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Abstract

Background/Objectives: Curcumin derivatives have attracted interest due to their redox-
modulating properties and potential applications in aquatic organisms, yet their molecular
interactions and environmental safety remain insufficiently characterized. This study
aimed to evaluate the redox-related molecular behavior and ecotoxicological profile of
curcumin derivatives, with emphasis on their interaction with glutathione S-transferase
from L. vannamei. Methods: Molecular docking and molecular dynamics simulations were
performed to assess binding stability and interaction patterns between the derivatives and
LoGSTmu. In parallel, computational predictions were used to estimate environmental
persistence, bioaccumulation (BCF/BAF), and acute and chronic aquatic toxicity across
multiple trophic levels. Results: Docking and dynamics analyses indicated stable ligand-
protein interactions, particularly for CURNO, which showed favorable binding behavior
without destabilizing the protein structure. Ecotoxicological predictions suggested low
bioaccumulation potential and limited persistence for most derivatives, with CURH and
CURNO showing higher sediment persistence. Toxicity responses varied by organism
and exposure time but did not differ significantly among derivatives relative to curcumin.
Conclusions: The derivatives retained redox-related molecular features while presenting
an overall acceptable predicted environmental profile. CURNO emerged as a promising
candidate, although its environmental behavior supports the need for further monitoring
and experimental validation.

Keywords: antioxidant; computational insight; Curcuma longa

1. Introduction

Viral infections in crustaceans, especially by the white spot syndrome virus (WSSV),
are strongly associated with the generation of oxidative stress and the modulation of the
immune response [1]. WSSV infection profoundly alters the composition of the intestinal
microbiota and the production of its metabolites, a phenomenon often related to immune
dysfunction and increased susceptibility to oxidative stress [2].

To counterbalance this redox imbalance, crustaceans activate endogenous antioxidant
systems, among which enzymes of the glutathione S-transferase family, such as LvGST from
L. vannamei or P. vannamei, play a central role [3]. These enzymes facilitate the conjugation
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of reactive metabolites with reduced glutathione, promoting cellular detoxification and
protecting tissues from oxidative damage [4,5]. Thus, the activation of these endogenous
antioxidant mechanisms is an essential strategy to mitigate the deleterious effects of WSSV
and preserve cellular homeostasis during infection [6].

In parallel with the study of synthetic antivirals, naturally occurring compounds
have proven to be promising sources for the discovery of new therapeutic agents against
viral infections in aquatic organisms [7,8]. Among these, curcumin consists of a bioactive
polyphenol isolated predominantly from the rhizomes of Curcuma longa L., a species
widely used in traditional Asian medicine, which has prompted extensive research into its
pharmacological and biochemical properties [9].

In the scientific context, curcumin (Figure 1) stands out for its broad spectrum of
biological activities, including antioxidant, anti-inflammatory, antimicrobial, antineoplastic,
and antiviral effects, which are mediated by multiple molecular mechanisms and cellular
signaling pathways [10,11]. Due to these pleiotropic properties, curcumin has high transla-
tional potential for pharmacological and biotechnological applications, particularly in the
development of therapeutic strategies based on natural products and bioactive compounds
of plant origin [12].
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Figure 1. Two-dimensional illustration of curcumin.

In summary, its chemical structure is characterized by axial molecular symmetry,
composed of terminal phenolic groups and a conjugated 3-diketone chain, a feature that
confers high chemical reactivity to the molecule and favors interactions with various
biological targets, including proteins, enzymes, and nucleic acids [11,13].

These interactions are directly associated with the mechanisms of action of curcumin,
resulting in the modulation of fundamental cellular processes, the inhibition of inflam-
matory pathways, and the regulation of systems involved in redox balance and cellular
antioxidant response [14,15].

However, the therapeutic application of curcumin is significantly limited by factors
such as its low solubility in aqueous media, reduced systemic bioavailability, and rapid
metabolism in vivo [11,16]. Given these limitations, the synthesis and evaluation of struc-
tural derivatives of curcumin have been widely used as rational strategies for optimizing
its pharmacokinetic properties and biological activity [17,18].

These structural modifications aim to generate compounds with greater chemical and
metabolic stability, a better absorption profile, and improved affinity for specific molecular
targets, including enzymes involved in cellular detoxification processes, thus expanding
their potential for application as bioactive agents [15,19]. In this context, curcumin and its
derivatives have been extensively investigated for their ability to act as reactive oxygen
species (ROS) scavengers and modulators of endogenous antioxidant systems, since these
compounds can stimulate the expression and activity of crucial antioxidant enzymes,
such as superoxide dismutase [20], catalase [21], and glutathione S-transferase (GST) [22],
playing a central role in maintaining cellular homeostasis and highlighting the natural
defense mechanisms against oxidative stress.
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Despite this, a systematic computational evaluation of structurally substituted cur-
cumin derivatives targeting GST-related antioxidant mechanisms in crustaceans under
WSSV-associated oxidative stress has not yet been reported.

Thus, computational approaches have established themselves as strategic tools in
the screening of bioactive compounds with antioxidant potential, offering a rational and
promising strategy for the development of new alternatives aimed at controlling and
mitigating the pathogenic agents in shrimp farming. Thus, this study aims to investigate,
using advanced molecular modeling techniques, the structural effect of different substituent
groups (R = H—, Br—, Cl—, F—, NO,—, CH3—, and OH—) (Figure 2) [23] on curcumin
derivatives on their antioxidant potential and ability to modulate endogenous antioxidant
systems, aiming to identify compounds with greater chemical stability, affinity for molecular
targets involved in cellular detoxification processes, and applicability in strategies to
mitigate oxidative stress in farmed crustaceans.

O O
R N 7 R

HO OH
R =CH,; H; OH; Br; CI; F; NO,

Figure 2. Chemical structures of the curcumin derivatives studied. The substituent group (R) varies
among H, Br, Cl, F, NO,, CH3, and OH.

2. Results
2.1. Bioactivity in CUR Derivatives

In general, predictive data on biological activity indicate that curcumin derivatives
have distinct antioxidant profiles, strongly dependent on the chemical modifications intro-
duced into the curcumin skeleton. Considering the set of activities related to oxidative stress,
including reducing capacity, free radical scavenging, general antioxidant activity, oxygen
scavenging, and modulation of enzymes associated with detoxification, there is a clear
differentiation between hydroxylated, alkylated, halogenated, and nitrosated derivatives.

The reducing capacity (Reductant) showed high values for most derivatives, especially
CURCH (0.95), CUROH (0.92), and CURNO (0.92), which were higher than the original
curcumin (0.86). This behavior suggests that modifications that increase electronic density
or favor electron donation contribute positively to this property, which is essential in
antioxidant mechanisms based on electron transfer. In contrast, the halogenated derivatives
(CURBz, CURCI, and CURF) exhibited significantly lower values (~0.62), indicating an
unfavorable effect of halogenation on the reducing potential, (Table 1).

Regarding free radical scavenger activity, curcumin maintained relatively high values
(0.76), while the CURH, CURCH, and CUROH derivatives showed a slight reduction, but
still within a biologically relevant range (0.67-0.71). Again, the halogenated derivatives
exhibited inferior performance (0.44-0.50), suggesting lower efficiency in the direct neutral-
ization of radical species. CURNO (0.62) showed intermediate performance, indicating that
the introduction of the nitroso group maintains moderate antioxidant capacity, possibly
associated with alternative redox mechanisms, Table 1.
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Table 1. Prediction targets and biological (pa: to be active and pi: to be inactive) activity of CUR

derivatives.

