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Doxorubicin is a chemotherapeutic agent that is frequently used in the treatment of several cancers
including breast, lung, gastric, ovarian, and thyroid cancers and lymphoma. Despite the wide use of
doxorubicin in cancer treatment, the drug has demonstrated severe side effects such as cardiotoxicity,
bone marrow aplasia and nephrotoxicity. On the other hand, thymoquinone is a phytochemical
antioxidant with known chemopreventive and chemotherapeutic activities. However, thymoquinone
suffers from high hydrophobicity, causing poor solubility in agueous medium, which limits its
bioavailability. In this study, we developed a new strategy to attenuate doxorubicin-induced toxicity and
improve the bioavailability of thymoquinone by a direct chemical conjugation between doxorubicin and
thymoquinone. Strikingly, the generated hybrid drug of thymoquinone-doxorubicin showed a high anti-

tumor efficacy, particularly against the MCF-7 breast cancer cells, and low toxicity towards normal
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Accepted 23rd September 2025 human cells. This indicated the potential use of this hybrid drug to target cancer cells with high
efficiency and low side toxicity. Moreover, the subcellular localization of the hybrid drug was identified

DOI: 10.1039/d5ra05492¢ using confocal laser scanning microscopy and fluorescence live-cell imaging, and it was found to be

rsc.li/rsc-advances predominantly localized to the endoplasmic reticulum of the cells.
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1 Introduction

Cancer is a public health problem and continues to be among the
leading causes of morbidity and mortality worldwide. Generally,
a cancer cell is characterized by its six main capabilities:
sustaining proliferative signaling, evading growth suppressors,
activating metastasis, enabling immortal replication, promoting
angiogenesis and resisting apoptosis." Anti-cancer agents like
those used in chemotherapies have been developed to destroy
cancer cells by stopping or slowing the capabilities of cancer cells,
and they are considered a primary treatment technique for
treating millions of cancer patients worldwide.> Doxorubicin
(Dox, Fig. 14) is one of the most commonly used chemothera-
peutic drugs for treating a wide range of cancers, including
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breast, lung, and bladder cancers, lymphoma and leukaemia.>
Its primary function is to suppress topoisomerase I and II and
intercalate into DNA to interfere with its uncoiling, ultimately
inducing cell death.®* Another mechanism is the generation of free
radicals, which, in turn, can damage DNA and biomolecules and
result in cell death.® However, Dox does not specifically target
cancer cells, and it will also eliminate normal healthy cells,
especially those that frequently divide.* As multiple tissues are
destroyed, organ toxicity occurs. Indeed, clinical studies show
that the heart is a primary target of Dox-induced side toxicity.”
However, Dox toxicity could also affect other organs, such as the
brain, bone marrow, kidney and liver.®

Thymoquinone (TQ, Fig. 1B) is the main bioactive constit-
uent of the volatile oil of the black seed (Nigella sativa,
Ranunculaceae family), and it has been shown to exhibit anti-
cancerous, antioxidant and anti-inflammatory activities both
in vitro and in vivo.*™* The antioxidant activity of TQ has been
extensively studied. Indeed, TQ was reported to decrease liver
toxicity in mice treated with Aflatoxin B(1)."> TQ pretreatment
was able to reduce the levels of AST, ALT and ALP liver enzymes
after administration of Aflatoxin B(1), and it prevented the
formation of the reactive aldehyde malondialdehyde (MDA), the
end product of lipid peroxidation in the liver.”> In addition, the
researchers showed that pretreatment with TQ significantly
restored the hepatic supply of glutathione in mice compared to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of (A) doxorubicin (Dox) and (B) thymoquinone (TQ).
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Fig.2 Chemical conjugation strategy of the hybrid drug (TQ-Suc-Dox). A chemical reaction for the conjugation of TQ (1) with the linker succinic
acid (Suc) to produce TQ-Suc (2) was conducted by transferring a specific amount of TQ and succinic acid to a 25 mL two-neck flask. Then, the
chemicals were dissolved in a mixture (9 mL total volume) of (1: 1) acetonitrile (CHsCN):water, under an inert atmosphere (argon gas). Directly,
silver nitrate (AgNO3) was added, and the mixture was left for 2—3 min at RT under argon gas. Then, the reaction mixture was heated to 80 °C with
reflux (5 min). After that, ammonium persulfate (NH,4),S,0g was added gradually. The reaction mixture was refluxed at 100 °C overnight. Then,
diethyl ether was used as an extraction solvent for extraction. The organic layer was taken and dried over anhydrous sodium sulfate (Na,SO4,)
powder and evaporated at atmospheric pressure overnight. For chemical conjugation of TQ-Suc with Dox to produce the hybrid compound TQ-
Suc-Dox (3), TQ-Suc was dissolved in DMSO and stirred under nitrogen gas. To activate the carboxylic acid group, EDC was added to the TQ-Suc
acid solution, followed by Sulfo-NHS, and the mixture was stirred for 3 hours. Dox-HCL dissolved in DMSO with trace amounts of triethylamine
was then added to the reaction solution, with magnetic stirring for 12—-24 hours in dark under nitrogen.
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the untreated group.” Also, TQ was found to reverse the
symptoms of myocardial injury (MI) and restore the levels of
glutathione and superoxide dismutase in rats.”® Furthermore,
treatment of streptozotocin-induced diabetes mellitus rats with
TQ significantly reduced oxidative stress damage, inhibited the
formation of malondialdehyde, increased the levels of super-
oxide dismutase and improved cardiovascular function.*
Notably, it has been demonstrated that co-administration of TQ
and Dox could improve the anti-tumor activity of Dox in certain
cancer cell lines, such as HL-60 and multi-drug-resistant MCF-
7.15 Oztiirk et al. and Akin et al. demonstrated that co-treatment
with TQ and Dox could ameliorate Dox-induced hepatotoxicity
and testicular toxicity in rats.'®” Very recently, Chen and
colleagues have shown that TQ could decrease Dox-induced
cardiotoxicity in mice.'® The authors suggested that the TQ
protection against Dox-induced cardiotoxicity is potentially
through activation of the Nrf2/HO-1 signaling pathway and
reduction of iron-mediated death, mediated primarily by Dox.*®
These results overall indicate that TQ co-treatment can reduce
undesirable side effects of Dox.

