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Two novel hybrid compounds, CON1 and CON2, have been developed by combining sclareol (SC) and doxo-
rubicin (DOX) into a single molecular entity. These hybrid compounds have a 1:1 molar ratio of covalently linked
SC and DOX. They have demonstrated promising anticancer properties, especially in glioblastoma cells, and have

glloblastomz-i . also shown potential in treating multidrug-resistant (MDR) cancer cells that express the P-glycoprotein (P-gp)
cancer multidrug resistance . ) . s
nanoparticles membrane transporter. CON1 and CON2 form nanoparticles, as confirmed by Zetasizer, transmission electron

microscopy (TEM), and chemical modeling. TEM also showed that CON1 and CON2 can be found in glioblastoma
cells, specifically in the cytoplasm, different organelles, nucleus, and nucleolus. To examine the anticancer
properties, the U87 glioblastoma cell line, and its corresponding multidrug-resistant U87-TxR cell line, as well as
patient-derived astrocytoma grade 3 cells (ASC), were used, while normal human lung fibroblasts were used to
determine the selectivity. CON1 and CON2 exhibited better resistance and selectivity profiles than DOX, showing
less cytotoxicity, as evidenced by real-time cell analysis, DNA damage determination, cell death induction,
mitochondrial respiration, and mitochondrial membrane depolarization studies. Cell cycle analysis and the
B-galactosidase activity assay suggested that glioblastoma cells die by senescence following CON1 treatment.
Overall, CON1 and CON2 showed great potential as they have better anticancer features than DOX. They are
promising candidates for additional preclinical and clinical studies on glioblastoma.

compounds to overcome this challenge.
Sclareol (SC) is a natural compound found in the clary sage plant

1. Introduction

Nature has always been a source of inspiration for disease treatment.
Most of the approved medicines have been either isolated from natural
sources or developed from compounds found in nature. In this era of
persistent pursuit of answers to one of the deadliest diseases in the
world, cancer, it is crucial to explore novel approaches with natural

(Salvia sclarea L.), known for its wide range of health benefits. With its
anti-inflammatory, antimicrobial, antidiabetic, and antihypertensive
properties, it is a safe and effective option for medicinal use [1]. When
taken orally, it has shown no adverse effects and is well-tolerated [2].
Moreover, SC has demonstrated significant potential as an anticancer

Abbreviations: ABC, ATP Binding Cassette; ASC, WHO grade 3 anaplastic astrocytoma; AV, Annexin-V-FITC; BBB, blood-brain barrier; CI, combination index;
CON1 and CONZ2, novel hybrid compounds; DHE, dihydroethidium; DHR, dihydrorhodamine 123; DMEM, Dulbecco’s modified minimal essential medium; DOX,
doxorubicin; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; FDG, fluorescein-di-D-galacto-pyranoside; GFAP, Glial Fibrillary Acidic Protein; LIG1 and LIG2,
sclareol derivatives; MAP2, Microtubule Associated Protein 2; MDR, multidrug-resistant; MEM, minimal essential medium; MRI, magnetic resonance imaging; MTT,
3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide; NSCLC, non-small cell lung carcinoma; OCR, oxygen consumption rate; OLIG2, Oligodendrocyte
transcription factor 2; P53, tumor protein P53; P-gp, P-glycoprotein; PDI, polydispersity index; PI, propidium iodide; RNS, reactive nitrogen species; ROS, reactive
oxygen species, SC, sclareol; TEM, transmission electron microscopy; TMZ, temozolomide.
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agent in various in vitro studies. It has been found to induce apoptosis
and inhibit proliferation in several cancer cell lines, including leukemic,
colon, osteosarcoma, and cervical cancer cells [3-7]. The therapeutic
effects of SC in xenograft model of small cell lung cancer cells also
showed promising results [8]. Additionally, SC is capable of crossing the
blood-brain barrier (BBB) [9] and modulate the activity of P-glycopro-
tein (P-gp) [10], which belongs to the ATP Binding Cassette (ABC)
transporters involved in drug transport across biological barriers [11].