Activity CUR CURH CURCH CUROH CURBr CURC1 CURF CURNO
Reductant 0.86 £ 0.003 0.91 = 0.003 0.95 £ 0.002 0.92 £ 0.003 0.62 £ 0.010 0.62 £ 0.010 0.62 £ 0.010 0.92 £ 0.003
Antimutagenic 0.81 £ 0.004 0.79 + 0.004 0.76 = 0.002 0.81 + 0.004 0.42 + 0.020 0.52 +0.014 0.46 =+ 0.017 0.37 £ 0.027
GST substrate 0.18 + 0.087 0.80 + 0.003 0.80 + 0.002 0.83 £ 0.001 0.93 + 0.002 0.85 + 0.003 0.74 + 0.004 0.78 + 0.004
GST M substrate 0.77 £ 0.003 0.80 == 0.002 0.60 == 0.005 0.82 £ 0.002 0.57 £ 0.007 0.65 == 0.004 0.75 == 0.003 0.80 = 0.002
GST A substrate 0.78 £ 0.004 0.88 £ 0.004 0.80 == 0.009 0.82 £ 0.005 0.87 £ 0.004 0.87 £ 0.004 0.77 £ 0.012 0.90 £ 0.003
GST P substrate 0.18 £ 0.096 0.84 £ 0.004 0.81 4 0.002 0.84 + 0.001 0.81 + 0.002 0.81 4 0.002 0.82 4 0.002 0.83 4 0.001
F;f:;;fg‘gl 0.76 £ 0.003 0.67 £ 0.004 0.68 == 0.004 0.71 £ 0.004 0.46 £ 0.013 0.50 £ 0.010 0.44 £ 0.014 0.62 = 0.005
Chemopreventive 0.69 = 0.007 0.65 == 0.004 0.61 == 0.004 0.66 = 0.004 0.32 £ 0.034 0.37 £ 0.026 0.36 == 0.027 0.37 +£0.025
Oxygen scavenger 0.65 £ 0.013 0.68 £ 0.008 0.68 == 0.008 0.66 £ 0.011 0.54 £ 0.039 0.53 £ 0.039 044140014  0.46 £ 0.064
Antioxidant 0.61 = 0.004 0.63 £ 0.004 0.61 = 0.004 0.74 + 0.004 0.44 + 0.009 0.47 4 0.008 0.45 4 0.009 0.49 + 0.007
NOS* 0.27 +0.011 0.30 + 0.006 0.26 + 0.015 0.29 + 0.009 0.21 + 0.040 0.21 + 0.040 0.21 = 0.040 0.24 + 0.021
Pg}‘l’i’gﬁiie 0.55 + 0.032 0.60 & 0.025 0.26 +0.073 0.74 £ 0.003 0.46 £+ 0.013 0.61 & 0.005 0.16 £0.113 0.41 £ 0.015

* Notes: NOS—N!itric oxide scavenger.

The overall antioxidant activity (Antioxidant) shows a significant gain for CUROH
(0.74), which surpasses all other compounds, including curcumin. This result points to a
relevant role of the additional hydroxyl group in the stabilization of reactive species. On the
other hand, halogenated derivatives again showed reduced values (~0.44-0.47), reinforcing
a consistent trend of decreased overall antioxidant activity in this group. CURNO (0.49)
maintained activity lower than curcumin but higher than some halogenated derivatives,
suggesting a balance between positive and limiting structural effects, Table 1.

Oxygen scavenger analysis reveals relatively homogeneous values between CUR,
CURH, CURCH, and CUROH (0.65-0.68), while halogenated derivatives and CURNO
exhibited reduced activity, especially CURF (0.44) and CURNO (0.46). This pattern suggests
that modifications that reduce polarity or introduce electronegative atoms may compromise
interaction with reactive oxygen species, Table 1.

Activities related to glutathione S-transferase (GST) deserve mention in the context
of indirect antioxidants. The original curcumin showed low probability as a general
substrate and for GST P, while most derivatives exhibited high values (>0.80), indicating
greater potential for participation in GSH-dependent detoxification pathways. This effect is
particularly evident for CURH, CUROH, CURNO, and the halogenated derivatives (CURBr
and CURCI), which also display comparable or higher predicted activities in some GST-
related endpoints (Table 1). These results suggest that structural modifications, including
additional hydroxyl or halogen substituents, favor recognition by GST isoforms and may
indirectly enhance cellular protection against oxidative damage.

Finally, peroxidase inhibition showed variable behavior. CUROH (0.74) stood out
again with greater inhibitory potential, while CURCH and CURF showed low values,
indicating that not all structural modifications favor this specific antioxidant mechanism.
CURNO (0.41) showed moderate activity, consistent with its intermediate antioxidant
profile observed in other categories, Table 1.

The comparison between CURH and CUROH derivatives provides insight into the
influence of additional hydroxyl (OH) groups on the predicted antioxidant activity of
curcumin derivatives. PASS predictions indicate that CUROH, which contains an extra OH
group compared to CURH, has slightly higher Pa values for antioxidant activity, suggesting
a modest enhancement in predicted activity. QSAR descriptors further support this obser-
vation, reflecting minor changes in electronic and hydrophilic properties associated with
the additional hydroxyl group. Together, these findings underscore how specific structural
modifications can affect the predicted antioxidant potential of curcumin derivatives.

Consistent with this, the results indicated that hydroxylated and alkylated derivatives
tend to enhance antioxidant activity, both directly and indirectly, compared to the original
curcumin, while halogenated derivatives exhibit an overall negative impact on multiple
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antioxidant mechanisms. CURNQO, in turn, has a moderate and diversified antioxidant
profile, combining good reducing capacity and involvement in GST-mediated detoxification
pathways, albeit with limitations in direct scavenging activities.

2.2. Correlation Between EA vs. pKi

Docking simulations of the LvGSTMu protein with the co-crystallized ligand GSH
and different curcumin (CUR) derivatives revealed significant differences in affinity energy,
inhibition constant, pKi, and RMSD. The LuGSTMu—-GSH complex had an affinity energy
of —5.4 kcal/mol, Ki of 1.09 x 1074 M, pKi of 3.96, and RMSD of 1.960 A, serving as a
reference for docking validation. All CUR derivatives exhibited more negative affinity
energies than GSH, ranging from —7.2 to —8.5 kcal/mol, indicating more energetically
favorable interactions with the active site of LoGSTMu, Table 2.

Table 2. Affinity, Ki, pKi and RMSD energy values of the complexes formed after docking simulations
against the LuGSTMu enzyme.

Energy

Complex (keal/moL) K; M) pK; RMSD (A)

GSH/LvGSTMu —54 1.09 x 104 3.96 1.960
CUR */LvGSTMu -72 524 x 107 5.28 0.789
CURH/LvGSTMu -7.3 4.43 x 107 5.35 1.391
CURCH/LvGSTMu -7.8 1.90 x 10~° 5.72 1.745
CUROH/ LvGSTMu —7.7 225 % 1076 5.65 1.155
CURBr/LvGSTMu -7.6 2.67 x 107 557 1.662
CURCl/LvGSTMu -77 225 x 107 5.65 1.733
CURF/LvGSTMu -7.6 2.67 x 10 557 1.924
CURNO/LvGSTMu -85 5.83 x 107 6.23 1.081

* Comparative control. Notes: Ki, inhibition constant; pKi, inhibition potential (logarithm of the inhibition
constant, Ki); and RMSD, root mean square deviation.

Among them, the CURNO derivative had the highest estimated affinity, with an EA of
—8.5 kcal/mol, Ki of 5.83 x 107 M, and pKi of 6.23, accompanied by an RMSD of 1.081 A,
suggesting good structural stability and reliability of the pose obtained. Other derivatives,
such as CURCH and CUROH, also stood out, with EA between —7.7 and —7.8 kcal/mol
and RMSD below 1.8 A, indicating reliable and energetically favorable poses. RMSD was
used as a criterion for selecting the most reliable conformations, considering values below
2.0 A as indicative of reproducible poses consistent with the orientation of the ligand in the
active site, Table 2.

The integrated analysis of affinity energy (E4 ), Ki (inhibition constant), pKi (inhibition
potential), and RMSD (Root Mean Square Deviation) allows for a detailed understanding
of both the affinity and structural reliability of protein-ligand complexes. All curcumin
derivatives had pKi values greater than 5.0, confirming micromolar to nanomolar affinity,
significantly higher than that of GSH, whose pKi is 3.96. These data indicate that CUR
derivatives can bind with greater affinity to the active site of LuGSTMu, with CURNO being
the most promising candidate. The relatively low RMSD value observed for CUR * (0.789 A)
shows excellent overlap of the pose with the ideal position, reinforcing the robustness of
the prediction, while derivatives such as CURF and GSH itself have higher RMSD values,
still within the acceptable limit, but suggesting lower structural consistency, Table 2.