In this study, we have generated a hybrid drug of TQ and Dox
(Fig. 2) via chemical conjugation, in an attempt to generate
a new compound with unique properties such as high anti-
tumor activity with low normal cell toxicity, hoping to mini-
mize the potential side effects of Dox and thereby increase its
therapeutic efficacy.

2 Materials and methods
2.1 Chemicals, reagents and cell lines

Thymoquinone (TCI, Japan), doxorubicin-HCL (Biosynth Car-
bosynth, UK), succinic acid (Fluka, Germany) were purchased.
TLC-plates SIL G-25 UV254, 20 x 20 cm (Macherey-Nagel, Ger-
many), and silica gel, average pore size 60 A (52-73 A), 70-230
mesh, 63-200 pm (Sigma, USA) were used. Sulfo-NHS (N-
hydroxysulfosuccinimide) and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) were
obtained from Thermo Fisher Scientific, USA. Colorimetric Cell
Titer 96 non-Radioactive Cell Proliferation Assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT))
(Promega, USA). ER Staining Kit-Red Fluorescence-Cytopainter
(Abcam, UK). DCFDA/H2DCFDA-Cellular ROS Assay Kit
(Abcam, UK). Rabbit anti-GRASP65 antibody [EPR12439]-C-
terminal (Abcam, UK). Goat anti-rabbit IgG (H + L)-Alexa 647
(Thermo Fisher Scientific, USA). Human breast cancer cell line
(MCF-7), glioblastoma cell line (U87), pancreatic cancer cell line
(PANC-1), and lung alveolar basal epithelial cells (A549) were
obtained from ATCC (USA). The primary human dermal fibro-
blasts (HD-fibroblasts) were isolated from a healthy 50-year-old
female as previously described.” Human bone marrow fibro-
blasts (H-BM1) were obtained from Dr. Walhan Alshaer, Cell
Therapy Center, Jordan.

2.2 Chemical conjugation reactions

2.2.1 Thymoquinone-succinic acid (TQ-Suc) formation. TQ
was conjugated to succinic acid (Suc) (Fig. 2) by dissolving
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150 mg TQ (0.93 mmol) and 87 mg succinic acid (0.75 mmol) in
a 9 mL mixed solvent of acetonitrile (CH;CN) and water (1:1 v/
v), under an inert atmosphere (argon gas). Directly, 15 mg of
silver nitrate (AgNO;) (8.83 x 10> mmol) was added, and the
mixture was left 2-3 min at RT under argon gas. The reaction
mixture was heated up to 80 °C under reflux for 5 min, then
208.5 mg (0.8269 mmol) of ammonium persulfate (NH,),S,04
(dissolved in 1.5 mL distilled water) was added gradually to the
reaction. The reaction mixture was refluxed at 100 °C overnight.
The reaction mixture was further diluted with 0.9 mL of distilled
water. Then, diethyl ether was used as an extraction solvent (5
times), and the organic layer was dried over anhydrous sodium
sulfate (Na,SO,) powder and evaporated at atmospheric pres-
sure overnight, providing 76.7 mg of TQ-Suc in 43% yield.

