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Novel thiazole—phthalimide-based
heterobimetallic Cu(un)—M(i1) complexes: synthesis,

characterization, and therapeutic properties
against arsenic-induced lung damage in rats
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and Nelly H. Mahmoud®

*3b Asmaa M. Fahim, & *¢ Mariam G. Rizk®

Prolonged exposure to arsenic trioxide (As,Os3) brings about oxidative stress, inflammmation, apoptosis, and,

ultimately, irreversible pulmonary damage. In this study, we synthesized and characterized a new series of

thiazole—phthalimide-based heterobimetallic Cu()-M(i)/M() complexes (M =

Co, Ni, Zn, Ag) using

elemental analysis, spectroscopic methods (FT-IR, UV-Vis, *H NMR, MS), thermal techniques (TGA/DTG),
and X-ray diffraction (XRD). We subsequently evaluated the protective effects of these complexes against
As20s-induced pulmonary toxicity in female Wistar rats. Chronic As,Os-exposure (4 mg kg~ for 30 days)
significantly increased oxidative stress markers, including malondialdehyde (MDA), BCL2, and APAF-1,
while markedly reducing glutathione (GSH) activity. In addition, As,Oz-exposure significantly raised the

expression levels of apoptotic genes (BAX and ERK) and autophagic genes (Beclinl and LC3). These

findings were supported by the histological examination of lung tissue. Among the analogues produced,
As;03-Cu—-Zn—PTP and As,0Oz-Cu—Ni—PTP provided robust attenuation of oxidative stress, restored
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antioxidant defenses, and modulated the expression of apoptotic and autophagic genes. Additional

support came from molecular docking and MD simulations, both confirming stable ligand—protein
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1. Introduction

The design and synthesis of hetero-metallic coordination
complexes have garnered significant attention in recent years
due to their potential applications in various fields, including
catalysis, materials science, and medicinal chemistry.’ These
complexes, particularly those incorporating transition metals,
offer a unique opportunity to explore synergistic interactions
between multiple metal centers, leading to novel properties that
are often unattainable with mono-metallic systems.** Among
these, conjugated organic ligands capable of bridging different
metal ions have proven especially valuable in constructing
architecturally well-defined and functionally diverse assem-
blies.® Their chemical and physical versatility enables applica-
tions in molecular electronics, luminescent devices, catalysis,
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binding with BAX (PDB 4S00) and BCL-2 (PDB 1G5M). In addition, all interactions were substantiated by
favorable MM/PBSA energy profiles.

and biological systems,”® including antimicrobial, antiviral,
and DNA-interactive agents.” Thiazole-based ligands, known for
their strong coordination ability through nitrogen and sulfur
donor atoms, have emerged as prominent scaffolds in this
context. These heterocycles not only enhance the stability and
reactivity of metal complexes but also impart distinct biological
activities such as antibacterial, antifungal, and anticancer
effects.’ Similarly, phthalimide (isoindoline-1,3-dione) deriva-
tives have demonstrated considerable pharmacological signifi-
cance, exhibiting antioxidant, anti-inflammatory, and cytotoxic
properties.'>*> When integrated into coordination frameworks,
these ligands can form potent metal-drug adducts with
enhanced biological activity due to improved cellular uptake
and interactions with biomolecular targets.®** Of particular
relevance is the therapeutic potential of copper(u) complexes,
which exhibit preferential uptake by cancer cells due to their
redox activity and membrane permeability. Incorporating
a second metal center, such as Zn(u), Ni(u), Co(u), or Ag(), into
a Cu(u)-based complex could further modulate the complex's
reactivity and enhance its pharmacological profile. This dual-
metal strategy presents a promising avenue for developing
next-generation Metallo pharmaceuticals with synergistic bio-
logical functions. In parallel, environmental toxicology has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highlighted the urgent need for novel agents to combat the
damage caused by heavy metal contaminants such as As,0;."* As
a global environmental toxicant, arsenic exposure, particularly in
the form of As,0O; is associated with severe oxidative stress,
cellular dysfunction, and tissue damage, especially in the lungs.
Chronic As,O; ingestion has been implicated in lipid perox-
idation, DNA strand breaks, glutathione depletion, and disrup-
tion of antioxidant defense systems, leading to respiratory
diseases and compromised lung function. These pathological
effects are closely tied to oxidative stress, apoptosis, and auto-
phagy dysregulation.'® Moreover, apoptosis, or programmed cell
death, is crucial for maintaining tissue homeostasis by elimi-
nating damaged or unnecessary cells. It involves characteristic
changes such as cell shrinkage, membrane blebbing, and DNA
fragmentation. The intrinsic pathway is regulated by the BCL2
protein family, where MCL-1 supports survival, while BAX
promotes Cytochrome c release, apoptosome formation, and
caspase activation leading to cell death.” Apoptosis is also linked
to signaling cascades such as the MAPK pathway, with ERKs
activated by phosphorylation in response to stress and growth
signals.'® Autophagy, a related process, maintains homeostasis by
degrading and recycling intracellular components through auto-
phagic flux, which includes autophagosome formation, lysosomal
fusion, and degradation. This pathway is coordinated by more
than 30 autophagy-related proteins, including PI3K, Beclin1, LC3,
ULK1, AMPK, AKT, and P62.*°

The present study aims to develop and evaluate a series of
novel hetero-metallic complexes based on a newly synthesized
thiazole-phthalimide ligand, N',N>-bis(4-phenylthiazole-2-yl)
phthalimide (PTP), with copper(u) as a fixed metal and varying
secondary metal centers (Zn(u), Ni(u), Co(u), and Ag(1)). These
complexes were characterized using spectroscopic and thermal
methods. In vivo investigations were performed using an
arsenic-induced lung injury rat model to explore the therapeutic
potential of the synthesized complexes. The study focused on
unraveling the mechanistic pathways involving oxidative stress,
apoptosis, and autophagy, providing insights into their possible
use as therapeutic agents against heavy metal-induced lung
toxicity. Thus, the discovery of new potent agents that are
involved in the apoptosis and autophagy processes may offer
new opportunities for the treatment of lung diseases. Further-
more, the docking analysis and molecular dynamic simulation
of the PDBID: 4S00 and PDBID: 1G5M, which are correlated
with biological activities and interact with the pocket of
proteins with complexes through hydrophobic hydrogen bonds.

2. Experimental section

2.1. Instrumentation

Fisher-John's melting point equipment was used to determine
melting points. A Mattson-5000 Fourier transform infrared
(FTIR) spectrometer using the KBr disk technique was used to
record the infrared spectra. Mass spectra were recorded using
a Shimadzu GCMS-QP2010 Ultra (Shimadzu, Japan) equipped
with an electron ionization (EI) source operated at 70 eV. Mass
spectra were obtained in full scan range (m/z = 50-1000) under
electron-ionization (EI) mode at 70 eV, with a dwell time of 0.3 s

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and detector voltage of 1.0 kV. The spectra shown represent
total ion chromatogram (TIC) scans for complete EI fragmen-
tation as opposed to tandem (MS/MS) spectra.

The University of Cairo's Microanalytical Unit performed the
elemental analyses (C, H, and N). Atomic absorption was used
to identify metal ions using a PerkinElmer (model 2380) spec-
trophotometer. A CD6NTacussel conductometer was used to
measure the molar conductivity in a DMF solution (107> M). A
PerkinElmer 550 spectrophotometer was used to record elec-
tronic absorption spectra in the 200-1000 nm range in DMF
solution.”® A Shimadzu TG-50 thermal analyzer was used to
perform the thermal studies (differential thermogravimetry
[DTG] and thermogravimetry analysis [TGA]) from room

temperature to 1000 °C at a heating rate of 10 °C min .

2.2. Chemicals and reagents

All the chemicals and solvents (HPLC grade) were acquired from
Merck and had purities ranging from 99 to 99.9%. The nitrate
salts of cobalt(u), nickel(u), copper(u), zinc(u), and silver(i) are
Merck. Solvents used in this study were purified following the
standard procedures. N',N*-bis(4-phenylthiazole-2-yl)
phthalamide (PTP) was synthesized and characterized by the
published procedure. Arsenic trioxide (As,Oz) was obtained
from the Fisons Scientific Apparatus Ltd, UK in Egypt. Kits for
biochemical analysis were purchased from Stanbio Co.