Furthermore, the correlation between EA, pKi, and RMSD allows us to identify not
only energetically favorable ligands but also structurally reliable ones. Derivatives such as
CURNO, CUROH, and CURCH have more negative EA and RMSD within acceptable limits,
indicating a high probability of efficient occupation of the active site and stabilization of
the complex. In contrast, GSH, although physiologically relevant, has lower computational
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affinity and relatively high RMSD, suggesting that CUR derivatives may surpass the
affinity of the co-crystallized ligand. Together, the results indicate that curcumin and its
derivatives, especially CURNO, CUROH, and CURCH, have the potential to modulate or
inhibit LvGSTMu, standing out as promising candidates for future studies of molecular
interaction and inhibitor development.

2.3. Comparative Analysis Between GSH (Co-Crystallized) and CUR (Comparative Control)

Molecular docking simulations performed with the LoGSTMu protein allowed de-
tailed characterization of the intermolecular interactions established by the ligands GSH
(co-crystallized) and curcumin (CUR) at the binding site, Figure 3a. Initially, the CUR
compound (majority comparative) adopted a spatial orientation analogous to that of the
reference crystallographic ligand (GSH) within the catalytic cavity. A significant overlap
was observed between the binding poses of CUR and GSH, suggesting that the comparative
compound can exploit the same interaction microenvironment and preserve the structural
contacts essential for molecular recognition at the active site, Figure 3b.

CUR
7.2 kecal/mol

Binding cavity
GSH
-5.4 kcal/mol

Figure 3. (a) Global localization of ligands, (b) Extended vision between GSH (orange, Table 3) and
CUR (purple), and (c) Interactions between GSH and e CUR (hydrophobic—gray, H-bond—dark
blue, and n-Stacking—green).

The LuGSTMu—-GSH complex presented a pattern of interactions dominated by hydro-
gen bonds and salt bridges, involving polar and charged residues of the active site, such as
Y7, W8, Q72, 573, K50, and K74, with distances ranging from 1.15 to 4.23 A. Noteworthy is
the strong hydrogen bond between GSH and W8, with a minimum distance of 1.15 A, in
addition to the formation of salt bridges with K50 and K74, suggesting high electrostatic
complementarity, Table 3.
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Table 3. Data on ligand-receptor (L-R) interaction in the redocking process of the GSH and molecular
docking of the CUR (curcumin, comparative).

Compd Inter. Type Residues Distances (A)
H-bond Y7 (3.82), W8 (1.15), K43 (4.00), W46 (2.19), L60 (4.23),
GSH Q72 (3.38), Q72 (2.15), S73 (1.73), K74 (3.61)
Salt bridge K50 (3.83), K74 (3.61)
Y7 (4.27), Y7 (4.50), W8 (4.22), L13 (4.67), W46A (4.79),
Hydrophobic L60 (3.55), F112 (4.95), F112 (4.81), F112 (3.74), Y116
(3.63), Y116 (3.93), Y210 (4.84)
CUR Hobond Y7 (2.13), W8 (3.25), W46 (2.20), K50 (3.77), L60 (4.29),
T113A (3.29), E117 (3.83), E117 (2.64), N208 (3.55)
n-Stacking Y116A (4.20)

In turn, the LvGSTMu-CUR complex exhibited a more diverse interaction profile, com-
bining hydrophobic interactions, hydrogen bonds, and m-stacking interactions. Curcumin
interacted with aromatic and hydrophobic residues, including Y7, W8, W46, L60, F112,
Y116, and Y210, with distances between 2.13 and 4.95 A. The most relevant hydrogen bonds
were observed with Y7 (2.13 A) and W46 (2.20 A), while mi-stacking interactions with Y116
contributed to the stabilization of the complex, Figure 3c.

Comparative analysis revealed that both ligands share a set of common residues at
the binding site, notably Y7, W8, W46, L60, and K50, indicating that curcumin occupies a
similar spatial region to that of the co-crystallized ligand GSH at the active site of LuGSTMu,
Figure 3c.

2.4. NMA-Based Dynamic

Molecular dynamics (MD) simulations coupled with a Normal Mode Analysis (NMA)
module were conducted to investigate the structural deformability of the ligand—protein
complex formed between the GSH and CUR compounds and the LGSTmu enzyme target.

The results indicated that the application of the NMA module to the crystallographic
structure of LvGSTmu (PDB ID: 5AN1) revealed mean root mean square (RMS) displace-
ment values ranging from ~0.5 to 1.0 A. A significant contribution of conformational
fluctuations was observed in the Cox atoms, with amplitudes around 0.6 A concentrated in
the region corresponding to the sequence of residues 1-2, Figure 4a.

Additionally, more pronounced conformational variations were identified in the re-
gions between residues 40, 57, 67, 121, 176, and 201, as highlighted by the black line, pre-
senting deformation amplitudes between 0.6 and 1.0 A (Figure 4a). These regions coincide
with the functionally relevant binding site of LvGSTmu, previously described as the sub-
strate recognition cavity, whose interaction interface was estimated at 159.74 A? (Figure 4a).
These results suggest that these structural regions play a central role in the conformational
flexibility of the catalytic domain and in the accommodation of the ligands studied.

The application of Normal Mode Analysis (NMA) in the presence of the reference
inhibitor GSH (green line) resulted in a subtle structural modulation in the interface area
of the complex, indicating a conformational deviation in the conformation of the catalytic
domain. Consistent with this, the conformational behavior of LoGSTmu in the presence of
the co-crystallized ligand GSH shows average RMS values below 1.0 A for the terminal
region between residues 40 and 57, Figure 4a.
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Figure 4. (a) Normal mode analysis (NMA) showing intrinsically flexible regions of the LvGSTmu subunit
(black line); (b) The GSH/LvGSTmu complex converged to a final RMSD of 0.26 Ain ~2.6 x 10° iterations;
and (c) The CUR/LvGSTmu complex converged to a final RMSD of 0.26 A in ~2.6 x 10° iterations.
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For the trajectory of the GST/LvGSTmu complex (green line), an initial RMSD of
approximately 1.56 A was analyzed, followed by a convergence process over ~2.64 x 103 it-
erations (calculation steps), culminating in a final RMSD of around 0.26 A (Figure 4b). Thus,
RMSD values ranged from 2.0 to 3.0 A, indicating physiologically marked conformational
fluctuations indicating excessive distortion events.

Notably, the CUR (curcumin) comparison induced more pronounced conformational
shifts in the Cx atoms of region 5767, presenting average RMS values around ~0.65 A
(Figure 4a), which suggests greater local disturbance of the structural architecture of the
catalytic site. In contrast, in the presence of the CUR compound (blue line), an average RMS
value of approximately 0.5 A was observed, indicating a more significant conformational
profile and suggesting that GSH and CUR compete for the same binding site. Nevertheless,
the data show that CUR promotes a more pronounced global structural disruption of
the system when compared to GSH, reflecting relevant differences in the ligand—protein
interaction mechanisms, Figure 4a.

Similarly, the CUR/LvGSTmu complex (blue line) had an initial RMSD of approxi-
mately 1.97 A, stabilizing at a final RMSD of 0.26 A after approximately 2.63 x 10° iterations
(Figure 4c). This behavior suggests that the CUR/LvGSTmu complex required a greater
number of iterative cycles to reach convergence when compared to the CUR/LvGSTmu
complex. Together, the results of NMA-based MD simulations indicate that the collective
movements associated with both complexes are structurally stable and remain within a
dynamic regime compatible with the physiological functionality of the receptor.

2.5. Ecotoxicological Analysis

The physicochemical properties of curcumin and its derivatives were evaluated in
order to understand how structural modifications influence parameters directly associated
with the environmental and ecotoxicological behavior of these compounds. Based on the
results obtained using JANUS software Version 1.0.3, Table S1 was prepared, presenting
the logKow values, water solubility, and parameters related to persistence and toxicity,
enabling a comparative analysis between curcumin and its structural analogs.