2.2.2 Thymoquinone-succinic-doxorubicin  (TQ-Suc-Dox)
formation. Chemical conjugation of TQ-Suc with Dox to
produce the hybrid compound TQ-Suc-Dox was performed by
carbodiimide chemistry. Briefly, 30.0 mg (0.1271 mmol) of TQ-
Suc was dissolved in 500 pL. DMSO and stirred under nitrogen
gas. To activate the carboxylic acid group, 73.1 mg (0.38 mmol)
of EDC was added to the TQ-Suc solution, followed by 82.8 mg
(0.38 mmol) of Sulfo-NHS and stirred for 3 hours. Then, 2.5
equivalents of Dox-HCI (172.7 mg, 0.173 mmol) dissolved in 500
pL DMSO with a trace amount of TEA (22-44 pL) were added to
the reaction solution, with magnetic stirring for 12-24 hours in
the dark under nitrogen, providing 165 mg of the final TQ-Suc-
Dox conjugate (62% yield).

2.2.3 Purification of compounds. Purification of TQ-Suc
was conducted using TLC. The mobile phase used in the sepa-
ration was cyclohexane/ethyl acetate/acetone (3:2:0.25). The
target spot was then scratched and dissolved in methanol/ethyl
acetate (1:1 v/v) and filtered using filter paper. For TQ-Suc-Dox
purification, first, the compound was run on TLC with a mobile
phase composed of ethyl acetate/dichloromethane (3 :2) with
2% formic acid, and then the target spot was scratched and
dissolved in methanol/ethyl acetate (1:1 v/v) and filtered using
a filter paper. After evaporation of the solvent, the product was
dissolved in chloroform and the supernatant was collected and
purified again using silica gel column chromatography with
a mobile phase of ethyl acetate/dichloromethane (3 : 1) with 2%
formic acid.

2.3 Mass spectrometry analysis

High-resolution mass spectra (HR-MS) were recorded utilizing
the electrospray ion trap (ESI) technique by collision-induced
dissociation on a Bruker APEX-4 (7 Tesla) instrument oper-
ated under positive or negative modes to determine the
molecular weights and fragmentation of the prepared conju-
gates. The samples were infused using a syringe pump at a flow

rate of 2 pL min .

2.4 NMR analysis

All NMR spectra were obtained using a Bruker Biospin AG
Magnet system 500 MHz/54 mm instrument (Bruker BioSpin,
Switzerland) with a PA BBO 500S1 BBF-H-D-05 Z SP probe, and
the temperature was controlled using a variable-temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unit (VTU) and held constant at 298 K. Chemical shifts were
measured in parts per million (ppm) and referenced to tetra-
methylsilane (TMS). The FID data processing and analysis were
performed using Topspin 4.0.2 (Bruker Biospin GmbH, Swit-
zerland). Deuterated solvents (99.0 atom% D; Sigma-Aldrich,
USA) were used as purchased.

2.5 HPLC analysis

Purified compounds were analyzed and identified using HPLC
with a UV detector (Shimadzu, Japan). The chromatographic
conditions for HPLC analysis were: stationary phase of C18
universal column, isocratic elution with a mobile phase
composed of methanol/acetonitrile (60 :40 v/v), flow rate of 1
mL min~ ", and detection wavelength at 254 nm.

2.6 Cell cytotoxicity assay

The human cancer cell lines MCF-7, U87, PANC-1 and A549 were
subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cytotoxicity assay. DMSO was used as a solvent
to dissolve the compounds and prepare the stock concentrations.
A serial dilution of compounds was made by adding a specific
volume of the stock to a calculated volume of the culture medium
to obtain precise concentrations. The final percentage of DMSO
was adjusted to 1% in all treatments. Briefly, the cells were
seeded at a density of 5 x 10° per well in 96-well plates in
appropriate medium, then treated with increasing concentra-
tions of each compound (0.075-100 pmol L) and incubated for
72 h at 37 °C and 5% CO,. The Colorimetric Cell Titer 96 non-
Radioactive Cell Proliferation Assay (Promega, Madison, USA)
was used to detect cell proliferation in each well according to the
manufacturer's instructions. The percentage viability of the cells
was calculated by dividing the absorbance of the compound-
treated cells by the absorbance of 1% DMSO-treated cells
(control cells). Cell viability % = (absorbance of the compound-
treated cells)/(absorbance of 1% DMSO control cells) x 100%.