2.2.1. Animals. Sixty female Albino Wistar rats, aged
between 7 and 9 weeks, and weighing between 160 and 180
grams, were acquired from the National Research Center
animal house in Giza, Egypt. Only female rats were used to
ensure consistent baseline hormonal status and reduce
aggression-related stress, which can confound oxidative stress
markers. Future studies will include both sexes to examine
possible sex-specific differences in response to arsenic exposure
and metal complex treatment. Before the experiment started,
the animals were kept in polypropylene cages and allowed seven
days to acclimate to specific environments free of pathogens.
Rats were kept in a 12 hour light/dark cycle at 24 + 1 °C and 55—
65% humidity. The rats were given an unrestricted supply of
water along with a typical rodent meal that included 17.48%
protein, 6.85% fat, 62.99% carbs, 4.08% ash, and 2.16%
minerals and vitamins. When working with animals, the
National Institutes of Health's guide for the use and care of
laboratory animals (NIH Publications No. 8023, modified 1978).

2.2.1.1. Animal grouping and treatment design. The selected
sample size (n = 10) per group was determined based on
previous arsenic-toxicity studies that demonstrated sufficient
statistical power (=0.8) to detect moderate effect sizes (Cohen's
d = 0.8) in oxidative stress parameters. Rats were randomly
divided into 6 groups; each ten rats as follows:

e Group 1: rats received normal saline for 8 weeks and were
maintained as a negative control.

e Group 2: rats were injected with As,O3; 4 mg per kg body
weight for 4 weeks

e Group 3: Cu-Co-PTP treated group that was treated with
As,03 (4 mg per kg body weight) for 4 weeks, then treated orally
with phthalimide compound 1 at a dose of 30 mg per kg bw.*

RSC Adv, 2025, 15, 50810-50828 | 50811


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07055d

Open Access Article. Published on 17 December 2025. Downloaded on 3/12/2026 7:50:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

e Group 4: Cu-Ni-PTP treated group that was treated with
As,0; (4 mg per kg body weight) for 4 weeks, then treated orally
with phthalimide compound 2 at a dose of 30 mg per kg bw for
another 4 weeks.”

e Group 5: Cu-Ag-PTP treated group that were treated with
As,0; (4 mg per kg body weight) for 4 weeks, then treated orally
with phthalimide compound 3 at a dose of 30 mg per kg bw for
another 4 weeks.”

e Group 6: Cu-Zn-PTP treated group that will be treated with
As,0; (4 mg per kg body weight) for 4 weeks, then treated orally
with phthalimide compound 4 at a dose of 30 mg per kg bw for
another 4 weeks.”

Although the present study focused on heterobimetallic
complexes, evaluating the biological behavior of the PTP ligand
and its homobimetallic Cu-Cu-PTP counterpart would provide
additional mechanistic insight. Such comparisons could help
determine whether the observed protective effects arise
primarily from metal-metal synergism or from the ligand's
intrinsic chelating and antioxidant properties. These investi-
gations will be addressed in our future work.

2.3. Synthesis of heterobimetallic complexes

2.3.1 General procedure. Using a one-spot procedure, the
novel four heterobimetallic complexes were synthesized by
mixing equimolar ethanolic solutions of (2.41 g) PTP ligand,
10 mL (3.44 g) of copper nitrate, and 10 mL of the other metal
nitrate. The previous mixture was heated to reflux at 50 °C for 2
hours with continuous stirring, then the solution evaporated to
near dryness. The product was precipitated after 1 day and then
filtered, washed with absolute ethanol and diethyl ether, and
finally dried in a vacuum dryer over anhydrous CacCl,. All the
elemental analysis and analytical results (Table S1) match the
suggested chemical structures quite well. According to these
findings, all metal coordination compounds possess a metal :
metal : ligand ratio of 1:1: 1 stoichiometry.

2.4. In vivo analysis

2.4.1. The route of administration. As,O; and different
compounds were treated through oral intubation daily for 60
days was selected based on a previous study.** After two months,
rats were fasted overnight. Anesthesia was achieved by injection
of ketamine 87 mg per kg of body weight and xylazine 13 mg per
kg of body weight, dissolved in normal saline, and each rat
received 0.2 mL/100 g body weight.>® Animals were sacrificed
after anesthesia.

2.4.2. Blood sampling and biochemical investigations. At
the end of the experimental period, blood samples were
immediately collected from the retro-orbital venous plexus
according to the previous method of Sorg and Buckner.>* and
left to clot in clean dry test tubes and then centrifuged at
3000 rpm for 15 minutes to obtain sera using Sigma Labor-
zentrifugen (Osterode am Harz, Germany). The clear superna-
tant sera were frozen at —20 °C. Commercial kits were
purchased from Stanbio Co.

2.4.3. Lung tissue preparation. To prepare 10% (w/v) tissue
homogenate, 100 mg of lung tissue was homogenized in 0.1 M
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phosphate buffer solution, and after centrifugation (3000 rpm
for 15 min), the supernatant was collected and aliquoted in
amounts of 0.5 mL to minimize intermittent freeze-thaw cycles
and stored in a freezer at —80 °C (30).

2.4.4. Biochemical analyses. Glutathione reduced (GSH)
and malonaldehyde (MDA) calorimetrically using spectropho-
tometer, and enzyme-linked immunoassay (ELIZA) for deter-
minations of Bcl-2 and apoptotic protease-activating factor-1
(APAF-1) were purchased from Sunlong Biotech Co., Ltd, Ping
Shui Street, Gong Shu District, Hangzhou, China; email:
sales@sunlongbiotech.com. According the manufactures
instructions, also molecular genetics investigations for mRNA
expression levels of BAX, ERK, Beclin1, and LC3 genes.

2.4.5. Histopathological procedure. The fixed lung tissue
specimens were trimmed, washed, and dehydrated in
ascending grades of alcohol. Tissue specimens were then
cleared in xylene, embedded in paraffin, sectioned at 4-6
microns thickness, stained with Hematoxylin and Eosin (H and
E stain), and examined under the light microscope.>

2.5. Molecular analysis

2.5.1. Quantitative real-time PCR (qRT-PCR). The RNeasy
mini Kit (Qiagen, Germany) (Cat. No. 74104) was used to extract
RNA from rat lung tissues. To determine the concentration and
purity of the total extracted RNA, the NanoDrop One micro-
volume UV spectrophotometer (Thermo Fisher Scientific, USA)
was used. We followed the manufacturer's instructions and
converted the RNA from each treatment to first-strand cDNA
using the Revert Aid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, USA) (Cat. No. K1621). Quantitative RT-PCR
was performed on a DTlite 4S1 real-time PCR thermocycler
(DNA-Technology, Russia) using Maxima SYBR Green qPCR
Master Mix (2X) (Thermo Fisher Scientific, USA) (Cat. No.
K0221). Specific primer sequences for BAX, ERK, Beclin1, LC3,
and B-actin are represented in Table 1, The qPCR program was:
initial denaturation at 95 °C for 10 min; 40 cycles of 95 °C for
15 s, 55 °C for 30 s, 72 °C for 30 s. Relative gene expression was
calculated by the 274" method,***” normalizing each target
gene's expression to housekeeping gene B-actin and comparing
all groups to the control group set to 1.

2.6. Statistical evaluation

The findings were displayed as mean + SEM. The Tukey-
Kramer multiple comparison test and one-way analysis of vari-
ances (one-way ANOVA) were used to identify statistically
significant differences between the studied groups. To analyze
the data, GraphPad Prism version 8 was utilized. A significant
difference was considered as p < 0.05 for all tests.

2.7. Docking and MD simulation

PTP complexes were molecularly docked using the MOE
program. The Discovery Studio Client (version 4.2) was utilized
to locate it in 32,33. The Confirmation Examination module of
AutoDock Vina was utilized to reduce the energy of the acquired
conformations after conducting a thorough conformational
analysis to an RMS gradient of 0.01, and a molecular dynamics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Primers for gRT-PCR analysis
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Gene Forward primer (5'-3") Reverse primer (5'-3’) Ref.
B-actin CACGTGGGCCGCTCTAGGCACCAA CTCTTTGATGTCACGCACGATTTC 28
BAX GGGCCTTTTTGCTACAGGGT TTCTTGGTGGATGCGTCCTG 29
ERK GAACTCCAAGGGCTATACCAAGT GGAGGGCAGAGACTGTAGGTAGT 30
Beclin1 CTCTGAAACTGGACACGAGC CCTGAGTTAGCCTCTTCCTCC 31
LC3 GATAATCAGACGGCGCTTGC ACTTCGGAGATGGGAGTGGA 31

simulation of these metal complexes was made through GRO-
MACS* in water solvent with AMBER/CHARMM with metal-
specific parameters at 300 K. Crystal structure of the auto-
inhibited dimer of pro-apoptotic BAX (I) (PDBID: 4S00)** and
HUMAN BCL-2, ISOFORM 1(PDBID: 1G5M).*® Ten distributed
docking simulations were run with the default parameters.
Conformations were made based on the overall data organiza-
tion, the E conformation, and the right placement of relevant
amino acids in the binding pocket of each protein.?”**

3. Results and discussion

3.1. Chemistry section

The four novel heterobimetallic complexes were synthesized
using the one-pot procedure and the incorporation of the two
different metals within the same moiety was confirmed with
atomic absorption and magnetic susceptibility. All complexes
exhibit higher melting points (>300 °C), and they are soluble in
both DMSO and DMF solvents. The structure of the synthesized
complexes, as well as the chelation nature of the neutral tetra-
dentate PTP ligand, were confirmed using elemental analysis,
IR, mass, H NMR, UV-visible, magnetic, and molar conductance
measurements. TGA investigations were also implemented to
supply more information about the geometry around the coor-
dinated metal. Scheme 1 represents the synthesis of PTP ligand
and its complexes.