Curcumin (CUR) had a logKow value of 1.81, classifying it as a compound with moder-
ate lipophilicity (1 < logKow < 2), a characteristic that indicates affinity for both the aqueous
phase and organic compartments, such as sediments and soils [24,25]. This behavior is
corroborated by the observed solubility (61.9 mg/L), which suggests a reasonable ability to
remain in the aqueous phase, favoring its dispersion in the aquatic environment [26].

Among the derivatives analyzed, CURH and CUROH presented logKow values close
to that of curcumin (2.01) but with a significant increase in solubility, especially in the case
of CUROH, which presented a value greater than 900 mg/L. This result indicates that the
introduction of more polar groups favors interaction with water, reducing the tendency to
partition into hydrophobic compartments. The high solubility of these derivatives suggests
a lower propensity for bioaccumulation, since highly soluble compounds tend to remain
predominantly dissolved in the aquatic environment [27].

In contrast, halogenated derivatives (CURBr, CURCI, and CURF) showed a significant
increase in logKow, with values ranging from 3.30 to 3.52, characterizing more lipophilic
compounds. These values indicate greater affinity for sediments and soils, as well as
greater potential for interaction with biological membranes, a behavior widely described
for halogenated organic compounds [28]. In addition, these derivatives showed low water
solubility values, below 10 mg/L, evidencing the tendency to partition into solid and
biological phases.

The CURCH derivative showed intermediate behavior, with a logKow value of 2.77
and reduced solubility (16.53 mg/L), indicating that small structural changes are suffi-
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cient to promote significant changes in the hydrophilic-lipophilic balance of the molecule.
Similarly, the CURNO derivative showed intermediate logKow (2.37) and moderate
solubility, reflecting a physicochemical profile distinct from both curcumin and more
lipophilic derivatives.

The bioaccumulation potential of curcumin and its derivatives was assessed using
the bioconcentration factor (BCF) and bioaccumulation factor (BAF), as shown in Table S1.
In general, the values obtained indicated low bioaccumulative potential for most of the
compounds evaluated, with the exception of some derivatives that presented intermediate
values, still below the limits considered worrisome from a regulatory point of view [29,30].

The assessment of the environmental persistence of curcumin derivatives showed
significant variations between the compartments analyzed, with generally low stability in
water and soil and greater retention in sediment for specific compounds. All derivatives
had aquatic half-lives of less than 40 days, classifying them as non-persistent (nP) in
water, which suggests rapid degradation in this medium and reduced potential for chronic
exposure to organisms in the water column. In soil, most substances were also classified as
non-persistent, with half-life values well below the 120-day threshold. Only the CURCI
derivative had a value close to this limit (117 days), indicating greater relative stability,
although still below the regulatory criterion for persistence [31].

Sediment stood out as the compartment with the highest environmental retention.
The CURH and CURNO compounds had half-lives of 227 days, exceeding the threshold
of 180 days established for very persistent substances (vP). This result indicates that these
derivatives can remain for long periods in benthic environments, acting as environmental
reservoirs. In contrast, the other compounds exhibited half-lives in sediment of less than
120 days, remaining in the non-persistent category. Thus, the environmental persistence
of the evaluated derivatives is compartment-dependent, with greater ecotoxicological
relevance for sediments than for water or soil [32].

The bioconcentration (BCF) and bioaccumulation (BAF) factors estimated for all com-
pounds remained well below the threshold of 5000 L/kg for classification as bioaccumu-
lative. The values observed ranged from 0.9 to 61 L/kg, characterizing low to negligible
bioaccumulation potential. The highest values were observed for CURH, CUREF, and
CURCH, but still within a range considered ecotoxicologically low. On the other hand,
halogenated derivatives such as CURBr, CURCI, and CURNO had values below 1 L/kg,
indicating virtually no biological retention [33].

The comparison between BCF and BAF revealed very similar values for all compounds,
indicating that trophic incorporation does not contribute significantly to body accumulation.
This equivalence suggests an absence of biomagnification along the food chain and that
the accumulation observed results mainly from direct absorption from the environment,
followed by efficient elimination, i.e., this behavior indicates that organisms have the ability
to metabolize or excrete these derivatives relatively quickly [34].

Joint analysis of persistence and bioaccumulation data shows a clear dissociation
between environmental retention and biological retention. Although CURH and CURNO
are classified as very persistent in sediment, their BCF and BAF values remain low, demon-
strating that prolonged permanence in the environment does not translate into significant
accumulation in organisms [29,35]. This pattern indicates that the observed persistence
is associated with stability in the abiotic compartment, without implying an increased
risk of biomagnification or prolonged trophic exposure. For the other compounds, the
combination of low persistence and low bioaccumulation factors provides a favorable
environmental profile.
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Index (E,, kcal/mol)

3. Discussion
3.1. Inhibition Potential vs. Selectivity

Statistical analysis of the average affinity energies (Ea) obtained for curcumin and its
derivatives revealed highly significant differences in relation to the co-crystallized ligand
GSH. Applying a one-way ANOVA test, followed by Dunnett’s multiple comparisons test,
all comparisons between GSH and the derivatives showed adjusted values of p < 0.0001,
indicating that the difference in average affinity between the groups did not occur by
chance, Figure 5a.
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Figure 5. (a) Analysis of variance (ANOVA) of binding energies (p < 0.05). The values group
represents the mean =+ standard error (GSH and CUR derivatives), **** p < 0.0001. (b) Correlation
between pKi and affinity energy analyzed by linear regression.

The mean differences (Mean Diff.) ranged from 1.70 kcal/mol for CURBr to
3.10 kcal/mol for CURNO, with 95% confidence intervals clearly above the significance
threshold, confirming the robustness of the observed differences. These statistical results
corroborate that curcumin derivatives have significantly higher affinity for the active site of
LvGSTMu compared to the co-crystallized ligand, suggesting that functional modifications
applied to the CUR molecule may contribute to increased molecular complementarity and
stability of the protein-ligand complex, Figure 5a.

In summary, ANOVA analysis followed by multiple comparisons revealed a consistent
pattern: all CUR derivatives significantly outperform GSH in terms of average binding
energy, with CURNO showing the greatest effects in relation to the reference ligand.

Linear regression analysis between the affinity energy (E5 ) obtained in docking simula-
tions and the pKi of curcumin derivatives revealed an extremely robust correlation between
the two variables. The model showed a nearly perfect fit, indicating that the variation in
pKi is almost entirely explained by the variation in E,, Figure 5b. The slope of the line
was significantly different from zero, evidencing a direct and consistent linear relationship
between binding energy and estimated affinity. The equation obtained demonstrated an
inverse relationship between EA and pKi, as expected thermodynamically, showing that
more negative affinity energy values correspond to higher pKi, reflecting greater affinity for
the active site of LuGSTMu, Figure 5b. These results show that the affinity energies obtained
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in docking can be used as reliable quantitative predictors of ligand affinity, describing the
prioritization of the most promising curcumin derivatives, such as CURNO, for subsequent
stages of molecular docking and dynamics.

3.2. Behavior of Biochemical Interactions via LvGSTmu

A comprehensive description of the molecular interactions between the curcumin
derivatives and the target protein is presented in Appendix A.

Analysis of intermolecular interactions suggests that GSH, as a co-crystallized physio-
logical ligand, establishes a highly specific binding pattern with LvGSTMu, characterized
by short hydrogen bonds and salt bridges, reflecting strong electrostatic stabilization of
the complex. The presence of distances shorter than 2.0 A, particularly with residue W8,
indicates highly favorable interactions consistent with the typical catalytic function of
glutathione S-transferases.

In contrast, curcumin exhibits a distinct binding mode, although partially overlapping
with that of GSH. The recurrent involvement of aromatic residues, such as Y7, W8, W46,
F112, and Y116, shows that the stabilization of the LuGSTMu-CUR complex is predomi-
nantly mediated by hydrophobic and 7-7 interactions, with a complementary contribution
from hydrogen bonds. This profile is consistent with the hydrophobic and polycyclic nature
of curcumin, which favors interactions with nonpolar regions of the active site.