2.7 Measurement of intracellular ROS production

Cells were seeded at a density of 20 x 10? in a black, clear-bottom
96-well plate and incubated overnight for attachment. The media
were removed the next day, and 100 pL of 20 pM DCFDA diluted
in media (without phenol-red) was added; the cells were incu-
bated for 45 min in dark in an incubator at 37 °C. Then the
DCFDA solution was removed and 100 puL of the compounds at
different concentrations (diluted in media without phenol-red)
were added and incubated for another 4 h in a 37 °C incubator
in the dark. The plate was then read immediately, without
washing, using a fluorescence plate reader at E,./em = 485/
535 nm (GlowMax, Promega, USA). tert-Butyl hydrogen peroxide
(TBHP) was used as a positive control in the experiment (a known
generator of reactive oxygen species (ROS)).

2.8 Subcellular localization and confocal laser scanning
microscopy

MCF-7 cells were seeded into 24-well culture plates containing
glass coverslips and incubated with their compatible culture

© 2025 The Author(s). Published by the Royal Society of Chemistry
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medium for 24 h in a tissue culture incubator (37 °C, 95%
humidity and 5% CO,). After incubation, the culture medium
was removed and the cells were treated with 100 uM of either
Dox or TQ-Suc-Dox (diluted in complete culture medium). Then,
the uptake of drugs was performed at 37 °C for the indicated
time points. The cells were then washed twice with PBS and
fixed in 4% formaldehyde for 15 min at room temperature in the
dark. The fixed cells were then quenched in 50 mM ammonium
chloride (NH,Cl) for 5 min to decrease possible auto-
fluorescence. DAPI was used to stain the nucleus of the cells.
The confocal images were acquired using an LSM 780 (Zeiss,
Germany). The objective lens used for acquiring the images was
a Plan-Apochromat 63X/1.4 NA Oil DIC M27. Laser wavelengths
of 405 nm, 488 nm, 561 nm and 633 nm were used for excitation
of the nuclear stain DAPI, Dox, ER red-cytopainter, and Alexa-
Fluor 647, respectively. The detection range for fluorescence
emission signals was: 420-520 nm for DAPI, 535-599 nm for
Dox, 600-712 nm for ER red-cytopainter, and 637-755 nm for
Alexa-Fluor 647.

2.9 Fluorescence and co-localization quantitation

Quantitation of nuclear and cytoplasmic localization of TQ-Suc-
Dox and free Dox compounds was conducted by measuring the
fluorescence intensity within the region of interest using Image
J software. The degree of co-localization between the TQ-Suc-
Dox and organelle markers (Golgi and ER) was determined by
calculating Manders' and Pearson's coefficients. The colocali-
zation parameters were the Pearson's correlation coefficient,
which measures linear correlation between the two channels,
and the Manders coefficient, which calculates the percentage of
the total signal from one channel that overlaps with the signal
from another, were measured using the plugin JACoP on Image
J software.

2.10 Fluorescence live-cell imaging

For live-cell imaging, cells were grown as monolayers on a 4.55
em” cell culture slide (SPL Life Sciences, Korea). All live-cell
imaging experiments were performed with a Zeiss AxioOb-
server Z1 Fluorescence Microscope. Live cells were imaged at
37 °C and 5% CO,. For ER staining, the dye was diluted 1/500 in
1x assay buffer and incubated with cells for 15 min at 37 °C.
The cells were washed twice with 1 x PBS and pulsed with either
TQ-Suc-Dox or free Dox compounds for 5 min at 37 °C, and
washed three times with PBS. Then, 1 mL of PBS was added and
cells were imaged live for 45 min at 37 °C. Dox was excited using
a 470 nm solid-state laser diode. ER red-cytopainter was excited
using a 555 nm solid-state laser diode. Fluorescence signals
were collected using the following bandwidths: 490-570 nm for
Dox and 577-617 nm for ER red-cytopainter. Image acquisition
was performed using an LD A-Plan 40x/0.55 Objective.