3.2. Characterization of hetero-binuclear coordination
compounds

Elemental analysis, atomic absorption, IR, UV-visible, and
molar conductance measurements were used to conclude the
structure of all complexes, as well as to approve the chelation
nature of the tetradentate O,N, donor of PTP.

3.2.1. FT-IR analysis. Fig. S1 and Table S2 display the IR
spectra of all compounds. It was found that all of the complexes
had broadbands in the 3114-3494 cm ™" region, which could be
assigned to »(O-H) vibration of the water molecules, whereas
d(H,0) was observed at (1612-1639 ¢cm ™ '). Coordinated water
molecules to the metal ions within the complexes are respon-
sible for the bands seen at 827-852 cm™'.*° The PTP's strong
»(NH) absorption bands at 3294 cm™' were present in all
produced complexes without any change in band position or
intensity, suggesting that it did not participate in the chelation
to the metal ions during complexation. The amide group's
carbonyl absorption frequencies, which were detected in all of
the metal complexes within (1645-1629 cm '), were lower than
those of free PTP (1658 cm™ '), suggesting that the carbonyl

© 2025 The Author(s). Published by the Royal Society of Chemistry

oxygens participate in the chelation to metal ions.** The thiazole
ring's azomethine (C=N), which was detected in all binuclear
complexes between 1597 and 1560 cm ™!, was shifted to lower
values than the free PTP (1613 cm '), indicating that the
chelation took place through the thiazole ring's N-atom. The
stretching frequencies of the »(M-O) and »(M-N) bands
appeared as weak bands in the two regions of (567-565 cm ™)
and (476-451 cm™ "), respectively,”? indicating that PTP is
chelated with the metal ions by the N- of the thiazole ring and
the carbonyl O- of the amide group. For all complexes, the
nitrate ions are unidentately attached to the metal ions with C,,
symmetry that has three non-degenerated vibrational modes (v,
v, and v,), which emerged at (1406-1401 cm '), (1398-
1381 cm™ '), and (824-816 cm '), respectively. When compared
to the free nitrate group, the unidentate nitrate group's vs(NO; ")
was significantly moved to lower frequencies (1700-
1800 cm ™ ').** This shift was ascribed to the relocation of an
electron flux from the nitrate group to the metal ion, and this
factor could be used to measure the covalent bond strength. In
all complexes the nitrate groups also act as free ionic groups
whereas the vibrations were noticed at (1759-1763 cm™") and
(1361-1354 cm ') respectively.

3.2.2. Electronic spectra, magnetic, and molar conduc-
tance investigation. The electronic absorption spectrum of the
PTP exhibited two absorption bands at 268 nm and 292 nm. The
first band was attributed to w-7* transition, and the second
band can be assigned to n-m* transition, while the band at
395 nm was ascribed to CT transitions to the visible area
(Fig. S2). Table 2 presents the typical electronic spectral data
and the evaluated magnetic moment and molar conductivity
values in the DMF solvent, with which the geometry of the
synthesized metal coordination compounds could be predicted
with high accuracy.

In the novel four complexes, the 7-7* and n-7* transitions
of the ligand have shifted to higher or lower absorbance,
compared to the free ligand, confirming the coordination of the
free PTP to the metal ions to form the corresponding complexes.
Magnetic susceptibility measurements are considered a crucial
tool to confirm the geometrical structure of the metal
complexes; in the present work, it plays an extra important role
to confirm the incorporation of two different metals within the
same complex. For Cu-Co-PTP, the u.¢ values for the isolated
Cu(n) complexes with d° configuration lie in the range of 1.7-2.2
BM (S = 1), while for isolated Co(u) with high spin d” (S = 3/2)
configuration, exhibits u.¢ value in a range of 3.88-4.3 BM.
Therefore, the existence of the two metals within the same
complex Cu-Co-PTP will be a system with four unpaired

RSC Adv, 2025, 15, 50810-50828 | 50813
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Scheme 1 Synthesis of ligand (N*,N2-bis(4-phenylthiazole-2-yl)phthalamide) PTP, and its mixed-metal complexes.

Table 2 Distinctive electronic transitions, magnetic moments, and
molar conductance of all compounds

(Electronic transition;
—1a
AIT‘laX (smax; cm )

Compounds T-T0* n-mt* tege (BM)? A°
PTP 268 (0.33) 292 (0.47) — —
Cu-Co-PTP 263 (0.62) 322 (0.38) 4.89 131.4
Cu-Ni-PTP 265 (0.57) 327 (0.55) 3.87 127.7
Cu-Zn-PTP 216 (0.73) 363 (0.64) 1.70 100.5
Cu-Ag-PTP 288 (0.79) 325 (0.53) 1.73 81.1

¢ Electronic spectra in the visible region recorded in DMF and the values
A . 1. —4 —1 -1\ b

of emax are in parentheses and multiplied by 10™* (mol™" ¢cm™ ). ” The

magnetic moment was calculated for one metal ion in the complex.

¢ Molar conductance (2 ' em ? mol ') was measured in (1 x 107°

mol™" em™") in DMF solvent.

electrons with an expected magnetic moment value of 4.90 BM.
The experimental ¢ values for Cu-Co-PTP is 4.89 BM which
suggests the formation of a heterobimetallic complex with Cu(u)
and Co(u) in the same structural unit. The same results ob-
tained for the complex Cu-Ni-PTP confirm the existence of the
Cu(n) and Ni(u) both with octahedral geometries in the same
complex where in case of octahedral Ni(u) with d® configuration
the magnetic moment value of 2.83 BM is expected, therefore

50814 | RSC Adv, 2025, 15, 50810-50828

the resulting complex will be a system with three unpaired
electrons with expected u.s of 3.88 BM. Consequently, the
experimental measured u.g with 3.87 BM confirms the sug-
gested complex structure. With respect to the two complexes
Cu-Zn-PTP and Cu-Ag-PTP, the Zn(u) or Ag(1) with d'® configu-
ration and tetrahedral geometry, the measured ug of 1.7 BM
and 1.72 BM respectively is an expected result for the unpaired
electron related to Cu(u) core in both heterobimetallic
complexes, which confirms again the suggested structures. The
suggested structures for all heterobimetallic complexes were
further confirmed by the molar conductance values which was
found to be 131.4 and 127.7 ohm ™! em ™2 mol ™, for the Cu-Co-
PTP and Cu-Ni-PTP complexes, respectively, which means that
these complexes are in the 1:2 electrolytes while the molar
conductivity for the remaining complexes Cu-Zn-PTP and Cu-
Ag-PTP are 81.1 and 100.5 ohm ' em 2 mol !, which means
that these complexes are in the 1:1 electrolyte.*

3.2.3. Mass spectra analysis. An additional method for
confirming the suggested structures was mass spectrometry.
The SI files (Fig. S3-57) represent the mass spectra for the ligand
PTP and all complexes, while Fig. S8-S10 show the fragmenta-
tion patterns of the ligand, Cu-Co-PTP, and Cu-Zn-PTP
complexes, respectively. The mass spectra for the ligand and its
complexes correspond to the fragmentation spectra, where the
fragments were assigned depending on the suggested frag-
mentation pathways. The suggested structure of the PTP ligand

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was validated through recorded mass spectra (Fig. S3), which
showed a peak at 481.91 m/z representing the radical cation
[M]"". The proposed structure aligns excellently with the series
of mass-to-charge ratios (m/z) represented by the peaks: 52.99
(100% base peak), 66.07 (31%), 77.95 (16%), 135.18 (8%), 167.27
(28%), 246.9 (31%), 334.98 (6%), and 405.12 (9%). Scheme S1
illustrates the fragmentation pattern of the PTP ligand. For the
Cu-Co-PTP complex, a parent peak was noticed at 997.95 m/z
due to the molecular ion M, which is consistent with the
complex's M.wt (997.20 g mole '). Additionally, the mass
spectrum showed the appearance of a parent peak at m/z of
483.11 (27%) that corresponds to the M.wt of the PTP ligand
and other parent peaks at m/z = 63.07, 65.16, and 60.19 which
reflect the combined isotopic distribution of the two metals Cu
and Co, respectively. This finding confirms again their coexis-
tence within the same ligand framework. The base peak
appeared at 364.21 m/z, while a series of peaks emerged at 76.01
(81.34%), 102.97 (66.25%), 252.60 (54.22%), 280.59 (78.12%),
364.21 (100.00%), 465.63 (57.23%), 601.54 (58.25%), 835.21
(45.77%) m/z, and 997.95 (34.22%). Similar observations were
found for the remaining heterobimetallic complexes, and all
mass spectral data were displayed in Table S3.

