
the effectiveness of curcumin itself. Subsequently, we chemi-
cally synthesized a set of 19 curcumin derivatives as reference
standards to validate the reliability of CADD. In vitro
pancreatic lipase inhibition assays and MST experiments
were further conducted to assess the inhibition of these
derivative standards against pancreatic lipase. The curcumin
derivatives C4 and C6 were ultimately selected as potential
pancreatic lipase inhibitors with improved solubility and
absorption characteristics. This study represented the first
application of CADD to screen curcuminoids as potential
pancreatic lipase inhibitors.

CADD was a technique that utilizes computer-based virtual
analysis to study the activity and physicochemical properties of
drugs.”* It enabled structure-based or ligand-based drug
design, encompassing methods such as molecular docking,
molecular dynamics simulations, pharmacoghore model
screening, and molecular property prediction.'”*> Compared
with conventional methods of drug development, CADD
demonstrated significant advantages in terms of shortened
development cycles and cost savings. CADD played an
essential role in the design of antimicrobial, antiviral, and
anticancer drugs, among others, enhancing its application
prospects.'>*>*° The study utilized CADD to conduct
molecular docking and property prediction evaluations of
curcumin derivatives. In addition to assessing the pancreatic
lipase activity and drug-likeness of curcumin derivatives, this
method also simulated the dissolution, absorption, binding,
and potential side effects upon oral administration of the
curcumin derivatives, screening curcumin derivatives that met
the desired expectations while closely mimicking the
physiological conditions within the body.

The limited bioavailability of curcumin was the primary
hurdle impeding its further advancement. The dissolution,
absorption, and binding of curcumin derivatives within the
body are closely associated with their bioavailability and
distribution.””*® Due to the formation of hydrogen bonds
between hydroxyl groups and water molecules, there was an
increase in water solubility. Conversely, the 7—z conjugated
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Figure 7. MST analysis and determination of K for the interaction between curcumin derivatives and pancreatic lipase. A, B, and C are the binding
energies of pancreatic lipase and curcumin, C6, and C4, respectively, under MST analysis.

structure and intramolecular hydrogen bonding resulted in
decreased water solubility.””~** Among them, the C structural
framework exhibited an optimal water solubility. Most
curcumin derivatives exhibited low BBB permeability and

was more likely to have a lower PPB rate when it possessed
fewer hydrogen bond donors or acceptors. Medications with
high OB typically exhibit increased efficacy and potency, as

they are more efficiently absorbed into the bloodstream,

high HIA. This was attributed to the acidic nature of these
derivatives caused by the presence of phenolic hydroxyl
groups, which affected their ability to cross the BBB. The high
HIA, to some extent, indicated that structural modifications
had not completely eliminated the fundamental lipophilic
requirements of these derivatives.””** Compounds with a
higher proportion of hydroxyl groups in the benzene ring
exhibited increased PPB due to the drug’s ability to interact
with plasma proteins through hydrogen bonding.* A molecule

reflecting their degree of circulation within the body.*® The
OB of curcumin in this prediction model was less than 30%.
Excluding derivatives within class C, those from other groups
showing elevated bioavailability invariably demonstrated a
diminished water solubility. Studies had indicated that this
tendency might arise because fat-soluble drugs more readily
penetrated capillary walls than their water-soluble counterparts
when administered 0ra11y.47 However, the bond strength
between drug molecules and mucosal cell membranes was
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excessively strong, impacting the drug’s entry into the
bloodstream.*® This phenomenon restricted the speed and
extent of dissolution for highly fat-soluble drugs, making it
challenging to achieve optimal efficacy at a suitable dose.”” In
contrast, highly water-soluble derivatives of class C compounds
exhibited elevated bioavailability compared with other
compounds. This addressed the dissolution rate limitation
observed in fat-soluble drugs and made them suitable
candidates for drug development with enhanced bioavailability
and efficacy. In molecular docking studies, orlistat inhibited PL
by binding to SER-152 of pancreatic lipase at the active site.”’
It was observed that curcumin derivatives also formed
associations with SER-152, indicating their potential as
pancreatic lipase inhibitors. In subsequent molecular dynamics
simulations, RMSD served as a metric for assessing the stability
of protein—ligand complexes, where smaller values indicated
greater stability.51 The RMSD values for C6, C4, curcumin,
and orlistat all fell below 3 A, indicating the formation of
relatively stable complexes with pancreatic lipase. The RMSF
delineated the impact of ligands on the stability of protein
amino acid residues, with greater RMSF values correlating to
heightened influence.” In accordance with their sequence, the
impact of C6, C4, orlistat, curcumin, C2, C9, B3, and D14 on
protein amino acid residues sequentially intensified. The
findings indicated that curcumin derivatives C4 and C6 not
only formed relatively stable complexes upon binding with
pancreatic lipase but also exerted a minimal influence on
protein amino acid residues. Based on the results of molecular
dynamics simulations, curcumin derivatives C4 and C6
emerged as the primary targets of focus for our subsequent
research endeavors.