2.11 Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.4.0.
The ¢-test was used to measure the significance of the data. P-
values < 0.05 were considered statistically significant, ***P <
0.001. **P < 0.01. *P < 0.05.
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3 Results and discussion

3.1 Preparation and characterization of the TQ-Suc-Dox
hybrid compound

The formation of the TQ-Suc-Dox conjugate was confirmed
using 'H, *C-dept135, "H-"*C-HMQC, and "H-">N-HMBC NMR
experiments (SI Fig. S1 and S2). "H NMR (500 MHz, DMSO-d,)
for TQ-Suc-Dox conjugates; 6 = 1.1 (s, 6H, (CH3),), 1.5 (s, 3H, b),
1.9 (s, 3H, CH;-TQ), 2.1 (s, 2H, H-4), 2.9 (s, 2H, CH-TQ), 3.5 (m,
4H, CH,-Suc, c), 3.7 (m, 1H, d), 3.95 (s, 3H, OCH3), 4.1 (m, 1H,
e), 4.56 (m, 1H, H-1), 4.9 (s, 1H, 1-OH), 4.9 (m, 1H, H-5), 5.2 (m,
1H, a), 5.3 (s, 1H, 3-OH), 7.6 (d, 1H, H-19), 7.7 (d, 1H, H-20), 7.9
(d, 1H, H-18), ~14 (br s, 2H, 9-OH and 10-OH). In addition, the
amine group (-NH,) in doxorubicin, which typically appears at
~7.8 ppm (*H) and ~42.6 ppm (*°N), was converted into an
amide group (-CO-NH-), observed at 7.5 ppm ('H) and
150.2 ppm (*°N), as shown in SI Fig. S2, consistent with
literature-reported values. MS (ESI) (positive mode) m/z calcu-
lated for C,H,43NO,, [M + Na']™: 784.25758, found: 784.25892
(SI Fig. S3). MS (ESI) (negative mode) m/z calculated for
CaoH43NOy, [M — H']™: 760.26108, found 760.26023 (SI Fig. S3).
For purity detection of the generated TQ-Suc-Dox compound,

TQ-Suc-Dox hybrid
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the compound was analyzed using HPLC (Shimadzu, Japan),
and ~90% purity was determined for the compound (SI Fig. S4).

3.2 The cytotoxic effect of the TQ-Suc-Dox hybrid on the
growth of cancer and normal cells

The TQ-Suc-Dox compound was tested against different types of
cancer cell lines, including MCF-7, U87, PANC-1 and A549. The
results were then compared to those obtained with the free
drugs TQ and Dox. Interestingly, TQ-Suc-Dox showed high
antitumor activity against all tested cell lines (average IC5, ~10
uM) (Fig. 3). On comparison, free Dox showed very high cyto-
toxicity against all the cell lines (average ICs, ~0.4 uM) (Fig. 3),
whereas TQ showed the least effect on the cell lines, with an
average ICs, of ~32 puM (Fig. 3). Strikingly, TQ-Suc-Dox exerted
the highest cytotoxicity (ICs, ~2 uM) on MCF-7 breast cancer
cells, indicating a possible selectivity in the action of the hybrid
compound against breast cancer cells. Notably, the cytotoxic
activity results for free Dox and TQ against MCF-7 cancer cells
showed ICs, values of ~0.3 uM and 23 uM, respectively, which
are consistent with the literature.*® It is worth mentioning that
MCF-7 cells are a well-characterized human breast cancer cell
line that are frequently used in research due to their expression

Dox
100 -e- U87
PANC-1
Z
= -4 A549
o
] -+ MCF7
> 50
o]
()
I 1 I 1 1
-3 -2 -1 0 1 2
Log conc uM
1C-50 (uM)
Cell lines TQ-Suc-Dox TQ Dox
hybrid
us7 10 £2.7 4219.1 0.08 +0.012
PANC-1 14 8.6 36 10.78 1.1+0.1
A549 13+1.1 43121 0.4 +0.01
MCF-7 240.2 23+1.2 0.3 +0.01

Fig. 3 Cell cytotoxicity and determination of ICsq values of TQ-Suc-Dox hybrid, TQ and Dox compounds in cancer cells. The survival
percentages of cancer cell lines (MCF-7, U87, PANC-1 and A549) after treatment with different log concentrations of TQ-Suc-Dox, TQ and Dox
and incubation for 72 h at 37 °C and 5% CO, were determined. DMSO was used as a solvent to dissolve compounds and prepare stock
concentrations. A serial dilution of compounds was made by adding a specific volume of the stock to a calculated volume of the culture medium
to obtain precise concentrations. The final percentage of DMSO was adjusted to 1% in all treatments. The colorimetric MTT cytotoxicity assay was
used to detect cell survival. Data expressed as mean + SD. ICsq: half-maximal inhibitory concentration.
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of estrogen receptor (ER) and progesterone receptor (PR),
making them a relevant model to study ER+ and PR+ breast
cancer cells.” The selective, high efficacy of the compound
against MCF-7 cells is very interesting, and could be due to drug
targeting of a specific signaling pathway mainly involved in
breast cancer tumorigenesis. Indeed, several signaling path-
ways and molecular networks have been demonstrated to play
a critical role in controlling important pro-survival and pro-
growth cellular processes in breast cancers, including
mitogen-activated protein (MAP) kinase, PI3K/Akt/nuclear
factor kappa B (NF-«B), TGF-B, hedgehog (Hh), Notch, Wnt/p-
catenin, and Hippo pathways.*® However, the detailed molec-
ular mechanism by which the compound kills MCF-7 cancer
cells needs to be investigated in the future.