The fragmentation spectra seen in Fig. S3-S7 are full-scan
electron-ionization (EI) mass spectra recorded in the mass/
charge (m/z) range of 50-1000, using a Shimadzu GC-MS-
QP2010 Ultra instrument at 70 eV. The full MS range was
turned on for acquisition, which gives complex but reproducible
fragmentation profiles that reflect both the thiazole-phthalimide
ligand and the coordinated nitrate and water moieties. The
apparent congestion of peaks with well-resolved m/z values
reflects the fragmentation of multiple subunits instead of distinct
MS/MS isolation and identification of a subunit fragment. Major
fragments represent successive losses of H,O, NO;, C;HNS,
phenyl groups, and other species associated with the ligand
fragments, as expected from the proposed structure and data in
Table S3. For clarity, this methodological comment is now in the
Experimental section, reinforcing that these fragmentation
spectra represent complete EI full-scan fragmentation and are not
tandem product-ion spectra.

3.2.4. H NMR analysis for PTP. The theoretical and exper-
imental "H NMR spectra of PTP show an excellent agreement, as
shown in Fig. S11. Both the CH of the thiazole ring and the NH
of the amide group were assigned to the experimental bands
that formed in the range of 7.82-6.98, which matched the
theoretical multiplet bands that developed in the 7.90-
7.31 ppm range. The interference of the various aromatic
protons prevented the signals in this range from being resolved.
PTP binds to the metal ions via the N- of the thiazole ring and
the O- of the carbonyl of the amide group, as demonstrated by
Fig. S11, which also shows that the protonated and deproto-
nated PTP ligand spectra do not differ, indicating the absence of
a replaceable hydrogen atom.

3.3. TGA study

In the present work, thermal analysis was carried out to get
significant information about the thermal stability of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TGA/DTG curves for Cu-Co-PTP complex.

prepared complexes and to inspect the nature of solvent mole-
cules (if existing) inside the inner coordination sphere of the
metal or outside it.**** Fig. 1 represents the TGA for Cu-Co-PTP
complex, while Fig. S12 depicts TGA for the remaining
complexes. The thermogram of the Cu-Co-PTP complex involves
four consecutive stages (Table S4). The first started at 78 °C to
210 °C for the removal of 2 uncoordinated H,O and 6 coordi-
nated H,0 molecules, followed by a weight loss of 11.01% (calc.,
10.85%). At the temperature range of (215-289 °C), the second
stage revealed the removal of 2N,05 and O, molecules,
accompanied by a loss of 25.67% (calc., 24.89%). In addition,
the third stage was noticed at (290-367 °C) due to the loss of two
phenyl groups of the thiazole moiety, followed by an experi-
mental mass disappearance of 17.02% (calc., 15.48%). Finally,
the remaining organic ligand was eliminated at the temperature
range of (370-475 °C) with experimental weight loss of 30.71%
(calc. 32.95%). The final residual weight matched copper oxide
and cobalt oxide (calc. 15.49%). Table S4 showed the detailed
thermoanalytical results for all degradation stages for the
remaining complexes.

4. XRD investigation

XRD is one of the most crucial instruments used to get struc-
tural microcrystalline information about the compounds under
investigation. The newly produced heterobimetallic complexes
are solvent soluble in DMSO and DMF; however, no appropriate
crystals were found for single crystal examination. Powder X-ray
diffraction is a method for determining the degree of crystal-
linity of metal complexes. All-metal complexes in the 4-70 (6)
range were analyzed at 1.54 A. Since solid frameworks are rarely
configured during the precipitation process, all X-ray diffraction
curves (Fig. 2) demonstrate the somewhat amorphous nature of
all heterobimetallic complexes. Bragg's law can be applied to
compute the interplanar distance d (the volume average of the
crystal dimension normal to the diffracting plane) from 26
variable:'*** 2d sin § = nA where 21 is the symbol of incident wave
wavelength and 7 is a positive integer.

Moreover, the crystallinity index (CI) can be calculated using

AC
Ac+ Aa
talline peaks and 4, is the area under amorphous hollows. The
CI values for the Cu-Co-PTP, Cu-Ni-PTP, Cu-Zn-PTP, and Cu-Ag-

the equation® CI = , where A, is the area under crys-
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Fig. 2 XRD pattern for Cu-Co-PTP complex.

Table 3 Powder XRD data for Cu-Co-PTP complex

d-spacing [A]

Peak 6 Sin 6 Obs. Calc. FWHM hn k I
1 8.1103 0.1411 5.4191 5.4571 0.1590 1 0 0
2 9.0512 0.1573 4.8907 4.8951 1.1936 1 0 0
3 10.6104 0.1841 4.1829 4.1825 0.2787 1 1 0
4 15.2274 0.2627 2.9412 2.9311 0.4952 1 1 1
5 17.0011 0.2924 2.6367 2.6334 0.2923 2 0 0
6 19.7654 0.3382 2.2770 2.2768 0.9446 2 1 0
7 23.8022 0.4036 1.9168 1.9078 0.3149 2 1 1
8 29.3887  0.4907 1.5701 1.5691 0.2362 2 2 0
9 32.4875 0.5371 1.4341 1.4336 0.2558 2 2 1

3 0 0
10 38.9945 0.6292 1.2237 1.2238 0.2362 3 1 1

PTP complexes are 39.8, 47.4, 61.2 and 59.5; respectively.
Bragg's equation, nA = 2d sin ¢, was used to calculate the inter-
planar spacing (d), which looked to be in good accord with the
measured values. Table 3 shows the observed and computed
inter-planar d spacing, values of 26, and Miller indices (kkl) for
the most intense peaks for Cu-Co-PTP. The values of 4 + k> + I*
were determined to be 1, 2, 3, 4, 5, 6, 8,9, 10, 11 and 13. The lack
of the forbidden numbers (7 and 15) demonstrates cubic

symmetry.

Cu-Ag-PTP

View Article Online
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5. SEM investigation

The Cu-Ni-PTP and Cu-Ag-PTP complexes were chosen as an
example to study its surface morphology since they revealed the
highest value of the crystallinity index. The SEM images of
complexes at a magnification of 2.500 are shown in Fig. 3. For
Cu-Ag-PTP, a rock-like appearance was shown and a large
territorial patch. The micrographs of the Cu-Ni-PTP complex, on
the other hand, showed well-defined crystals with a twisted fiber
and grass-like shape that were free from any shadow of the
metal ion on their external surface. According to the SEM
analysis, crystals were found to develop in all of the produced
metal complexes, from a single molecule to multiple molecules
in an aggregate distribution with particle sizes ranging from
a few nanometers to several hundred.

6. Biological activity evaluation

6.1. In vivo analysis

The levels of MDA and GSH activity in lung tissue homogenates
across different experimental groups are presented in Fig. 4A
and B. As,O3-intoxicated rats showed a significant increase in
tissue MDA levels (p < 0.001) and a significant decrease in GSH
enzyme activity (p < 0.001) level compared to the control group.
However, co-administration of the newly synthesized TPHC
complexes for 30 days resulted in a marked reduction in MDA
levels (p < 0.001) relative to the As,Oj-treated group. Further-
more, treatment with TPHC complexes significantly restored
GSH enzyme activity (p < 0.05) level compared to As,Oz-exposed
animals. These data confirm that TPHC complexes effectively
mitigate As,Oz-induced oxidative stress in lung tissue by
reducing lipid peroxidation and enhancing antioxidant
capacity. Similarly, the levels of Bcl-2 and APAF-1 in lung tissue
homogenates are illustrated in Fig. 4C and D. A significant
elevation in Bcl-2 and APAF-1 levels was observed in the As,03-
treated group compared to the control group (p < 0.001), sug-
gesting increased apoptotic signaling in response to As,O3-
induced lung toxicity. Notably, co-treatment with TPHC
complexes significantly attenuated these elevations (p < 0.01),
indicating a potential anti-apoptotic effect of the compounds.
These results support the anti-apoptotic potential of TPHC

Cu-Ni-PTP

Fig. 3 SEM micrographs of Cu-Ni-PTP and Cu-Ag-PTP complexes.
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= 10. Data were analyzed by ANOVA one-way. P < 0.05, value with the same letter has no significance, but value with the different letter has

significant at 0.05.

complexes in alleviating As,O;-induced lung injury through
modulation of key regulators in the mitochondrial apoptotic
pathway.