Doxorubicin (DOX) is a powerful antitumor agent commonly used as
a first-line treatment for various types of cancer. Its source is the bac-
terium Streptomyces peucetius, and it operates by intercalating into DNA,
hindering DNA synthesis, and promoting cell death. Additionally, DOX
creates reactive oxygen species (ROS) that result in DNA damage and
induce apoptosis [12]. Nevertheless, DOX faces multiple drawbacks as a
clinical treatment due to its lack of tumor specificity and severe side
effects, such as myelosuppression, nephrotoxicity, dose-dependent car-
diotoxicity, and development of multidrug resistance (MDR) caused by
P-gp [13,14]. Among these, cardiotoxicity is an especially serious side
effect that can lead to myocardial damage, arrhythmias, and even heart
failure [15]. This condition arises when DOX generates toxic in-
termediates and ROS that cause cardiomyocyte apoptosis [16]. To sur-
mount DOX’s limitations, researchers are exploring alternative
treatments that are more potent and less harmful.

Glioblastoma is a type of brain tumor that is known for its high
invasiveness, poor prognosis, high mortality rate, and frequent recur-
rence. It is the most common and aggressive brain tumor, accounting for
almost 48% of diagnosed cases [17]. Unfortunately, the incidence of
recurrence is very high, making the median overall survival just 14
months and the 5-year survival rate less than 7% [18]. It’s important to
note that temozolomide (and bevacizumab in special occasions) is the
only approved chemotherapeutic agent for glioblastoma therapy [19,
20]. However, no new chemotherapy has been approved for glioblas-
toma treatment since 2005, which is a significant challenge. Limited
efficacy of chemotherapy for glioblastoma is primarily due to the
inadequate delivery of most therapeutics across the BBB and the evo-
lution of MDR, which are all mediated by P-gp [21].

Researchers are exploring ways to improve the efficacy of DOX in
cancer treatment while reducing its adverse effects and resistance to
therapy. Nanoparticle-based formulations have been investigated as an
ideal drug delivery system for chemotherapeutic agents. Although there
have been attempts to use DOX in nanoparticle formulations for glio-
blastoma, they have been unsuccessful [22]. However, a promising
example was the use of poly lactic-co-glycolic acid nanoparticles coated
with poloxamer 188 to deliver DOX, which has been shown to signifi-
cantly inhibit tumor growth and prolong survival in rats with intracra-
nial glioblastoma [23]. Despite challenges such as low encapsulation
rate, complicated preparation processes, and poor stability for long-term
storage [13], the potential benefits of nanoparticle-based drug delivery
systems for cancer treatment make further research and development
worthwhile.

Numerous clinical trials have been conducted to investigate methods
of improving DOX delivery to glioblastoma. The efficacy of pegylated
liposomal DOX and prolonged administration of TMZ in addition to
radiotherapy for newly diagnosed glioblastoma was investigated [24].
While the combination was found to be tolerable, it did not result in
significant improvement in patient outcomes compared to existing data.
An EnGenelC delivery vehicle (EDV) that delivers chemotherapeutic
drugs was used for DOX treatment [25]. The study revealed that (V)
EDVDox, a treatment targeting EGFR via Vectibix and containing DOX
within EDV, is a promising option. The study established a safe
maximum tolerated dose and recommended Phase II. Additionally,
anti-EGFR immunoliposomes loaded with DOX were found to effectively
deliver the drug to glioblastoma [26]. The liposomes could not cross the
BBB but effectively delivered DOX to glioblastoma tissue with compro-
mised BBB. No new safety issues were observed. However, the median
progression-free survival was 1.5 months, while the median overall
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survival was eight months. A recent pilot study will be conducted on
pediatric patients who will receive treatment with DOX [27]. This study
will use advanced magnetic resonance imaging (MRI) techniques and
serum biomarkers to measure the duration of maximum BBB disruption,
which is a suitable period for treatment with DOX. This study was based
on an earlier clinical trial investigation in which MRI-guided laser
therapy was applied to patients with recurrent glioblastoma, resulting in
disruption of the BBB [28]. The disruption peaked within 1-2 weeks
after treatment and resolved by 4-6 weeks, providing a window of op-
portunity to enhance the delivery of DOX that is blocked by the BBB.
Serum levels of brain-specific enolase were used to independently
quantify BBB disruption. The study is expected to be completed by 2030.