The MST experimental outcomes stemmed from the
spontaneous movement induced by infrared light exposure at
various temperatures upon the fluorescence complex drawn
into capillary glass.”® Compared with conventional methods
for analyzing molecular interactions, it exhibited advantages
such as high sensitivity, precision, real-time monitoring
capability, and wide applicability. These attributes enabled
the rapid and efficient assessment of the binding affinity of
curcumin derivatives for lipase. The in vitro pancreatic lipase
inhibition experiments and MST validation demonstrated that
C4 and C6 exhibited a greater potential as pancreatic lipase
inhibitors compared to curcumin, which aligned with the
results obtained from CADD screening. This could be
attributed to the positive correlation between the ICy, of
curcumin and its lipophilicity, where lower lipophilicity
resulted in enhanced inhibitory potency.”* The position and
number of phenolic hydroxyl and methoxy groups in the
phenyl ring significantly influenced the inhibitory activity of
curcumin derivatives on pancreatic lipase.30 Furthermore,
additional literature studies have corroborated the superior
performance of curcumin derivatives possessing these attrib-
utes in terms of absorption and activity. The removal of the
methoxy group on the phenyl ring of curcumin had been
demonstrated to enhance its anti-inflammatory and anticancer
effects, simultaneously leading to an improvement in its water
solubility.””>> The C6 possessing a tetracyclic framework had
been proven to possess stronger antioxidant properties
compared to curcumin, while also exhibiting higher bioavail-
ability and stability.”°"*® During our previous research, we
discovered that C4 was a naturally occurring derivative of
curcumin found in turmeric.”> Although there was limited
existing literature concerning C4, it demonstrated superior

pharmacokinetic properties and pancreatic lipase inhibitory
activity compared to those of C6. The potential of C4 to
overcome the undesirable properties of curcumin has
heightened expectations and enthusiasm for its further
development as a derivative. It was noteworthy that in the
MST experiments orlistat did not successfully fit the aflinity
curve with pancreatic lipase. Orlistat formed a covalent bond
with pancreatic lipase, impeding access of the substrate to the
active site, thereby eliciting inhibitory effects. The product
formed after covalent binding could not dissociate back to its
unbound state; hence, orlistat could not fit the affinity curve.”’

The study successfully employed CADD to screen and
identify curcumin derivatives with potentially superior
pharmacokinetic properties and enhanced pancreatic lipase
inhibitory activity. This not only effectively screened curcumin
derivatives capable of serving as potential pancreatic lipase
inhibitors but also held significant guiding value for related
studies on structural modifications of other lead com-
pounds.’”®" There are still some limitations that should be
considered. Relying solely on CADD analysis, the screened
curcumin derivatives might manifest false-positive outcomes.
These compounds exhibited diverse pharmacological activities,
yet their low selectivity could predispose to potential toxic side
effects.”” Hence, post-CADD, pharmacological experiments
were imperative to verify the credibility of the screening
results. This also constituted the primary reason for conducting
subsequent in vitro pancreatic lipase assays and MST
experiments. Besides, the absence of in vivo pharmacokinetic
and pharmacological experiments to directly ascertain the
bioavailability and activity of curcumin derivatives posed a
concern that would be addressed in our subsequent research.
However, based on the literature reports,”*~®* when combined
with in vitro enzyme inhibition experiments and MST
validation of the CADD screening results, this screening
strategy had demonstrated a certain degree of efficient and
reliable characteristics.

5. CONCLUSIONS

This study utilized CADD to perform a virtual analysis on
curcumin derivatives, encompassing pharmacokinetic proper-
ties and pancreatic lipase activity. The analysis of pharmaco-
kinetic properties involved the evaluation of curcumin
derivatives” drug-likeness, LogS, HIA, BBB, PPB, H-HT, and
OB using a pharmacological database of ADMET. These
properties were intimately connected to the oral absorption of
drugs into the body. Subsequently, molecular docking was
employed to assess the inhibitory potency of curcumin
derivatives against pancreatic lipase. By using the dual
screening approach, 6 curcumin derivatives were identified,
demonstrating superior properties in both pharmacokinetic
evaluations and inhibitory activity against pancreatic lipase
compared to curcumin. To further validate the reliability of
CADD, a total of 19 curcumin derivative reference compounds
were synthesized by considering a combination of five scaffolds
and various substituents. Subsequently, the inhibitory activity
and binding affinity of the 19 curcumin derivatives against
pancreatic lipase were evaluated using in vitro enzyme
inhibition assays and MST experiments. The results of the
activity experiments were consistent with the predictions made
during CADD screening. This not only confirmed the
effectiveness of the strategy but also identified curcumin
derivatives C4 and C6 as potential pancreatic lipase inhibitors.
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This analytical approach aimed to provide valuable insights for
screening and analyzing other compounds.
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