6.2. Histopathological examination

Histological examination of hematoxylin and eosin (H&E)-
stained lung tissue sections revealed significant structural
alterations among the experimental groups (Fig. 5A-L).

In the control group (G1), the lung architecture appeared
normal, with bronchioles lined by a single layer of ciliated
epithelium and alveoli displaying intact, sac-like structures
lined with alveolar epithelium (Fig. 5A and B).

In contrast, the As,Os-intoxicated group (G2) showed
marked histopathological damage, including hemorrhagic
inflammation of the interstitial lung tissue, extravasation of red
blood cells (RBCs), deposition of hemosiderin pigment, and the
presence of giant alveoli (Fig. 5C and D). The G3 group (As,03 +
Cu-Co-PTP) exhibited moderate improvement in lung architec-
ture. Although some alterations persisted, such as mucous
exudate with cellular debris in the bronchiolar lumen, con-
gested peribronchial blood vessels, and inflammatory cell
infiltration, the overall lung structure was less severely affected
(Fig. 5E and F). The G4 group (As,0; + Cu-Ni-PTP) showed mild
histopathological improvement. signs of injury
remained, including cell debris within bronchioles, reduced

However,

© 2025 The Author(s). Published by the Royal Society of Chemistry

elasticity of the alveolar walls resulting in giant alveoli, and
interstitial inflammation accompanied by edema (Fig. 5G and
H). The G5 group (As,O3 + Cu-Ag-PTP) demonstrated histolog-
ical features of bronchial epithelial hyperplasia, mucous
exudate mixed with cellular debris in the bronchial lumen,
thickened peribronchial blood vessel walls, and widespread
interstitial inflammatory infiltration, along with giant alveoli
(Fig. 5I and J). Notably, the G6 group (As,0; + Cu-Zn-PTP) di-
splayed the most marked histological improvement among the
treated groups. Bronchiolar epithelium appeared largely
restored, alveolar structures were preserved, and only focal
areas of inflammatory cell aggregation were noted (Fig. 5K and
L). These findings suggest that the TPHC complexes, particu-
larly Cu-Zn-PTP, confer protective effects against As,Os
-induced pulmonary injury, likely by preserving lung tissue
architecture and reducing inflammation.

To our knowledge, this is the first in vivo study evaluating the
impact of thiazole-phthalimide-based heterobimetallic
complexes on oxidative stress markers in rat lung tissue. While
extensive literature exists on their anticancer and antioxidant
properties in systemic or in vitro models, none directly assess
MDA, GSH levels in pulmonary tissue. Thus, our findings fill
a critical gap in the field, demonstrating the compounds’ ability
to reduce lipid peroxidation (MDA) and enhance antioxidant
GSH enzyme activities in lung homogenates. These effects align

RSC Adv, 2025, 15, 50810-50828 | 50817
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Fig. A: Photomicrograph of control group showed a bronchus lined by
pseudostratified ciliated epithelium (black arrow) and an alveolus lined by

alveolar epithelium (yellow arrow). (H&E, 200x. Scale bar: 100um).

Fig. B: Photomicrograph of the control group showed an alveolus
lined by alveolar epithelium (yellow arrow). (H&E, 400x. Scale
bar: 100um).

Fig. C: Photomicrograph of A$>03 group showing giant alveoli (red
arrow). Interstitial inflammatory cells infiltration (black arrow). disuse
hemorrhage of intestinal tissue (yellow arrow). (H&E, 200x. Scale bar:
100um).

Fig. D: Photomicrograph of A$203 group showing giant alveoli

(red arrow). Intestinal inflammatory cells infiltration (black arrow).

disuse hemorrhage of intestinal tissue (yellow arrow). (H&E, 400x.

Fig. E: Photomicrograph of A$203 + Cu-Co-PTP group desquamation
of bronchial epithelium (yellow arrow). Emphysema  (black arrow).
Interstitial inflammatory cells infiltration mixed with edema (red arrow).
(H&E, 200x. Scale bar: 100um).

Fig. F: Photomicrograph of A$>03 + Cu-Co-PTP group
desquamation of bronchial epithelium (yellow arrow). Emphysema
(black arrow). Interstitial inflammatory cells infiltration mixed with
edema (red arrow). (H&E, 400x. Scale bar: 100um).

Fig. G: Photomicrograph of A$203 + Cu-Ni-PTP group Mucous

chronic inflammatory cells (yellow arrow). Congested and re-vascular
cuffing of interstitial blood vessels (red arrow). (H&E, 200x. Scale bar:
100pm).

exudate mixed with cell debris (black arrow). Focal aggregation of | exudate (red arrow) mixed with cell debris (black arrow). Focal

Fig. H: Photomicrograph of As03 + Cu-Ni-PTP group Mucous

aggregation of chronic inflammatory cells (yellow arrow). (H&E,
400x. Scale bar: 100m).

Fig. 1: Photomicrograph of A$>O3 + Cu-Ag-PTP group Mucous exudate
with cell debris (black arrow). Congested pre-bronchial blood vessel
(yellow arow). Inflammatory cells infiltration (red arrow). (H&E, 200x.
Scale bar: 100um).

L ps

v:‘ ' As )

Fig. J: Photomicrograph of AS203 +Ag-PTP group hyperplasia of
the epithelial lining of bronchi (black arrow). Mucous exudate with

cell debris (red circle). Thickening wall of pre-bronchial blood

vessel (red arow). Inflammatory cells infiltration (yellow arrow).
(H&E, 400x. Scale bar: 100um).

Fig. K: Photomicrograph of As$O3 + Cu-Zn-PTP group showed
hyperplasia of bronchial epithelium (black arrow), presences of mucous
exudate mixed with cell debris in lumen of bronchi (yellow arrow) and
giant alveoli (red arrow). Thickening the wall of pre-bronchial blood
vessel (yellow star) and interstial inflammatory cells infiltration (red
arrow). (H&E, 200x. Scale bar: 100m).

Fig. 5

Fig. L: Photomicrograph of A$03 + Cu-Zn-PTP group showed

hyperplasia of bronehial epithelium (black arrow), presences of
mucous exudate mixed with cell debris in lumen of bronchi (yellow
arrow) and giant alveoli (red arrow). Thickening the wall of pre-
bronchial blood vessel (yellow star) and interstial inflammatory
cells infiltration (red arrow). (H&E, 400x. Scale bar: 100um).

(A—L) Histological examination of lung tissue.

with known antioxidant trends observed in other organ
systems, but extend their relevance specifically to pulmonary
oxidative injury. In this regard, free radicals lead to lipid per-
oxidation (LPO) and produce active aldehydes such as

50818 | RSC Adv, 2025, 15, 50810-50828

View Article Online

Paper

malondialdehyde. These byproducts are used as efficient diag-
nostic biomarkers to assess the severity of oxidative damage.*®

In this study, As,0; exposure markedly increased lung tissue
malondialdehyde (MDA) levels and decreased glutathione
(GSH) activity—clear indicators of induced oxidative stress.
These findings corroborate Muthumani et al,* who demon-
strated that As,O; promotes reactive oxygen species (ROS)
generation: its cationic form transfers an unpaired electron to
molecular O,, producing superoxide radicals. These highly
reactive species attack unsaturated fatty acids, leading to lipid
peroxidation and the disruption of lung cell membranes via
fatty acid hydroperoxides.*> Additionally, As,O; harmful effects
may extend to oxidative DNA damage, beyond nitrative mech-
anisms. Conversely, treatment with the tested compounds
prevented the As,O;-induced increase in MDA and the decline
in GSH activity, highlighting their antioxidant and lipid-perox-
idation-inhibiting properties. These protective effects are likely
due to hydroxyl groups in their structure, as well as the well-
established ROS scavenging potential of thiazole and phthali-
mide moieties. El-Aarag et al.*® similarly demonstrated that
a phthalimide analog counteracted CCly-induced lipid perox-
idation in liver tissues, reducing MDA while enhancing anti-
oxidant enzyme levels highlighting its oxidative stress
attenuating capacity.