Current clinical trial uses a novel device equipped with nine ultra-
sound emitters that can temporarily and reversibly open the BBB to
improve the penetration of drugs into the brain [29]. Immunothera-
peutics and liposomal DOX will be investigated in conjunction with a
novel device. The study is expected to be completed by 2026.

Overall, these studies demonstrate a concerted effort to find more
efficient treatments for glioblastoma using DOX, despite the challenges
posed by the BBB.

Combining drugs with different mechanisms of action can lead to a
synergistic effect, which can enhance therapeutic efficacy. Interestingly,
there are only four published papers on the combination of SC and DOX
with possible anticancer activity. However, these papers reveal a
promising potential for this combination in cancer treatment. For
instance, one study showed that SC significantly enhanced the cytotoxic
effect of DOX on breast cancer cell lines, leading to a significant inhi-
bition of cell growth [30]. Another study indicated that SC increased
DOX cytotoxicity 4.5-fold in spheroids of a DOX-resistant ovarian cancer
cell line [31]. Additionally, combining DOX and SC in a nanolipid carrier
achieved a better synergistic antitumor effect on breast cancer cell lines
than using either drug alone [32,33]. Most importantly, this combina-
tion did not cause side effects in animals.

Considering the safety of SC for human use and its ability to cross the
BBB and inhibit P-gp activity, which can impede the efficacy of DOX in
cancer treatment, the advantages of hybrid structures based on natural
products and/or drugs, and the literature data that points to SC’s ability
to potentiate DOX effects in some types of tumors, it is worth exploring
the potential of combining these two drugs as a single molecule, hybrid
compound, to develop more effective cancer therapies. This study pre-
sents a comprehensive characterization of two hybrid compounds syn-
thesized through a convergent process by combining SC and DOX [34].
The primary objective of our research was to analyze the
physico-chemical properties of these compounds, including their nano-
particle nature, and their intracellular localization. In addition, we
investigated the potential anticancer effects of these compounds in
glioblastoma cells. By providing an in-depth analysis of the properties
and effects of these hybrid compounds, we hope to contribute to the
preclinical studies and development of more effective therapies for
glioblastoma.

2. Material and methods

2.1. Synthesis of SC derivatives, LIG1, LIG2, and SC:DOX hybrid
compounds CON1 and CON2

2.1.1. Examples

The following examples illustrate the synthesis of some compounds
of the invention. These examples are not limiting and are provided for
illustrative purposes.

Melting points were determined using a Boetius PMHK apparatus
and were not corrected. IR spectra were recorded on a Thermo-Scientific
Nicolet 6700 FT-IR "diamond crystal" spectrophotometer. Absorption
band positions are expressed in cm-1. 'H NMR and '*C NMR spectra
were recorded on a Varian spectrometer (at 400 and 100 MHz) in the
specified solvent. Chemical shifts are expressed in ppm, coupling
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constants (J) in Hz, and signal multiplicity is indicated as s (singlet),
d (doublet), t (triplet), q (quartet), sext (sextet), dd (doublet of doublets),
dq (doublet of quartets), and m (multiplet). HRMS-HESI spectra were
recorded on an LTQ Orbitrap XL (Thermo Fisher Scientific Inc., USA)
mass spectrometer. Samples were dissolved in pure HPLC-grade ACN
and directly injected into the instrument. Ionization was performed in
positive mode on a heated electrospray ionization probe. The following
HESI parameters were used: spray voltage 4.7 kV, evaporation temper-
ature 60 °C, drying gas and auxiliary gas flow rates of 24 and 10
(arbitrary units), respectively, capillary voltage 49 V, capillary temper-
ature 275 °C, tube lens voltage 80 V, resolution (for m/z 400): 30,000.
For thin-layer chromatography, SiO; and RP-18 plates (Merck) were
used. SiO3 (0.018—0.032 mm) was used for "dry-flash" chromatography.