The identification of common residues among the complexes, especially Y7, W8, and
W46, suggests that curcumin may partially compete with GSH for the binding site or
modulate the activity of LvGSTMu by occupying the same structural microenvironment.
However, the absence of salt bridges and the lower predominance of electrostatic interac-
tions compared to GSH indicate differences in the degree of affinity and in the stabilization
mechanism of the complex, Table 4.

Table 4. Data on ligand-receptor (L-R) interaction in the redocking process of the GSH (co-crystallized)
and molecular docking of the CURNO (drug candidate).

Compd Inter. Type Residues Distances (A)
H-bond Y7 (3.82), W8 (1.15), K43 (4.00), W46 (2.19), L60 (4.23),
GSH Q72 (3.38), Q72 (2.15), S73 (1.73), K74 (3.61)
Salt bridge K50 (3.83), K74 (3.61)
Tyr7 (4.73), Leul3 (3.77), Leul3 (4.08), Phel12 (3.48),
Hydrophobic Phel12 (3.49), Tyr116 (4.38), Tyr116 (3.61), Tyrll6

Tyr7 (1.77), Trp8 (3.21), Leu13 (4.06), Asn59 (2.48),

H-bond GIn72 (2.84), Asp106 (3.10), Thr113 (2.02)

Together, these results indicate that, although curcumin does not completely mimic the
binding pattern of the co-crystallized ligand, it exhibits energetically favorable interactions
and a binding mode compatible with the active site of LuGSTMu, suggesting potential
modulatory or inhibitory activity of this enzyme.

The analysis of the protein-ligand complexes revealed that CURNO predominantly
occupies the same binding cavity previously identified for crystallized GSH and curcumin
(CUR), indicating that this region of the binding site exhibits high structural permissiveness
toward ligands with redox-active and aromatic features, Figure 6a. This spatial overlap
suggests that CURNO exploits molecular determinants similar to those involved in the
recognition of the reference ligands while establishing a distinct interaction pattern driven
by the presence of the nitroso moiety, Figure 6b.
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(b)
Binding

Figure 6. (a) Global localization of ligands, (b) Extended vision between GSH (Table 4, green) and
CUR (purple), and (c) Interactions between GSH and e CURNO (hydrophobic—gray and H-bond—
dark blue).

Overall, in the GSH-bound complex, stabilization is dominated by an extensive
hydrogen-bonding network involving Y7, W8, Q72, S73, and K74, complemented by
salt bridges with K50 and K74, consistent with the hydrophilic and electrostatic nature of
GSH binding. In contrast, CUR displays a more balanced interaction profile, combining
hydrophobic contacts with aromatic residues (Y7, W8, F112, and Y116) and hydrogen bonds
with Y7, W8, W46, K50, L60, T113, E117, and N208, while a 7m-stacking interaction with
Y116 further stabilizes its conformation within the binding cavity, Table 4.

The CURNO-protein complex displays a distinct interaction profile, characterized
by a predominance of hydrophobic interactions, mainly involving Y7, L13, F112, and
Y116, Table 4. The multiple contacts observed with Y116, at varying interaction distances,
indicate a central role for this residue in anchoring the aromatic scaffold of CURNO and
promoting its alignment along the binding cavity, Figure 6¢c. The contribution of F112
further evidences the hydrophobic environment, favoring efficient aromatic packing and
overall complex stability.

Despite the dominance of hydrophobic interactions, CURNO also establishes direc-
tional hydrogen bonds with Y7, W8, N59, Q72, D106, and T113, which appear to play a
key role in the fine orientation of the ligand and in stabilizing the nitroso group within the
cavity. The recurrent involvement of conserved residues such as Y7 and W8, which are also
engaged in the binding of GSH and CUR, underscores the functional importance of these
positions in molecular recognition, irrespective of ligand identity, Figure 6a and Table 4.

From a comparative perspective, while GSH relies predominantly on polar and ionic
interactions and CUR displays a mixed interaction profile, CURNO preferentially exploits
the aromatic and hydrophobic character of the binding cavity without compromising
essential directional interactions, Table 4. This reorganization of the interaction balance may
be directly associated with the distinct redox behavior of CURNO, as a more hydrophobic
microenvironment is known to modulate the electronic stability of nitroso-containing
groups and influence electron-transfer processes, Figure 6c.

In a literary context, recent studies show that curcuminoids act as relevant modu-
lators of the antioxidant system in aquatic organisms. In L. vannamei, supplementation
with turmeric and curcumin has been associated with increased resilience to saline stress,
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accompanied by changes in the activity of glutathione-dependent enzymes, suggesting
a functional role for these compounds in regulating redox balance in crustaceans. This
pattern indicates that the observed enzymatic modulation is not limited to a nonspecific
response to stress but may reflect the activation of endogenous antioxidant mechanisms
mediated by compounds with a curcuminoid structure [36].

Findings in D. rerio corroborate this interpretation, since curcumin has demonstrated a
hepatoprotective effect against oxidative stress associated with the induction of phase II
detoxification enzymes and the reduction in biomolecular damage. In this scenario, glu-
tathione S-transferase (GST) is often described as a key component of the adaptive response,
promoting the conjugation of reactive metabolites and contributing to the maintenance of
cellular homeostasis. Thus, variations in GST activity have been interpreted as functional
indicators of antioxidant system modulation and not just as markers of toxicity [37].

More broadly, reviews of curcumin’s action in different animal groups point to the
regulation of evolutionarily conserved redox pathways, including those controlled by
transcription factors sensitive to oxidative status. This theoretical framework supports
the hypothesis that compounds that preserve the curcuminoid core may influence the
antioxidant response through two complementary pathways: direct neutralization of
reactive species and induction of enzymes involved in cellular detoxification [38].

3.3. Molecular Dynamics (NMA-Mode)

Given the Normal Mode Analysis (NMA) module applied to the crystallographic
structure of the LuGSTmu receptor and the CURNO/LvGSTmu complex, the descriptors
were consistent with the other complexes previously analyzed, with only one variation in
residue 175, which generally showed values close to RMS around 1.0 A. Figure 7a.
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Figure 7. (a) Normal mode analysis (NMA) showing intrinsically flexible regions of the LuGSTmu
subunit (black line); (b) The CURNO/LvGSTmu complex converged to a final RMSD of 0.26 Ain
~2.8 x 107 iterations.

https:/ /doi.org/10.3390/ddc5020024


https://doi.org/10.3390/ddc5020024

Drugs Drug Candidates 2026, 5, 24

15 of 27

In contrast, a slight reduction in structural flexibility was described when the CURNO
compound (orange line) was complexed to its respective binding site in chain A (5AN1:
A). Under these conditions, the average RMS values were substantially lower than 1.0 A
(Figure 7a), indicating a stabilizing effect induced by the binding of the ligands and a
restriction of local movements of the protein skeleton in these regions.

The conformational profile assessment reveals the presence of an energetically viable
structural transition pathway between CURNO when complexed to the LoGSTmu receptor
(PDB ID: 5AN1). This showed high conformational similarity to the CUR (curcumin) com-
parative defined in molecular docking simulations, as well as by root mean square deviation
(RMSD) values of 0.2644 A. However, temporal analysis of the RMSD indicates a slightly
marked reduction to values close to ~3.0 A throughout the simulation (Figure 7b), suggest-
ing the occurrence of abrupt and structurally conservative conformational adjustments of
the ligand-receptor complex.

This decrease in RMSD is associated with a greater conformational disturbance of
the protein’s Ca atoms induced by the CURNO ligand, when compared to that observed
for the GSH ligand (Figure 5b). The regions subjected to localized conformational twists,
highlighted by the indicative circles, reflect structural rearrangements resulting from the
formation and stabilization of the ligand-receptor (L-R) complexes. Such rearrangements
remain restricted and do not imply global changes in the topology of the binding site.

In the context of the molecular dynamics simulations conducted, RMSD values con-
sistently around 3.0 A are indicative of structural stability and the absence of abrupt
conformational events, corroborating that the fluctuations observed are within a range
considered ideal for maintaining the conformational integrity and thermodynamic stability
of the CURNO/LvGSTmu complex.