In the present study, treatment with the Cu-Ni complex
resulted in a modest improvement in antioxidant enzyme
activities compared with the arsenic-intoxicated group;
however, its efficacy was significantly lower than that observed
with the Cu-Co and Cu-Zn complexes. This finding suggests
that the biological behavior of each complex is influenced by
differences in metal-ligand interaction strength, redox poten-
tial, and stability under physiological conditions. Copper-
containing complexes are generally known for their strong
redox activity, which allows facile cycling between Cu(u) and
Cu() states, thereby enhancing reactive oxygen species (ROS)
scavenging and promoting antioxidant defense mechanisms.*®
In contrast, nickel-containing complexes tend to exhibit lower
redox flexibility and weaker electron-transfer capacity, which
may account for their diminished antioxidant performance.**
Collectively, these findings underscore the importance of metal
identity and coordination chemistry in determining the anti-
oxidant and cytoprotective potential of thiazole-phthalimide-
based heterobimetallic complexes.

Our results align with recent evidence supporting the role of
structurally diverse antioxidants in mitigating arsenic-induced
toxicity. For example, quercetin, a hydroxyl-rich flavonoid,
significantly reversed arsenic-induced oxidative alterations by
restoring superoxide dismutase (SOD) and GSH-peroxidase
activities while reducing MDA and protein carbonyl content.*>
Similarly, N-acetylcysteine (NAC), a GSH precursor, was shown
to protect against arsenic toxicity in multiple organs, including
lung, by replenishing intracellular GSH, scavenging ROS, and
attenuating inflammatory responses.* Collectively, these find-
ings suggest that the protective effects of the tested compounds
in the current study are comparable to those of other known
antioxidants. The ability of these agents to scavenge ROS,
restore antioxidant defense systems, and reduce lipid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A and B) Investigation of the apoptosis-related genes BAX and ERK in the studied groups using real-time polymerase chain reaction. One-

way ANOVA was used to analyze the data, and then the Tukey—Kramer multiple comparison test was used. Every value (n = 6) was shown as
mean + SEM. 2 p < 0.05 in comparison to the control group; ® p < 0.05 in comparison to the group that was treated with As,Os.

peroxidation underscores their therapeutic potential in miti-
gating arsenic-induced pulmonary toxicity. Importantly, the
structural features of thiazole and phthalimide moieties may
provide a valuable pharmacophore for the development of novel
antioxidant therapeutics. As,0; induces apoptosis in lung
tissue mainly via the intrinsic mitochondrial pathway through
Cytochrome c release, Apaf-1 activation, and caspase cascade-
mediated cell death. It upregulates pro-apoptotic proteins
(Bax, Apaf-1), promotes PARP cleavage, and activates both
intrinsic and extrinsic pathways, possibly involving MAPK
upregulation and Akt suppression.®**¢

In the present study, arsenic-intoxication caused severe
histopathological changes in rat lungs, including interstitial
hemorrhage, RBC extravasation, hemosiderin-laden macro-
phages, and giant alveoli formation. These alterations are
attributed to oxidative stress, lipid peroxidation, and free
radical accumulation, which impair membrane integrity and
promote inflammation.** Consistent with earlier reports, As,03
exposure has been shown to induce alveolar wall rupture,
edema, interstitial thickening, hemorrhage, and inflammatory
infiltration, leading to disruption of alveolar-capillary integrity
and vascular permeability.>»**¢ Arsenic exposure in the present
study caused severe lung injury, including alveolar wall damage,

© 2025 The Author(s). Published by the Royal Society of Chemistry

edema, and inflammatory infiltration, consistent with earlier
reports that arsenic induces pulmonary toxicity through ROS
generation and oxidative stress.”” The protective effects of
thiazole-phthalimide heterobimetallic complexes varied
depending on the coordinated metal. Cu-Co-PTP and Cu-Ni-PTP
showed only mild to moderate protection, reducing inflamma-
tory aggregates but failing to fully restore alveolar architecture.
This is in line with evidence that cobalt- and nickel-based
compounds provide limited antioxidant defense.*® Conversely,
Cu-Ag-PTP was associated with epithelial hyperplasia, mucous
exudates, and persistent inflammation, reflecting previous
findings that silver complexes can provoke lung inflamma-
tion.> The most significant histological recovery was observed
with Cu-Zn-PTP, which preserved bronchiolar epithelium and
restored alveolar structure with minimal inflammation. This
superior effect is attributed to the well-documented synergistic
antioxidant and anti-inflammatory activities of zinc and
copper.® Collectively, these findings highlight the critical role
of metal ion selection in the design of organometallic thera-
peutics. Among the tested complexes, Cu-Zn-PTP appears to be
the most promising candidate for mitigating arsenic-induced
pulmonary injury.
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Table 4 Relative mRNA expression levels of BAX, ERK, Beclinl, and LC3, presented as fold-change (2722CT values)

Genes

Groups 2722 values of BAX gene 2 *2“Tvalues of ERK gene 2 2T values of Beclin1 gene 2727 values of LC3 gene
Negative control 1 1 1 1

As,0; group 2.1 2.5 7.4 3.9
As,05-Cu-Co-PTP 1.3 1.6 6.3 3.1
As,05-Cu-Ni-PTP 1.2 1.5 2.8 2.2
As,03-Cu-Ag-PTP 1.9 2.2 6.01 3.4
As,05-Cu-Zn-PTP 0.9 1.3 2.5 2.1

6.3. Molecular outcomes not only structurally significant but also has a regulatory

Arsenic triggers apoptosis by increasing BAX and Caspase-3
while reducing BCL2, with arsenic trioxide enhancing oxida-
tive stress, inflammation, and uterine cell death.®*%* Addition-
ally, it suppresses mitophagy, reflected by a decreased BCL2/
BAX ratio.** At the signaling level, low arsenite doses activate
ERK to promote proliferation, while higher doses trigger
apoptosis via JNK signaling.®® Arsenic-driven cellular trans-
formation involves ERK and P38 pathway activation alongside
JNK inhibition, resulting in decreased pro-apoptotic (BAX) and
increased anti-apoptotic (BCL2, BCL-XL) proteins. Furthermore,
arsenic-induced ROS enhances angiogenesis by activating AKT
and ERK1/2 pathways, upregulating VEGF and HIF-1 expres-
sion.®® Our results corroborate the aforementioned facts since
we discovered that the arsenic group had significantly (p < 0.05)
greater levels of mRNA expression for the apoptotic genes BAX
and ERK by around 110% and 140% of the normal control
group, respectively (Table 4, Fig. 6A and B). According to Medda
et al.,** As,0; can downregulate BCL2, BCL-XL, and MCL-1 and
upregulate pro-apoptotic proteins including BAX, BAD, BMF,
and BIM. Additionally, arsenic can activate src kinase, which
aids in EGFR and ERK 1/2 activation. Zhong et al.*® also noted
the effects of Sb and/or ATO on liver tissue apoptosis. In liver
tissues, the ATO + Sb group's mRNA levels of Caspase-3,
Caspase-9, BAX, P53, and Cytc were considerably (p < 0.05)
higher than those of the control group. Conversely, we observed
that the expression levels of BAX and ERK were significantly
lower in the As,0;-Cu-Zn-PTP, As,O;-Cu-Ni-PTP, and As,0;-Cu-
Co-PTP treated groups (by about 53% and 48% for As,0;-Cu-Zn-
PTP; 41% and 42% for As,0;-Cu-Ni-PTP; 37% and 35% for
As,03-Cu-Co-PTP, respectively), especially in the As,05;-Cu-Zn-
PTP treated group, compared to the arsenic group (p < 0.05)
(Table 4, Fig. 6A and B). This result is consistent with that of
Rahaman et al.,*” who showed that P53, BAX, cytosolic Cyto-
chrome ¢, Caspase 9, and cleaved/active Caspase 3 were signif-
icantly downregulated during co-exposure to curcumin (2.5 uM)
and As®>" (10 uM). Trace levels of heavy metals are present in live
animals and contribute to a variety of biological processes in
addition to being present in numerous environmental areas.
For example, iron (Fe) is vital for oxygen transport and nucleic
acid synthesis, copper (Cu) is found in nearly all organs and is
required for a number of metabolic activities, and zinc (Zn) is
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function.®®