Complete structural characterization of the synthesized compounds
was achieved by determining melting points and employing infrared
spectroscopy (IC ATR), nuclear magnetic resonance (1D NMR (1 H and
13 C) methods and 2D NMR (COSY (1-1 H Correlation Spectroscopy),
NOESY (Nuclear Overhauser Effect Spectroscopy), HSQC (1 H-13C
Heteronuclear Single Quantum Coherence), HMBC (1 H-13 C Hetero-
nuclear Multiple Bond Correlation)) methods), as well as high-resolution
mass spectrometry (HRMS).

The purity (HPLC) of the compounds was determined using an Agi-
lent 1200 HPLC system equipped with a Quat Pump (G1311B), Injector
(G1329B, 1260 ALS, TCC 1260 (G1316A), and Detector 1260 DAD VL+
(G1315C)). HPLC analyses were performed in two different systems.

Method A: InfinityLab Poroshell 120 CS-C18 4.6 x 100 mm 2.7, S.
N. was used as the stationary phase. The eluent consisted of the
following solvents: 0.1% HCOOH in water (A) and MeOH (B). Analyses
were performed at the UV maximum of the compound (254 nm) to
achieve maximum selectivity. Compounds were dissolved in MeOH at
final concentrations of approximately 1 mg/mL, and the injection vol-
ume was 5 pL. The flow rate was 0.6 mL/min. Compounds LIG1, LIG2,
CON1, and CON2 were eluted using the following gradient: 0 — 1 min
95% A, 1- 6 min 95% A — 5% A, 6-11min 5% A, 11 - 14 min 5% A —
95% A, 14-15min 95% A.

Method B: InfinityLab Poroshell 120 CS-C18, 4.6 x 100 mm, 2.7um,
with Serial Number (S.N.), was employed as the stationary phase. The
eluent consisted of the following solvents: 0.1% HCOOH in water (A)
and acetonitrile (ACN) (B). Analyses were conducted at the UV
maximum of the compound (254 nm) to achieve maximum selectivity.
Compounds were dissolved in methanol (MeOH) at final concentrations
of approximately 1 mg/mlL, and the injection volume was set at 5 pL. The
flow rate was maintained at 0.6 mL/min. Compounds LIG1, LIG2, CON1,
and CON2 were eluted using the following gradient: 0 — 1 min, 95% A;
1- 6 min, 95% A — 5% A; 6-11 min, 5% A; 11 — 14 min, 5% A — 95% A;
14-15 min, 95% A.

The applied experimental conditions did not impact the stereo-
isomerism of chiral carbon atoms within the sclareol subunit and
doxorubicin.

2.1.1.1. Example of the synthesis of derivative 1 of sclareol: 4-{(1E,3 R)-3-
hydroxy-5-[(2 R,4aS,8aS)-2-hydroxy-2,5,5,8a-tetramethyldecahydronaph-