On the other hand, the TQ-Suc-Dox showed relatively
minimal cytotoxicity on normal cells, including human-derived
bone marrow fibroblasts (H-BM1) and dermal fibroblasts (HD-
fibroblasts) (ICso ~16 pM and ~10 pM, respectively),
compared to the free Dox, which showed very high toxicity on
these cells (IC5o ~0.2 uM, ~0.1 uM, respectively) (Fig. 4). Over-
all, these results clearly demonstrate that the generated TQ-Suc-
Dox compound is capable of killing tumor cells, particularly
invasive ER+ and PR+ breast adenocarcinoma, with high effi-
ciency while exerting low toxicity on normal cells.

HD-fibroblast

View Article Online

RSC Advances

3.3 The TQ-Suc-Dox hybrid generates less ROS in cells
compared to free Dox

The intracellular levels of reactive oxidative species (ROS),
including hydroxyl ("OH) and peroxyl (ROO") radicals, which are
important mediators of Dox-induced side toxicity, were
measured in live cell samples by a fluorometric assay. Our
results demonstrate a significant increase in ROS levels in both
MCF-7 and human dermal fibroblast cells treated with either
free Dox or TQ-Suc-Dox, compared to the intracellular ROS
levels measured in cells treated with DMSO (Fig. 5). As expected,
free Dox demonstrated a dose-dependent increase in ROS
production in the two cell lines (Fig. 5A and B). Interestingly,
ROS production in cells treated with 10 uM of TQ-Suc-Dox was
significantly lower than that produced by the free Dox (Fig. 5A
and B).

The decrease in ROS production in cells treated with TQ-Suc-
Dox compared to free Dox could be related to the presence of
TQ. Indeed, TQ is well known to act as a scavenger of free
radicals,®*® and it could potentially decrease the side toxicity
associated with Dox-generated ROS. In fact, co-treating cells
with free TQ has been shown to reduce the side toxicity of drugs
such as aflatoxin B, Dox and cisplatin."»*”** It has been
hypothesized in previous studies that Dox may induce car-
diotoxicity of the myocardium via Dox-induced oxidative

H-BM1 cells

100 -o- TQ-Suc-Dox
-& Dox
Z 2
= = - T1Q
-] e}
2 °
> 50 2
o ]
(&) (&)
I 1 1 1 1 1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Log conc uM Log conc pM
1C-50 (uM)
Cell lines TQ-Suc-Dox TQ Dox
hybrid
HD-fibroblast 10+£2.2 58+24 0.134 + 0.07
H-BM1 16+1.4 53+8.7 0.161 + 0.03

Fig. 4 Cell cytotoxicity of TQ-Suc-Dox hybrid, TQ and Dox compounds in normal human cells. MTT cytotoxicity assays show the survival
percentage of human fibroblast cells (HD-fibroblast) and human bone marrow fibroblasts (H-BM1) after treatment with different log concen-
trations of TQ-Suc-Dox, TQ and Dox, incubated for 72 h at 37 °C and 5% CO,. DMSO was used as a solvent to dissolve compounds and prepare
stock concentrations. A serial dilution of compounds was performed by adding a specific volume of the stock to a calculated volume of the
culture medium to obtain precise concentrations. The final percentage of DMSO was adjusted to 1% in all treatments. Data expressed as mean +

SD. ICsq: half-maximal inhibitory concentration.
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Fig. 5 Measurement of intracellular ROS production in cells after treatment with TQ, free Dox and TQ-Suc-Dox compounds. DCFDA/
H2DCFDA-cellular ROS assays were conducted to measure intracellular ROS production in cells: (A) MCF-7 and (B) HD-fibroblasts. The cells
were seeded in black, clear-bottom 96-well plates. DCFDA diluted in media was added and incubated for 45 min in a 37 °C incubator in dark.
Then, DCFDA solution was removed and compounds at different concentrations were added and incubated for another 4 hin a 37 °C incubator
in dark. DMSO was used as a solvent to dissolve compounds in ROS assays. The plate was then read immediately using a fluorescence plate
reader at E,./em = 485/535 nm. P-values were calculated using the unpaired, one-tailed t-test. *p < 0.05. **p < 0.01. TBHP (tert-butyl hydrogen

peroxide) was used as a positive control in the experiment.