Autophagy maintains cellular homeostasis, while apoptosis
mediates programmed cell death; their interplay can be syner-
gistic or antagonistic depending on conditions like cancer,
ageing, and stress.* Beclinl, a key autophagy regulator on
chromosome 17q21, functions via the PI3KC3 complex or
interaction with BCL2.7° It has therapeutic potential by reducing
inflammation in sepsis. Under arsenic exposure, IL-6/STAT3
signaling promotes MCL1-Beclinl binding, suppressing
apoptosis.” Another important indicator of autophagosomes is
LC3, whose conversion to LC3-II marks autophagosome
formation, while P62 mediates selective degradation.” Arsenic
trioxide induces autophagy prior to apoptosis in foam cells and
macrophages, as shown by increased LC3-II/LC3-I and
decreased P62, followed by activation of apoptotic markers such
as cleaved Caspase-3 and Caspase-9. These findings suggest that
arsenic trioxide sequentially triggers autophagy and apoptosis
depending on cellular context.” In the present study, auto-
phagic genes Beclinl and LC3 were about 640% and 290%
significantly greater (p < 0.05) in the arsenic group than in the
control group (Table 4, Fig. 7A and B). These results confirm
those of Saha et al.,” who showed that autophagy was initiated
by downstream activation of mitophagic and autophagic
molecules (Beclinl, PINK1, Parkin 1, LCIIIB) in response to
arsenic poisoning in the brain caused by PLCP1 activating
ERK1/2. Additionally, LC3 and P62 were shown to co-localize in
some cells, and arsenic increased their expression.” Moreover,
arsenic trioxide (2.5 uM) elevated the LC3II/LC3I ratio, P62
degradation, and the levels of Atg5, Atg7, and Beclin1 mRNA in
macrophages in comparison to control cells. On the other hand,
our observations displayed that the As,03-Cu-Zn-PTP, As,0;-Cu-
Ni-PTP, As,03-Cu-Co-PTP, and As,0;-Cu-Ag-PTP treated groups
had significantly reduced expression levels of Beclin1 and LC3
(by approximately 67% and 49% for As,0;-Cu-Zn-PTP; 62% and
44% for As,0;-Cu-Ni-PTP; 15% and 21% for As,0;-Cu-Co-PTP;
and 19% and 13% for As,0;-Cu-Ag-PTP, respectively), particu-
larly in the group treated with As,0;-Cu-Zn-PTP and As,0;-Cu-
Ni-PTP, compared to the arsenic group (p < 0.05) (Table 4,
Fig. 7A and B). This outcome aligns with the results of Saha
et al.,”” who observed that supplementing with genistein
reduced the autophagic mechanism of death by downregulating
the expression of autophagy regulatory molecules (Beclini,
PINK1, Parkin 1, LCIIIB) in both age groups that were arsenic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7

(A and B) Investigation of the autophagy-related genes Beclinl and LC3 in the studied groups using real-time polymerase chain reaction.

One-way ANOVA was used to analyze the data, and then the Tukey—Kramer multiple comparison test was used. Every value (n = 6) was shown as
mean + SEM. @ p < 0.05 in comparison to the control group; ® p < 0.05 in comparison to the group that was treated with As,Os.

intoxicated. Meanwhile, Rahaman et al®” found that, in
comparison to cells treated just to As** (10 uM), co-exposure
with curcumin (2.5 uM) and As** (10 uM) significantly down-
regulated the expressions of ULK1 and LC3-II. All of the results
showed that the metal complexes As,0;-Cu-Zn-PTP and As,0;-
Cu-Ni-PTP effectively decreased the toxicity that arsenic trioxide
caused in the lungs by suppressing genes associated with
autophagy (Beclinl and LC3) and apoptosis (BAX and ERK),
indicating that these metal complexes may have a therapeutic
role in the treatment of lung injury disease.

6.4. Docking and MD simulation

The PTP complexes were docked with the crystal structure of the
autoinhibited dimer of pro-apoptotic BAX(I) (PDBID: 4S00)*
and HUMAN BCL-2, ISOFORM 1 (PDBID: 1G5M),* which is
displayed in Fig. 8 and Table 5. Firstly, the docking of Cu-
bimetallic complexes with PDBID: 4s00 showed binding
affinity with Cu-Ni complex with the strongest binding energy
—12.87 keal mol™?, then the Cu-Zn complex with —12.43, and
the Cu-Ag complex —12.03, while the Cu-Co complex showed
the least binding with —11.53 kcal mol~'. Furthermore, the
inhibitory constant K; showed Cu-Ni complex with the lowest
with 9.76 uM, indicating to strongest inhibition, while the Cu-

© 2025 The Author(s). Published by the Royal Society of Chemistry

Co complex showed the highest K; with 10.45 uM, with weak
inhibition. Also, the Cu-Zn showed the longest 1.85, 1.98 A, and
the shortest of Cu-Co with 1.25 A. Cu-Ag-PTP shows two close
bond distances (1.1, 1.15 A), possibly due to bidentate coordi-
nation. The binding amino acids showed that Cu-Ni-PTP binds
mostly to hydrophobic residues (Leu 47, Val 50) and a key
catalytic residue (Asp 48), Cu-Co-PTP interacts with charged
residues (Asp 142, Glu 146, Arg 145), suggesting electrostatic
stabilization, Cu-Zn-PTP binds near aromatic residues (Tyr 164,
Phe 176), possibly w-interactions, and Cu-Ag-PTP interacts with
Glu 17 (charged) and Met 20 (sulfur-containing), indicating
potential metal-thiolate bonding. The van der Waals + H-bond
+ desolvation energy showed that Cu-Ag-PTP and Cu-Ni-PTP
have the strongest contributions (~—22.65 kcal mol '), and
their electrostatic energy showed Cu-Ag-PTP has the strongest
electrostatic stabilization (—12.97 keal mol ") and the internal
energy of Cu-Zn-PTP has the most favorable unbound energy
(—21.87 keal mol ™). The RMSD of the Cu-Ni-PTP has the lowest
RMSD (0.87 A), indicating the most stable docking pose, while
the Cu-Co-PTP has the highest RMSD (1.03 A), suggesting slight
conformational flexibility. So we Cu-Ni-PTP (strongest binding,
lowest Ki, most stable pose) and Cu-Ag-PTP shows strong elec-
trostatic interactions, possibly due to Ag™'s high polarizability.
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the Co highest and the Co showed fluctuations. The RMSF
showed Asp 48 (Cu-Ni-PTP) or Glu 17/Met 20 (Cu-Ag-PTP)
exhibit restricted motion (indicating strong binding), and the
metal-ligand distance dynamics showed Cu-Ni-PTP (1.54 A) vs.
Cu-Zn-PTP (1.85/1.98 A) for deviations, Ag-S (Met 20) bond
stability in Cu-Ag-PTP (short bond in docking). The hydrogen
bond of Ser 163 (Cu-Zn-PTP) H-bond persistence, and energy
contributions (MM-PBSA/GBSA) showed Cu-Ni-PTP = Cu-Zn-
PTP > Cu-Ag-PTP > Cu-Co-PTP. The heatmap allow residue by
residue of structural flexibility through Cu complex which
showed Ni rigid targets, Ag showed most flexibility which is
good in dynamic binding, Cu-Co-PTP and Cu-Zn-PTP balance
stability and flexibility (possibly catalytic candidates).”>””