thalen-1-yl]-3-methylpent-1-en-1-yl}benzaldehyde. In an oxygen-free envi-
ronment, dimethylformamide (DMF) (1.5mL), sclareol SC (30mg,
0.097 mmol, 1 equiv), 4-formylphenylboronic acid (22 mg, 0.146 mmol,
1.5 equiv), Pd(OAc); (2.2mg, 0.010mmol, 0.1 equiv), Cu(OAc),
(35.3mg, 0.194 mmol, 2.0 equiv), and NaOAc (23.9 mg, 0.292 mmol, 3
equiv) were added to a round-bottom flask. The reaction mixture was
stirred at 80 °C for 2 h. The reaction mixture was then filtered through a
sintered funnel, washed with 3 x 20 mL of ethyl acetate (EtOAc), and
dried over anhydrous MgSO4. Compound 1 was obtained after dry-flash
column chromatography (SiOs: Hex/EtOAc = 7/3) as a yellow oil
(32 mg, 80%). 'H NMR (400 MHz, CDCl3): 8 = 9.97 (s, 1 H, -CHO), 7.81
(d,J=7.9Hz,2H, 2 x Ar-H), 7.50 (d,J =7.9Hz, 2 H, 2 x Ar-H), 6.69 (d,
J=16.0Hz, 1 H, =CH), 6.46 (d, J = 16.2 Hz, 1 H, =CH), 2.45 (brs, 2 H, 2
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x OH), 1.84 (d, J = 12.1 Hz, 1 H), 1.80 — 1.72 (m, 2 H), 1.68 — 1.53 (m,
4H), 1.47 - 1.39 (m, 3H), 1.38 (s, 3H), 1.37 - 1.33 (m, 1 H), 1.29 - 1.25
(m, 1H),1.24-1.21 (m, 1 H), 1.17 (s, 3H, Me), 1.15—1.07 (m, 1 H), 1.02
—0.88 (m, 2H), 0.85 (s, 3H, Me), 0.78 (s, 6 H, 2 x Me) ppm. 3C NMR
(100 MHz, CDCl3): & = 191.9, 143.7, 142.0, 135.3, 130.3, 127.0, 125.7,
75.2,73.7, 61.4, 56.2, 45.1, 4.6, 42.1, 39.9, 39.4, 33.5, 33.4, 27.6, 24.5,
21.6,20.6,19.2, 18.5, 15.4 ppm. HRMS (HESI/Orbitrap) m/z: [M + Na] "
Caled for Co7H4103Na™ 435.28697; Found 435.28704. IR (ATR): v =
3379, 2927, 2868, 2735, 1698, 1601, 1568, 1461, 1388, 1306, 1266,
1214,1167, 1133, 1099, 1085, 1065, 1039, 997, 972, 938, 908, 863, 812,
786, 737, 702, 661 cm ™. [o]% + 36.2 (c = 0.21 g/mol, MeOH).

2.1.1.2. Example of the synthesis of compound 2: 4-[(6-aminopropyl)
amino]-4-oxobutanoic acid. A solution of succinic anhydride (271 mg,
2.70 mmol) in tetrahydrofuran (THF) (5mL) was slowly added over
1 hour to a solution of 1,3-diaminopropane (200 mg, 2.70 mmol) in THF
(10 mL). The reaction mixture was stirred at room temperature for 2 h.
The reaction was quenched, and the solvent was removed under reduced
pressure to yield the crude product. Compound 2 was obtained after dry-
flash column chromatography (SiO;: DCM — DCM/MeOH 1/1 —
MeOH) as a colorless solid (376 mg, 80%). H NMR (400 MHz, D,0) & =
3.15 (t, J = 6.6 Hz, 2H, -CH,NHCO-), 2.91 — 2.82 (m, 2 H, -CH,NH,),
2.32 (s, 4H, -CH,COOH and -CH»CONH), 1.78 - 1.67 (m, 2H,
-CH,CH,NH,) ppm.!3C NMR (101 MHz, D,0) & = 180.82, 176.34,
36.84, 35.78, 32.82, 32.15, 26.61 ppm.

2.1.1.3. Example of the synthesis of compound 3: 4-[(6-aminohexyl)
amino]-4-oxobutanoic acid. In a solution of succinic anhydride
(200 mg, 2.00 mmol) in tetrahydrofuran (THF) (5 mL), a solution of 1,6-
diaminohexane (232 mg, 2.00 mmol) in THF (10 mL) was slowly added
over 1 hour. The reaction mixture was stirred at room temperature for
2 h. The reaction was terminated, and the solvent was removed under
reduced pressure to obtain the crude product. Compound 3 was obtained
after dry-flash column chromatography (SiO2: DCM — DCM/MeOH 1/1
— MeOH) as a colorless solid substance (290 mg, 78%). H NMR
(400 MHz, D,0) & = 3.19 (t, J = 6.7 Hz, 2 H, -CH,NHCO-), 3.01 (d, J =
7.5 Hz, 2 H, -CHoNH,), 2.46 (s, 4 H, -CH,COOH and -CH,CONH), 1.73 —
1.62 (m, 2 H, -CH,CH,NH,), 1.57 — 1.47 (m, 2 H, -CH,CH,NHCO-), 1.46
~1.36 (m, 4 H, -CH,CH,CH,NH, and -CH,CH,CH,CHoNH,) ppm. 3¢
NMR (101 MHz, D,0) & = 180.80, 175.64, 39.29, 38.95, 33.05, 32.38,
27.89, 26.47, 25.21, 24.99 ppm.