stress.>*?® Interestingly, co-treatment of mice with Dox and TQ
was shown to increase the level of antioxidant proteins,
including GSH, catalase and superoxide dismutase, reduce lipid
peroxidation, and protect against Dox-induced cardiotoxicity.””
Furthermore, Miyoshi et al. recently demonstrated that Dox-
induced cardiotoxicity in rats can be ameliorated in vivo via
co-treatment with the antioxidant LCZ696 (sacubitril/

valsartan).>®

3.4 Subcellular localization of the TQ-Suc-Dox hybrid in
breast cancer cells is mainly to the endoplasmic reticulum

To determine the internalization and subcellular localization of
the TQ-Suc-Dox hybrid compound in comparison to free Dox, an
internalization assay was employed, followed by confocal laser
scanning microscopy (CLSM) analysis. Breast cancer cell line
(MCF-7) was treated with either TQ-Suc-Dox or free Dox and
incubated at 37 °C for over 4 h for continuous uptake experi-
ments. Both TQ-Suc-Dox and free doxorubicin were efficiently
internalized; after uptake for 1 h, almost all the Dox was local-
ized in the nucleus (Fig. 6A), and only a minor amount could be
detected in the cytoplasm of cells. The same results were
demonstrated at 4 h uptake. Strikingly, most TQ-Suc-Dox
molecules, for both 1 h and 4 h uptake experiments, were
found to be located in the perinuclear-like regions in the cyto-
plasm of the cells (Fig. 6C). To further define these regions, we
co-stained these structures with either cis-Golgi GRASP65
marker or ER stain (Fig. 7). Our results show, for both 1 h and
4 h uptake experiments, high co-localization between TQ-Suc-
Dox and ER organelles (90%) (Fig. 7B), compared to very little

38182 | RSC Adv, 2025, 15, 38176-38188

co-localization between TQ-Suc-Dox and Golgi apparatus
(=20%) (Fig. 7A). Indicating that the hybrid compound is
mainly localized to the ER region. Furthermore, we analyzed the
real-time uptake of TQ-Suc-Dox and free Dox and their distri-
bution in live MCF-7 cells using the fluorescence live-cell
imaging technique (Fig. 8). For the TQ-Suc-Dox, we observed
intense intracellular fluorescence after 5 min uptake (pulse-
period), and the compound was then predominantly accumu-
lated in the ER over the 45 min chase-period (Fig. 8A). For the
free Dox, the drug showed intense intracellular fluorescence
after the 10 min pulse-period, and then it was predominantly
localized in the nucleus over the chase-period (Fig. 8B).

In fact, the spatial localization of drugs within the cell is an
important factor that has been proposed to play a major role in
improving efficacy and minimizing toxicity of drugs.>® Notably,
changing the subcellular localization of Dox has been reported
previously. Indeed, Buondonno et al. have demonstrated that
bio-conjugation of Dox with a H,S donor substructure, to
produce a H,S-releasing Dox (Sdox) compound, resulted in the
accumulation of the compound within the ER*® and caused less
hepatotoxicity and oxidative damage compared to free Dox.*
Also, targeting Dox to the ER could be of great significance for
decreasing the potential side-toxicity of Dox provoked by the
nuclear-localization of Dox and subsequent DNA damage,* as
well as for overcoming Dox-resistance in cancer cells.”*?*°