3.4. Exposure Acute and ChV Analysis

The assessment of the acute toxicity of curcumin derivatives revealed consistent
interspecific variation, with differences in sensitivity between aquatic trophic levels [39].
Overall, LCsy/ECsp values were predominantly in the range of 1-10 mg/L, classifying
most compounds as toxic to at least one of the organisms tested, Table S1. However, a clear
pattern of greater sensitivity was observed among primary organisms and invertebrates
when compared to fish [40].

The values for fish (96 h) ranged from 1.10 to 3.33 mg/L, indicating moderate and
relatively homogeneous toxicity among the compounds. For DM (48 h), the values were
substantially lower (0.0016-0.3554 mg/L), evidencing greater susceptibility of this organism.
Green algae (96 h) showed the widest range of response (0.278-14.1 mg/L), reflecting a
strong structural dependence on toxicity for primary producers, Table S1.

A direct comparison of LCsy/ECsg values shows that DM was generally the most
sensitive organism to the derivatives evaluated. For all compounds, the values obtained
for DM were consistently lower than those observed for fish and, in most cases, also lower
than the values for algae. Although some substances also showed high toxicity to algae
(values < 1 mg/L), Table S1, the general trend indicates that planktonic invertebrates are
the most vulnerable trophic group [41]. Fish, on the other hand, were comparatively less
sensitive, with no values below 1 mg/L.

The one-way analysis of variance revealed differences between the groups of organ-
isms, and Tukey’s multiple comparison test identified a statistically significant difference
between DM and green algae (p = 0.0320). This result indicates that, on average, toxicity
values for DM are significantly lower than for algae, corroborating the greater sensitivity of
invertebrates, Figure 8a.
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Figure 8. (a) Comparative analysis of acute and chronic toxicity (fish, D. magna and G. algae) across
groups, * p < 0.0320, # p < 0.0011, and ** p < 0.0023; # Majority component and (b) The values indi-
viduals represent the mean =+ standard error (not statistically significant—aa) (CUR vs. derivatives).

On the other hand, statistically significant differences were observed between fish
and DM (p = 0.0011) or between fish and algae (p = 0.0023). This suggests that, despite the
trend of higher toxicity for DM, intra-group and inter-compound variability reduces the
statistical distinction between all trophic levels when compared broadly.

In general, structural modifications can influence toxicity differently between trophic
levels. In the case of CURNO, the presence of the nitroso group is associated with lower
acute toxicity to fish and algae compared to some analogs, indicating an organism-specific
effect of this substitution, Table S1. However, this pattern is not generalizable, as the
compound showed extremely high toxicity to DM, evidencing the high sensitivity of
aquatic invertebrates [42].

In addition, the literature indicates that nitroso groups may be related to reactive bio-
logical activity, including potential mutagenic effects in certain experimental systems [43].
Thus, even when acute toxicity is not the highest for all organisms, the presence of this
functional group remains relevant in broader toxicological assessments [44].

The chronic toxicity (ChV) assessment of curcumin derivatives revealed a more pro-
nounced risk profile than that observed for acute toxicity, with effective concentrations
mostly below 1 mg/L for all trophic levels. These values classify most compounds as
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toxic (0.1-1 mg/L) or very toxic (<0.1 mg/L) under prolonged exposure, indicating that
sublethal effects may occur at environmentally relevant concentrations, Table S1. In gen-
eral, fish showed the lowest ChV values for most derivatives, followed by DM and algae,
highlighting differences in susceptibility between groups [45].

For fish, four compounds (CURCH, CURBr, CURCI, and CURF) had ChV values
below 0.1 mg/L, indicating very high chronic toxicity. The other derivatives (CUR, CURH,
CUROH, and CURNO) ranged from 0.1 to 1 mg/L, still classified as toxic, Figure 8a.
This pattern indicates that, although acute toxicity to fish was moderate, the long-term
effects are more significant, suggesting a potential impact on growth, development, or
reproduction [42].

Accordingly, the mean ChV values for fish were significantly lower than those for
DM (p < 0.01) and also lower than those for algae (p < 0.01). On the other hand, there was
no statistically significant difference between DM and algae (p > 0.05), Figure 8a. These
results corroborate that fish are significantly more sensitive to chronic exposure, while
invertebrates and primary producers show responses of similar magnitude [46].

Furthermore, when the compounds were analyzed individually for effective con-
centrations in both acute and chronic toxicity tests, no statistically significant differences
were observed between the derivatives compared to the reference compound (CUR). The
multiple comparison test indicated that all mean differences had confidence intervals cov-
ering zero and high adjusted p-values (p > 0.05), demonstrating the absence of statistically
relevant variation between CUR and its structural analogs, Figure 8b.

This result suggests that, although there are numerical variations in LCsp/ECsy and
ChV values among the derivatives, these differences are not consistent enough to char-
acterize a compound as significantly more or less toxic than the original curcumin under
the conditions and models evaluated. Thus, the structural modifications introduced in the
derivatives appear to influence the sensitivity pattern among organisms (as observed in
the analyses by trophic group) but do not promote a statistically robust overall change in
toxicity when the compounds are compared with each other [47].

4. Materials and Methods
4.1. Curcumin Derivatives Analyzed

The curcumin derivatives evaluated in this study were obtained from the study by
Yang et al. (2017) [23], which investigated the role of methoxy groups in anti-inflammatory
activity and NF-kB signaling. Importantly, these molecules were not synthesized or pur-
chased, and only their chemical structures were used for in silico analyses to explore
antioxidant activity in shrimp (L. vannamei). Each derivative was assigned a unique identi-
fier to facilitate reference throughout the study.

Curcumin contains two methoxy groups (—OCH3, see Figure 2) on its aromatic rings,
yet their contribution to antioxidant effects remains largely unknown. Bisdemethoxycur-
cumin, in which the methoxy groups are replaced by hydrogens (—H, see Figure 2), shows
reduced antioxidant and anti-inflammatory activity [48], suggesting that these substituents
may be critical for modulating biological activity and warrant computational investigation
in crustacean antioxidant systems.

4.2. PASS Online Predictions of Biological Activity

PASS Online (Prediction of Activity Spectra for Substances) (https://way2drug.com/
PassOnline/ accessed on 12 March 2026) is a chemoinformatics system developed to predict
the spectrum of biological activities of organic compounds based solely on their chemical
structure [49]. The PASS methodology is based on the principle that similar chemical
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structures tend to exhibit similar biological activities, formalizing this relationship through
structural descriptors and probabilistic models [50,51].

The algorithm uses descriptors known as Multilevel Neighborhoods of Atoms (MNA),
which encode the chemical environment of each atom in the molecule at different levels
of neighborhood [52]. These descriptors allow the molecular structure to be transformed
into a mathematical representation comparable to a large database of compounds with
previously known biological activities [53].

The prediction of activities is expressed by two complementary probabilities: Pa
(Probability to be Active) and Pi (Probability to be Inactive) [54]. These probabilities
are calculated based on statistical models derived from Bayesian theory, considering the
frequency of occurrence of certain structural descriptors in active and inactive compounds
for a given biological activity [52,55]. In simplified terms, the probability of a compound
exhibiting a specific activity can be represented as:

Prj= (1+ (sj —s0j)/ (1 —sjs0;) ) /2 @

sj composite score for activity j, based on the MNA descriptors. sg; training reference score
(the threshold between active and inactive) and Py final probability of activity, normalized
between 0 and 1, and considered significant when Pa > Pi, Equation (1).

In addition, the predicted activities were analyzed based on Pa and Pi values, with
those having Pa > Pi considered biologically relevant, as higher Pa values indicate a greater
probability of experimental confirmation

The values of Pa and Pi do not represent experimental confirmation but rather research
priorities. In general, activities with Pa > 0.7 indicate a high probability of experimental
manifestation, while intermediate values (0.3 < Pa < 0.7) suggest possible new activities
that are still under-explored in the literature [52]. Thus, PASS Online is a robust tool for
virtual screening, drug repositioning, and rational experiment planning, reducing costs
and time in the initial phase of pharmacological and toxicological research [56].