2.1.2. Synthesis of Ligand LIG1: 4-((3-((4-((R,E)-3-hydroxy-5-
((1 R,2 R,4aS,8aS)-2-hydroxy-2,5,5,8a-tetramethyldecahydronaphthalen-
1-yD)-3-methylpent-1-en-1-yl)benzyl)amino)propyl) amino)-4-oxobutanoic
acid

In a flame-dried round-bottom flask, dry MeOH (4 mL) was added,
followed by 4-{(1E,3 R)-3-hydroxy-5-[(2 R,4aS,8aS)-2-hydroxy-2,5,5,8a-
tetramethyldecahydronaphthalen-1-yl]-3-methylpent-1-en-1-yl}benzal-
dehyde 1 (80mg, 0.194 mmol) and Ti(Oi-Pr)4 (235 pL, 0.776 mmol).
Then, a solution of amine 2 (101 mg, 0.586 mmol) in dry MeOH (0.5 mL)
was slowly added. The reaction mixture was left stirring at room tem-
perature overnight, after which NaBH4 (13 mg, 0.388 mmol) was added
to the solution, and the reaction mixture was further stirred for 2h at
room temperature. The reaction was quenched by adding water (3 mL),
and the reaction mixture was filtered through a silica gel column, fol-
lowed by thorough washing with DCM. Removal of the solvent under
reduced pressure yielded the crude product. Compound LIG1 was ob-
tained after dry-flash column chromatography (SiO,: DCM—DCM/MeOH
(NH3) = 8/2) as a colorless solid (94 mg, 85%) with a melting point of
108-110°C. 'HNMR (400 MHz, CD30D): 6 =7.43(d,J=8.2Hz,2H, 2 x
Ar-H), 7.37 (d, J = 8.3Hz, 2H, 2 x Ar-H), 6.60 (d, J = 16.1Hz, 1H,
=CH), 6.36 (d, J = 16.2 Hz, 1 H, =CH), 3.88 (s, 2 H, Ar-CH,-N), 3.26 (t, J
= 6.5Hz, 2H, -CH,NHCO-), 2.80 (t, J = 7.2Hz, 2H, -CHoNHCHAr-),
2.46 — 2.35 (m, 4 H, -CH,COOH and -CH,CONH), 1.88 — 1.79 (m, 2 H),
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1.78 - 1.73 (m, 2H), 1.72 — 1.60 (m, 4 H), 1.60 — 1.50 (m, 1 H), 1.49 —
1.37 (m, 4 H), 1.36 (s, 3H, Me), 1.36 — 1.28 (m, 1 H), 1.25-1.15 (m, 1 H),
1.15-1.12 (m, 1 H), 1.12 (s, 3H, Me), 1.03 - 0.93 (m, 2 H), 0.89 (s, 3 H,
Me), 0.83 (s, 3H, Me), 0.82 (s, 3H, Me) ppm. >C NMR (101 MHz,
CD30D): & = 180.67, 176.74, 164.67, 162.52, 138.83, 130.37, 127.65,
127.57, 75.17, 74.35, 62.73, 57.56, 53.45, 49.85, 49.28, 47.08, 46.56,
45.17, 43.25, 41.18, 40.56, 37.44, 34.64, 34.18, 33.90, 33.88, 29.19,
27.82, 23.97, 21.95, 21.54, 20.84, 19.50, 16.05ppm. HRMS (HESI/
Orbitrap) m/z: [M + H]" Caled for Cs4Hs505N5 571.41055; Found
571.41120. IR (ATR): v = 3292, 2929, 2867, 1640, 1562, 1459, 1388,
1301, 1270, 1219, 1188, 1157, 1132, 1085, 1033, 996, 970, 938, 908,
865, 640 cm™!. HPLC purity, method E: tg = 7.608 min, area 99.42%.
Method B: tg = 6.137 min, area 99.07% (A = 254 nm). [«]¥’ © 0.054 (c =
3.3 x10~2 g/mol, MeOH).