The docking with PDBID:1 G5M with metal-PTP binding
affinity of the Cu-Ni-PTP has the strongest binding energy
(-10.84 kcal mol™"), Cu-Co-PTP has the weakest
(—9.42 keal mol™ "), while the Cu-Zn-PTP and Cu-Ag-PTP are
intermediate (—10.23 and —10.02 kcal mol™"', respectively).
Their inhibitory constant Cu-Ni-PTP has the lowest K; (7.36 uM),
meaning it is the strongest inhibitor. Cu-Co-PTP has the highest
K; (8.20 pM), making it the weakest inhibitor's-Ni-PTP has the
shortest binding distance (1.23 A), suggesting tight binding; Cu-
Co-PTP has longer distances (2.44, 2.97 A), possibly explaining
weaker binding's-Ni-PTP interacts with Asp 10, Ser 49, Arg 6, Gly
5, Thr 7, Glu 13, Glu 45, Cu-Co-PTP binds GIn 118, Arg 129, Glu
136, and Cu-Ag-PTP interacts with Phe 124, Arg 127, Gly 128. All
complexes have RMSD < 1.2 A, indicating relatively stable
docking poses. The dynamics of all complexes with RMSD
below ~2.1 A, Cu-Zn-PTP has the lowest average RMSD, making
it a candidate for the most structurally rigid complex, and Cu-
Co-PTP shows the highest flexibility, which may correlate with
a looser metal-binding pocket or dynamic behavior. The heat
map showed the RMSD of Cu-Ni-PTP and Cu-Zn-PTP show low,
uniform RMSD (blue/green), indicating stable binding over
time. Cu-Co-PTP exhibits high RMSD fluctuations (yellow/red),
suggesting structural instability and possible metal dissocia-
tion. Cu-Ag-PTP has intermediate stability, with minor devia-
tions. The RMSF of metal-binding residues (e.g., Asp 10, Arg 6,
Glu 13) shows low RMSF (dark colors), confirming their rigid,
well-defined coordination in Cu-Ni-PTP and Cu-Zn-PTP, Cu-Co-
PTP displays higher flexibility (bright spots) near binding sites,
explaining its weaker inhibitory activity. The binding interac-
tion of Cu-Ni-PTP has strong, persistent contacts (red) with key
residues (Arg 6, Glu 13, Asp 10), justifying its highest binding
affinity (AG = —10.84 kcal mol™ "), Cu-Co-PTP shows sporadic
interactions (yellow/white), correlating with its poor inhibition
(K; = 8.20 uM), and Cu-Zn-PTP and Cu-Ag-PTP exhibit moderate
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contact frequencies, consistent with their intermediate binding
energies.”®®°

6.5. Molecular dynamics validation and binding energy
analysis

To supplement the docking results, molecular dynamics (MD)
simulations were conducted for 100 ns at 300 K with the GRO-
MACS package using the AMBER99SB-ILDN force field. The
simulation featured explicit solvation using TIP3P water mole-
cules, as well as metal-specific parameters.””*"** The trajectory
analysis quantitatively confirmed the structural stability and
binding affinity of the Cu-M-PTP complexes, where M = Co, Ni,
Zn or Ag.

6.5.1. RMSD and structural stability. Backbone root mean
square deviation (RMSD) values were calculated for each of the
protein-ligand complexes. All systems equilibrated within the
first 10-15 ns and remained stable throughout the simulation,
with the RMSD consistently fluctuating below 2 A. Cu-Ni-PTP
complexes exhibited the lowest mean RMSD of 1.05 =+ 0.12 A,
indicating a more rigid structure and converged trajectories in
their binding modes. Cu-Zn-PTP exhibited a slightly higher
RMSD (1.24 + 0.18 A) while still exhibiting stable dynamics. Cu-
Ag-PTP exhibited RMSD below 1.36 A with transient fluctuations
occurring around 35 ns, likely a result of flexible surface loops.
Cu-Co-PTP exhibited the highest deviation with an RMSD of
1.73 + 0.22 A, indicating a complex that was less stabilized
relative to the others.

6.5.2. RMSF and residue flexibility. Analysis of root-mean-
square fluctuation (RMSF) showed that for residues involved
with metal binding (i.e., Asp48, Glul7, Ser49, and Argé6), the
atomic displacement was relatively modest (<1.5 A) across all
metal complexes. In contrast, the regions moving through the
loops of the structure (i.e., residues 120-150) exhibited greater
fluctuations (~2.3 A) as expected for flexing solvent-exposed
domains. Finally, the Cu-Ni-PTP and Cu-Zn-PTP complexes
showed the lowest RMSF, suggestive of a more compact and
stable bound conformation than other complexes.

6.5.3. Potential energy and stability. Total potential energy
curves generated from the gmx energy module presented well-
converged, flat profiles with low drift. The average potential
energy ranked from lowest to highest was as follows: Cu-Ni-PTP:
—6.42 x 10° k] mol ™', Cu-Zn-PTP: —6.38 x 10° k] mol ', Cu-Ag-
PIP: —6.33 x 10° k] mol™' and Cu-Co-PTP: —6.21 x
10° kJ mol . The low standard deviations (<1.5 x 10 k] mol ")
for each system suggest energetic stability and reasonable
convergence for the MD trajectories.

Table 6 MM/PBSA binding-free-energy components (kcal mol™) for Cu-M-PTP complexes over the final 50 ns of simulation

Complex AE_vdW (kcal mol™")  AE_elec (kcal mol™")  AG_polar (kcal mol™")  AG_nonpolar (kcal mol™")  AG_bind (kcal mol™)
Cu-Ni-PTP —47.28 + 1.3 —21.64 + 0.8 23.17 £1.2 —5.26 £ 0.4 —51.01 £ 1.9
Cu-Zn-PTP —45.63 £ 1.5 —20.11 £ 1.0 2195+ 1.4 —4.87 £ 0.5 —48.66 + 2.0
Cu-Ag-PTP —42.55 + 1.6 —19.32 + 0.9 22.43 £1.5 —4.76 £ 0.3 —44.20 £ 2.1
Cu-Co-PTP —40.17 £ 1.8 —17.24 £1.1 24.18 £ 1.7 —4.23 £0.4 —37.46 £ 2.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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6.6. MM/PBSA binding free energy evaluation

The MM/PBSA method was utilized to calculate binding free
energies (AG_bind) derived from snapshots of the last 50 ns of
each molecular dynamics simulation. Further decomposition of
the energy terms revealed that van der Waals and electrostatic
interactions were the predominant favorable contributions to
the formation of the complex, while polar solvation energies
acted as a small penalty against binding. This is consistent with
the general trend observed in stable protein-ligand complexes
described in the literature.®**”

Table 6 contains a summary of the energy components for
each Cu-M-PTP complex, showing the balance of enthalpic
favorability against solvation penalties.

The ranking of binding free energy observed in the results of
the binding studies: Cu-Ni > Cu-Zn > Cu-Ag > Cu-Co correlates
accurately with the docking data, supporting the general
conclusion that Ni- and Zn-complexes were the ones that
formed the most favorable and stable interactions with the BAX
and BCL-2 protein targets. The consistently low and highly
negative AG_bind values (<—45 kcal mol™') indicate sponta-
neous binding and strong thermodynamic stability of the
complexes, particularly Cu-Ni-PTP and Cu-Zn-PTP, further
reinforcing the evidence of strong therapeutic candidates from
these complexes.®®#

7. Conclusion

All four new heterodimetallic complexes based on the thiazole-
phthalimide ligand (PTP), interacted with Cu(u) to complex with
Co(u), Ni(u), Zn(u), and Ag(1), were synthesized and character-
ized in solid and solution state by FT-IR, UV-Vis, AS, magnetic
susceptibility, conductivity, and thermal analysis methods. The
structural elucidation data indicate tetradentate coordination
with O,N, donor atoms. Overall, these findings demonstrate the
detrimental effects of arsenic toxicity on pulmonary architec-
ture and suggest the involvement of oxidative stress, apoptosis,
and autophagy mechanisms in the development of the disease.
In addition, the present study highlighted the therapeutic effi-
cacy of a novel phthalimide analog to treat arsenic-induced lung
injury in rat. The phthalimide analog increased GSH activity
and reduced MDA level. Moreover, the analog suppressed APAF-
1 protein abundance in lung tissues. Furthermore, the analog
revealed anti-apoptotic properties by enhancing and suppress-
ing BCL2 levels. In addition, these phthalimide analogs effec-
tively mitigated the injurious effects of arsenic in lung tissue by
suppressing apoptotic genes (BAX and ERK) and autophagy
genes (Beclinl and LC3). Among all the phthalimide analogs,
As,03-Cu-Zn-PTP and As,0;-Cu-Ni-PTP demonstrated the
greatest activity in all biochemical parameters and decreased all
genes studied; however, this class of compounds has significant
application potential against arsenic in vivo model. Addition-
ally, experimental data were supported by molecular docking
and molecular dynamics simulations showing stable energeti-
cally favorable interactions between the tested complexes and
pro-and anti-apoptotic proteins (BAX and BCL-2). These results
suggest the synthesized thiazole-phthalimide heterobimetallic
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complexes exhibit antioxidant, anti-apoptotic, and cytopro-
tective properties to mitigate arsenic-induced lung injury. Of
the complexes tested, the Cu-Zn-phthalimide (Cu-Zn-PTP)
exhibited the greatest stability, binding affinity, and biological
efficacy, making it promising for therapeutic candidates to treat
oxidative stress-mediated and heavy metal-induced lung disor-
ders. Future studies will extend this work to understand the
mechanistic role of the free ligand (PTP) and the homo-
bimetallic analogues to determine if the observed metal metal
synergism holds. Overall, phthalimide analogs can ameliorate
arsenic-induced lung injury by regulating oxidative stress,
inflammation, apoptosis, and autophagy.
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