It is worth mentioning that the ER is a large network of
folded membrane-enclosed tubules and sacs that extend from
the nuclear membrane throughout the cytoplasm. Its functions
in cells include calcium storage, protein synthesis and lipid
metabolism.>> Therefore, under ER stress, unfolded or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cellular uptake and localization of Dox and TQ-Suc-Dox compounds Confocal laser scanning microscopy (CLSM) analyses for the uptake
of (A) free Dox or (C) TQ-Suc-Dox in cultured MCF-7 cells. For internalization, MCF7 cells were incubated with free Dox or TQ-Suc-Dox
compounds for 1 h and 4 h time points. All cells were fixed in 4% paraformaldehyde and nuclei stained with DAPI (blue color). Doxorubicin and
TQ-Suc-Dox compounds are shown in red color. White arrows indicate accumulation of the TQ-Suc-Dox in perinuclear-like regions. Scale bars
represent 10 um. Quantitation of nuclear and cytoplasmic localization of free Dox (B) and TQ-Suc-Dox (D) was conducted by measuring the
fluorescence intensity within the region of interest using the Image J software. Data are expressed as the mean + SD (10 cells for each time
point).
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Fig. 7 Cellular uptake and subcellular localization of the TQ-Suc-Dox in Golgi/ER organelles. Confocal laser scanning microscopy (CLSM)
analyses for the uptake of TQ-Suc-Dox compound in cultured MCF-7 cells. For colocalization with (A) Golgi marker (GRASP65) and (C) ER
marker. MCF7 cells were incubated with TQ-Suc-Dox compound for 1 h and 4 h time points. All cells were fixed in 4% paraformaldehyde and
nuclei stained with DAPI (blue color). TQ-Suc-Dox compounds are shown in red. Golgi and ER markers are shown in green. Scale bars represent
10 pm. Quantitation of co-localization between TQ-Suc-Dox and organelle markers for Golgi (B) and ER (D) was determined by calculating
Manders' and Pearson's coefficients using the plugin JACoP on Image J software. Data is expressed as the mean + SD (10 cells for each time
point).
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Fig. 8 Live-cellimaging analysis of the dynamic trafficking of the TQ-Suc-Dox compared to the free Dox in MCF-7 cells. Fluorescence live-cell
imaging analyses for the uptake of (A) TQ-Suc-Dox and (B) free Dox in cultured MCF-7 cells. Cells were exposed to the compounds in the form of
a short pulse (5 or 10 min), washed three times with PBS, and then chased by acquiring 2D images every 30 s for 45 min at 37 °C. TQ-Suc-Dox and
Dox compounds are shown in red. ER stain is shown in green. Scale bars represent 10 pm.

misfolded proteins could accumulate in the ER lumen and
disrupt ER homeostasis, which may eventually initiate
a cascade of reactions to activate programmed cell death path-
ways.*® Thus, it is reasonable to think that ER targeting might
enhance the efficacy of chemotherapeutic drugs and provide
new anticancer targets. Indeed, strategies for targeting the ER
have been previously proposed to develop new effective anti-
cancer agents.**** For example, it has been shown that

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

thapsigargin compounds induce apoptosis in cancer cells by
binding and disrupting the ER-Ca** pump, causing ER Ca>*
depletion and subsequent ER stress, which eventually activates
the apoptosis enzymes caspase-8 and caspase-3.%°

Finally, in our case, both the presence of TQ (antioxidant)
and the spatial sub-cellular localization of the TQ-Suc-Dox to
the ER could contribute to the low side-toxicity of the
compound that was observed in normal cells.
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4 Conclusion

Dox is one of the most effective chemotherapies in clinical
practice; however, factors including acute and chronic side
effects and the rapid development of resistance have limited its
use. On the other hand, TQ has shown chemopreventive char-
acteristics when combined with other chemotherapeutics. In this
study, the conjugate TQ-Suc-Dox has been demonstrated to exert
efficient antitumor activity against different types of cancer cells;
in particular, adenocarcinoma breast cancer cells MCF-7. In
contrast, low toxicity of the drug was detected in normal cells
such as human bone marrow and dermal fibroblast.

On the other side, the subcellular accumulation of TQ-Suc-Dox
in the ER indicates that the drug may directly affect this organelle,
which has a central role in lipid and protein biosynthesis. Notably,
induction of ER stress was reported as a key contributor to Dox-
induced cardiotoxicity.*”*®* However, TQ has been demonstrated
to protect the rat liver against ischemia-reperfusion (I/R) injury by
preventing ER stress and mitochondrial dysfunction.* Also,
researchers have recently reported the role of TQ in reducing the
ER stress caused by Dox in animal models.***" Nevertheless,
further research in the future is needed to explain mechanistically
how TQ-Suc-Dox could affect the function of the ER in cells.

To conclude, we think that the generated TQ-Suc-Dox could
be beneficial for therapeutic purposes under various scenarios.
Firstly, the side-toxicity related to the therapeutic compound
may be significantly reduced because of its antioxidant prop-
erties and low toxicity in normal cells. Secondly, and impor-
tantly, the specific intracellular targeting of the drug to the ER
will overcome one of the most critical limitations of Dox
application, drug resistance, which has been a major hurdle in
Dox-resistant cancer chemotherapy.**** However, future exper-
iments will be necessary to evaluate the cytotoxicity of the
compound in vivo as well as in various Dox-resistant models.
Additionally, the mechanism by which the compound kills
cancer cells and its potential selectivity against adenocarcinoma
breast cancer cells need to be investigated.
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