2.1.3. Synthesis of ligand LIG2: 4-((6-((4-((R,E)-3-hydroxy-5-
((1 R,2 R,4aS,8aS)-2-hydroxy-2,5,5,8a-tetramethyldecahydronaphthalen-
1-yD)-3-methylpent-1-en-1-yl)benzyl)amino)hexyl)amino)-4-oxobutanoic
acid

In a flame-dried round-bottom flask, dry MeOH (4 mL) was added,
followed by 4-{(1E,3 R)-3-hydroxy-5-[(2 R,4aS,8aS)-2-hydroxy-
2,5,5,8a-tetramethyldecahydronaphthalen-1-yl]-3-methylpent-1-en-1-
yl}benzaldehyde 1 (95mg, 0.231mmol) and Ti(Oi-Pr)s (262 pL,
0.924 mmol). Then, a solution of amine 3 (150 mg, 0.694 mmol) in dry
MeOH (0.5 mL) was slowly added. The reaction mixture was left stirring
at room temperature overnight, after which NaBH4 (17.4mg,
0.462 mmol) was added to the solution, and the reaction mixture was
further stirred for 2 h at room temperature. The reaction was quenched
by adding water (3 mL), and the reaction mixture was filtered through a
silica gel column, followed by thorough washing with DCM. Removal of
the solvent under reduced pressure yielded the crude product. Com-
pound LIG2 was obtained after dry-flash chromatography (SiOo:
DCM—DCM/MeOH(NH3) = 8/2) as a colorless solid (141 mg, 83%) with
a melting point of 124-126 °C. H NMR (400 MHz, CD3OD): 8 = 7.49 (d,
J=8.1Hz,2H, 2 x Ar-H), 7.44 (d, J = 8.2Hz, 2H, 2 x Ar-H), 6.61 (d, J
=16.1Hz, 1 H, =CH), 6.41 (d, J = 16.1 Hz, 1 H, =CH), 4.14 (s, 2 H, Ar-
CH>-N), 3.19 (t, J = 6.3 Hz, 2 H, -CH,NHCO-), 2.99 (t, J = 7.7 Hz, 2H,
-CH,NHCH3Ar-), 2.50 — 2.35 (m, 4 H, -CH,COOH and -CH>CONH), 1.93
-1.77 (m, 2H), 1.75 - 1.56 (m, 6 H), 1.55 - 1.46 (m, 3H), 1.44 - 1.37
(m, 6H), 1.35 (s, 3H, Me), 1.35 - 1.28 (m, 1 H), 1.22 - 1.16 (m, 1 H),
1.15-1.10 (m, 1 H), 1.11 (s, 3H, Me), 1.00 - 0.91 (m, 2 H), 0.88 (s, 3 H,
Me), 0.82 (s, 3H, Me), 0.81 (s, 3H, Me) ppm. *C NMR (101 MHz,
CD30OD): 6 = 180.53, 176.00, 140.04, 139.84, 132.01, 131.16, 127.95,
127.20, 75.17, 74.35, 62.73, 57.56, 54.80, 52.08, 49.29, 48.18, 47.03,
45.17, 43.25, 41.17, 40.55, 39.75, 34.61, 34.18, 33.94, 33.90, 29.84,
27.92, 27.06, 26.83, 26.69, 23.95, 21.94, 21.53, 20.82, 19.51,
16.05ppm. HRMS (HESI/Orbitrap) m/z: [M + H]T Caled for
C37He105N3 613.45750; Found 613.45804. IR (ATR): v = 3289, 3089,
2927, 2862, 1635, 1561, 1437, 1387, 1300, 1268, 1216, 1178, 1132,
1084, 1032, 995, 970, 938, 908, 864, 802, 724, 642, 563 cm™*. HPLC
purity, method A: tg = 7.683min, area 99.32%. Method B: tg =
6.191 min, area 99.11% (A = 254 nm). [«]3> ¥ 0.054 (c = 1.3 x10 3 g/
mol, MeOH).