4.3. Ecotoxicological Analysis

The initial ecotoxicity screening was conducted using the QSAR (Quantitative
Structure—Activity Relationship) approach, a widely established chemoinformatics method-
ology for predicting toxic effects and assessing potential risks associated with chemicals,
based exclusively on structural descriptors [57].

ECOSAR (Ecological Structure-Activity Relationship) [58] is a computational model
developed by the US Environmental Protection Agency (EPA) used to estimate the tox-
icity of chemicals in aquatic organisms [59]. Based on the molecular structure of the
compounds, ECOSAR applies quantitative relationships known as QSAR (Quantitative
Structure-Activity Relationships) to predict effects on fish, crustaceans, and algae [60].
Based on these estimated values, the toxicity of the compounds was classified into dif-
ferent levels, allowing the identification of substances with low, moderate, or high toxic
potential, Table 5.

Table 5. Quantitative acute and chronic toxicity classification by ECOSAR extension JANUS. Adapted
from De Sousa et al. (2026) [61]. * ChV: chronic. Unit: mg/ L1

Classification Acute Toxicity ChV * Toxicity
Not harmful LCsy/ECso > 100 ChV > 100
Harmful 10 < LCs9/ECsg < 100 1<ChV <10
Toxic 1 <LCs9/ECs9 < 10 01<ChV<l
Very toxic LCs59/ECsp < 1 ChV<0.1
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This approach is based on establishing quantitative relationships between physico-
chemical properties, with an emphasis on the octanol/water partition coefficient (logKow),
recognized as one of the main determinants of the biological and environmental behavior
of organic compounds and observable biological responses, enabling the generation of
robust and reproducible toxicity estimates, with a significant reduction in the dependence
on extensive experimental testing [62].

logLC50 = m x logKow + b ()
ChY — log (NOEsz) x LOEC 3)
log 1/HCs4gcom = —4.52 4 1.05-logKow 4)

The acute toxicity of the compounds was estimated using Equation (2), in which y
corresponds to the concentration associated with the toxic effect (LCsp, in mg/L) and x
represents the octanol/water partition coefficient (logKow), allowing the construction of
a linear regression between LCs vs. logKow [61]. Chronic toxicity was calculated using
Equation (3), where ChV represents the chronic effect concentration, LOEC the lowest
concentration with an observable effect, and NOEC the concentration with no observable
effect [63]. Additionally, to evaluate, at different trophic levels, the hazardous concentration
for 5% of the aquatic community (HCsaqcom in pmol/L), Equation (4) was used, also
considering logKow as an explanatory variable [64,65].

BCFBAF Analysis

BCFBAF consists of a predictive module designed to estimate bioconcentration fac-
tors (BCF) and bioaccumulation factors (BAF) in fish organisms, using two independent
methodologies. The first is based on an empirical regression model based on the octanol-
water partition coefficient (logKow). The second uses the Arnot-Gobas [27] mechanistic
model, which explicitly incorporates the dynamics of three trophic levels, as well as the
biotransformation rate expressed by the metabolic half-life of the compound.

Ki-¢ + (Kp-B-7-¢-Lp-Kow)

AF=(1-L
B ( B) + (Kz + K + K¢ -l—KM) (5)
1 Ki-¢
BCr=(1 LB)+<K2+KE+KG+KM> ©)

The value of the factors in the Arnot-Gobas method (Equations (5) and (6)), the variables
1 — Lg, which refer to the components of the organism, K;, Kp, Ky, K, Kg, and Ky are
used, which, respectively, represent the absorption of compounds by the respiratory surface
and diet, as well as elimination through respiration, feces, growth dilution, and metabolic
transformation; ¢, which refers to the soluble portion of the total concentration in water
that can permeate respiratory membranes; 3, which indicates the biomagnification factor; T,
which indicates the degree of trophic dilution; and Lp, which represents the lipid content
of living beings belonging to a lower trophic level [29,30]. The results follow the standards
established by Canada’s Environmental Protection Act, which determines when chemicals
have the potential for bioconcentration/bioaccumulation, when BCF/BAF > 5000 L/Kg [32].

Thus, the prediction was assigned to the structural class most representative of the
molecule, considering the similarity index with the highest weight in the model evalua-
tion [66]. Additionally, environmental persistence and half-life values are estimated based
on the residence time of the compounds in the environment, expressed in days, classifying
substances as non-persistent (nP) or persistent (P) when the half-life exceeds 40 days in
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water and 120 days in soil and sediment and as very persistent (vP) when half-life values
are greater than 60 days in water and 180 days in soil and sediment [35].

In addition, JANUS software, developed by the German Federal Ministry for the
Environment, Nature Conservation, Building, and Nuclear Safety (German UBA), was
used to obtain toxicological parameters. The JANUS project (https:/ /www.vegahub.eu/
accessed on 12 March 2026) is an improved version of PROMETHEUS software Version 1.0,
expanding its functionality and allowing for more comprehensive assessments [67]. The
platform integrates 48 in silico models focused on the analysis of persistence, bioaccumu-
lation, and toxicity (PBT), in addition to providing predictions regarding carcinogenicity,
mutagenicity, reproductive toxicity (CMR), and endocrine disruption potential. list the
authority that provided approval and the corresponding ethical approval code [68].

4.4. Statistical Analysis

The data were processed using GraphPad Prism (version 8.0.1; GraphPad Software,
Inc., La Jolla, CA, USA). Acute and chronic toxicities were assessed for normality using the
Shapiro-Wilk test (p > 0.05). Subsequently, the results were analyzed by ANOVA (one-way)
with Tukey’s post hoc test, allowing statistically significant differences between curcumin
derivatives to be identified (p < 0.05).

The molecular docking poses were evaluated for affinity scores and subjected to
ANOVA (one-way) with Tukey’s post hoc test to identify significant differences between
curcumin derivatives (p < 0.05). In addition, linear regression analysis was performed to
investigate the correlation between affinity energy (Ea) and pKi values.

4.5. Molecular Docking Simulations
4.5.1. Ligand Preparation and Optimization

The molecular structures of CUR derivatives [23] were illustrated in MarvinSketch
Version 23.2.0 [69] (https:/ /www.certara.com/marvin/ accessed on 12 March 2026) and
subsequently subjected to structural optimization using the MMFF94 (Merck Molecular
Force Field 94) classical force field formalism [70]. The optimization procedures were
performed in Avogadro software Version 1.2.0, using the Steepest Descent algorithm to
minimize the potential energy within the MMFF94 force field model [71].

4.5.2. Obtaining and Preparation of Protein Structures

The structure of glutathione S-transferase from shrimp L. vannamei (LvGSTmu) was
obtained from the Protein Data Bank (http:/ /www.rcsb.org/pdb/home/home.do accessed
on 12 March 2026) [72], deposited with the code PDB 5AN1 (Crystal structure of a class-mu
glutathione S-transferase from whiteleg shrimp L. vannamei: structural changes in the
xenobiotic binding H-site may alter the spectra of molecules bound), generated from X-ray
diffraction with a resolution of 2.00 A, classified as a transferase, E. coli expression system,
P. vannamei organism, and complexed with the ligand (glutathione, GSH) [73]. The proteins
for the molecular docking were prepared by removing the residues (H,O and GSH), then
adding the polar (H) hydrogens, after which the structure was saved in PDBQT format.

4.5.3. General Docking Procedures

Molecular docking simulations were performed using the AutoDock Vina program
Version 1.5.7 [74]. The gridbox was defined to cover the entire LvGSTMu protein, centered
at coordinates x = —27.97, y = —8.057, and z = —72.135, with dimensions of 92 A x 124
A x 114 A on the x, y, and z axes, respectively. Gasteiger partial charges were assigned to
ligands and Kollman charges to proteins, with nonpolar hydrogen atoms removed during
structure preparation. All other parameters were kept at their default values. The selected
conformation was the one that showed the highest binding affinity [75].
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Thus, molecular docking simulations were conducted, in which each run generated
multiple distinct conformations of the ligand, using an Exhaustiveness parameter of 64 [76].
The simulations produced different binding energy values, and the pose associated with
the lowest free binding energy was selected as the predominant pose [77]. The stability
of the protein-ligand complexes was evaluated based on affinity energy (Ea), considering
values below —6.0 kcal/mol as indicative of energetically favorable interactions [78].

AG

Ki = e(®T) 7)

AG = (Viours = Viiwsound)  (Viouns = Viwuna) + (Viout = Viugouna) + DScons ®)

unbound unbound unbound

In addition, the affinity energy and inhibition constant (Ki) were calculated for each
protein-ligand complex, according to Equations (7) and (8). In this analysis, Ki represents
the inhibition constant, T represents the absolute temperature (298 K), R represents the
universal gas constant (8.32 J-mol~1.K~1), and AG (adapted in EA) represents the free
binding energy (kJ-mol~1) [79,80].

The term V corresponds to the energy contribution of the interactions between the
atoms of the ligand (L) and the protein (P) [81], while AS,,¢ represents the negative
conformational entropy change associated with the formation of the L-P complex [82,83].

The methodological and statistical validation of the simulations was conducted using
redocking procedures, with evaluation of RMSD (Root Mean Square Deviation) values,
adopting 2.0 A as the reliability criterion [79,82]. All simulations were performed under
standardized parameters, ensuring direct comparability of the results obtained for the
co-crystallized GSH ligand.

4.6. NMA-Model Molecular Dynamics

The structural dynamics of the target macromolecule (PDB: 5AN1) were investigated
using Normal Mode Analysis (NMA) with the iMODS (Internal Coordinates Normal Mode
Analysis Server) (https://imods.igf.csic.es/ accessed on 12 March 2026) web server [84].
This approach allows the exploration of low-frequency collective motions associated with
relevant biological functions, such as conformational transitions, intrinsic flexibility, and
structural rearrangements [85].

Initially, the prepared structure was submitted to the iMODS server, which performs
NMA using internal coordinates, especially dihedral angles, instead of Cartesian coordi-
nates. This strategy reduces computational cost and preserves the stereochemistry of the
macromolecule, making the method more suitable for large biological systems [86].

The iMODS algorithm constructs a Hessian matrix based on simplified harmonic
potentials and calculates the normal modes of vibration, with special attention to low-
frequency modes, which represent collective and biologically relevant movements. These
modes describe energetically favorable structural deformations around an equilibrium
conformation [86].

The local flexibility of the macromolecule was evaluated using the deformability
profile, which indicates regions that are structurally more susceptible to movement. In
addition, the theoretical B-factor, derived from normal modes, was analyzed, allowing
qualitative comparison with experimental crystallography data when available [87].

In summary, collective movements were visualized through animations of normal
modes provided by the server, allowing the identification of regions that move in a con-
certed manner [88]. Furthermore, the cross-correlation matrix was used to evaluate the
positive or negative correlation between the displacements of different residues, helping to
understand the internal structural communication of the macromolecule [89].
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In addition, analysis of conformational transition trajectories (morphing) between
two distinct structures of the same macromolecule, such as active and inactive states, was
employed [89]. These trajectories provide a qualitative view of energetically accessible
conformational paths, contributing to the understanding of functional mechanisms [86].

5. Conclusions

This study integrated molecular modeling, redox property prediction, and ecotoxico-
logical assessment to investigate the biotechnological potential of curcumin derivatives
in L. vannamei. Docking analyses indicated stable interactions between the compounds
and the LvGSTmu enzyme, which is involved in the antioxidant response. Molecular
dynamics simulations elucidated the conformational stability of the complexes, with the
CURNO derivative promoting a relevant stabilizing effect in the binding cavity without
inducing global structural changes in the protein, which may enable its plausibility as a
redox modulator.

From an environmental point of view, most derivatives showed low bioaccumulation
potential and moderate persistence, although CURH and CURNO showed a greater ten-
dency to remain in sediments. Toxicity varied between trophic levels and exposure times,
with greater sensitivity of invertebrates in the acute scenario and fish in chronic exposure,
but without statistically significant differences in overall toxicity between the derivatives
and curcumin.

Limitations include the predictive nature of in silico approaches and the lack of direct
experimental validation in aquatic organisms. In the future, in vivo trials and biochemical
analyses of antioxidant markers will be essential to confirm the functional potential of
these compounds. Nevertheless, the results position CURNO as a promising candidate,
combining molecular affinity, dynamic stability, and an acceptable ecotoxicological profile,
although its environmental behavior indicates the need for additional monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ddc5020024 /51, Table S1: Ecotoxicity of CUR-derivatives in
aquatic organisms.
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MMFF94  Merck Molecular Force Field 94

LvGSTmu  Glutathione S-Transferase from shrimp L. vannamei
PDB Protein Data Bank

NOS Nitric oxide scavenger

ROS Reactive oxygen species

GST Glutathione S-Transferase

GSH Glutathione (co-crystallized)

CUR Curcumin

NMA Normal Mode Analysis

EA Affinity energy

RMSD Root Mean Square Deviation

ChVv Chronic Toxicity

BCF Bioconcentration factors

DM Daphnia magna

BAF Bioaccumulation factors

logKow Octanol-water partition coefficient

nP non-persistent

P Persistent

vP Very persistent

NOEC No observed effect concentrations

LOEC Lowest observed effect concentrations

LC50 Lethal concentration

EC50 Effective concentration

NMA Multilevel Neighborhoods of Atoms

PASS Prediction of Activity Spectra for Substances
pKi Negative logarithm of the inhibition constant
Appendix A

Table Al. Ligand-receptor (L-R) interaction in the redocking process of the CUR derivatives.

Compd Inter. Type Residues/Distances (A)
Hydrophobic Y7 (4.70), A12 (4.71), L13 (4.76), K43 (4.12), L60 (3.77), F112 (4.77), F112 (3.38), F112 (3.53), Y116 (3.58),
CURH ydrop Y116 (4.03), Y116 (3.54), Y116 (3.67), E117 (3.93)
H-bond Y7 (3.46), W8 (4.06), W46 (1.92), K50 (3.08), L60 (3.96), T113 (3.04), N208 (3.46)
7t-Stacking W8 (5.43)
Hydrophobic Y7 (4.64), A12 (4.47), 113 (4.93), L13 (3.2{31)1, 6L6£ (3.53), F112 (3.90), F112 (4.17), F112 (3.44), Y116 (3.60),
CUROH (4.12), Y210 (4.63)
H-bond Y7 (2.32), W8 (3.59), K43 (1.82), W46 (2.54), T113 (3.56), T113 (3.68), E117 (3.82), E117 (3.17), Y210 (3.44)
7-Stacking W8 (4.93), Y116 (3.87)
) Y7 (4.94), W8 (4.19), W46 (4.61), L60 (3.36), F112 (3.67), F112 (3.62), Ty116 (4.39), Ty116 (3.70), Ty116
CURBr Hydrophobic (4.13), Ty116 (3.61) Y Y Y
H-bond Y7 (2.42), W46 (2.35), K50 (2.36), T113 (2.00)
Hydrophobic Y7 (4.20), W8 (3.94), L13 (4.49), W46 (4.77), L60 (3.67), F112 (4.97), F112 (4.54), F112 (3.96), F112 (3.45),
yarop Y116 (3.73), Y116 (3.70), Y210 (4.88)
CURCI b Y7 (1.82), W8 (3.41), L13 (3.80), W46 (2.47), K50 (2.44), L60 (3.95), E117 (3.58), E117 (2.81), E117 (4.32),
-bond
N208 (3.75)
7t-Stacking Y116 (3.99)
Hydrophobic Y7 (4.39), W8 (4.92), L13 (4.87), L60 (3.82), F112 (4.85), F112 (4.62), F112 (3.65), Y116 (3.63), Y116 (3.65),
yarop Y116 (3.74), Y116 (3.93), E117 (4.80)
CURF H-bond Y7 (1.97), W8 (3.90), W46 (1.99), K50 (2.96), E117 (3.87), E117 (2.23), N208 (3.83)
7t-Stacking W8 (5.35)
Halogen bond T113 (3.66)
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