2.1.4. Synthesis of CON1: N1-((2 5,3 S,4 S,6 R)-3-hydroxy-2-methyl-6-
(((1 8,3 S)-3,5,12-trihydroxy-3-(2-hydroxyacetyl)-10-methoxy-6,11-
dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)tetrahydro-2 H-pyran-4-
y1)-N4-(3-((4-((R,E)-3-hydroxy-5-((1 R,2 R,4aS,8aS)-2-hydroxy-
2,5,5,8a-tetramethyldecahydronaphthalen-1-yl)-3-methylpent-1-en-1-yl)
benzyl)amino)propyDsuccinamide

In a solution of doxorubicin hydrochloride (21 mg, 0.036 mmol) in
dry DMF (500 pL), diisopropylethylamine (6 pL, 0.050 mmol) was
added. The addition of DIEA caused the solution to change color from
light red to dark red. The reaction mixture was left stirring at room
temperature for 30 minutes under argon, followed by the addition of
compound LIG1 (21 mg, 0.036 mmol). After cooling the reaction
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mixture in an ice bath (0 °C), solutions of HOBT (6.1 mg, 0.050 mmol)
and EDCI (9.4 mg, 0.050 mmol) in dry DMF (100 pL each) were added
sequentially. The reaction mixture was stirred for 30 minutes at 0 °C and
then for 18 h at room temperature in the dark. The reaction progress was
monitored using an Agilent 1200 HPLC system equipped with a reverse-
phase analytical InfinityLab Poroshell 120 CS-C18 column (4.6 X
100 mm, 2.7p, S.N. USKBM01053). The mobile phase consisted of a
mixture of 0.1% aqueous formic acid and ACN with a programmed
isocratic and gradient elution: 0-1 min, 5% ACN; 1-6 min, 5%—95%
ACN; 6-12 min, 95% ACN; 12-14 min, 95% A—5% ACN; 14-15 min, 5%
ACN. The flow rate was 0.6 mL/min. Signal detection was performed in
the wavelength range of 254/280 nm using a DAD detector. After 12h,
the reaction was stopped, and the reaction mixture was concentrated
under reduced pressure. The crude reaction mixture was purified on an
HPLC-DAD system using a semi-preparative ZORBAX Eclipse XDB-C18
column (9.4 x 250mm, 5p, S.N. USSY004729) (DAD detector:
254nm). The mobile phase consisted of a mixture of 0.1% aqueous
formic acid and MeOH. The flow rate was 3.5 mL/min, and gradient
elution was carried out as follows: 0-1min, 5% MeOH; 1-6min,
5—-100% MeOH; 6-10 min, 100% MeOH, resulting in the isolation of
CON1 (Rf = 8.31 min). The solvent was removed under reduced pres-
sure, and the residue was dissolved in DCM. The organic layer was
washed several times with aqueous NaHCOj3 solution, saturated aqueous
NaCl solution, and dried over anhydrous Na;SO4. After filtration, the
solvent was removed by rotary evaporation under reduced pressure.
Compound CON1 was obtained as a dark red powder (29.7 mg, 75%)
that softens at 178-180 °C. 'H NMR (400 MHz, CDCl3 + CD30D): § =
7.90 (d, J = 6.7 Hz, 1 H, H-C4Ar(dox)), 7.70 (t, J = 8.1 Hz, 1 H, H-C3Ar
(dox)), 7.32 (d, J = 8.4 Hz, 1 H, H-CsAr(dox)), 7.25-7.10 (m, 4 H, 4 x H-
Ar(scl)), 6.40 (d, J = 16.4Hz, 1 H, =CH), 6.19 (d, J = 16.3Hz, 1H,
=CH), 5.40 - 5.35 (brs, 1 H, H-2"), 5.17 - 5.10 (m, 1 H, H-C;0Ar(dox)),
4.61 (s, 2H, CH»-OH), 4.02 (d, 1 H, J = 6.7 Hz, H-6"), 4.00 — 3.90 (m,
1H, H-4"), 3.97 (s, 3H, -O-CHy), 3.86 (s, 2 H, Ar-CH,-NH), 3.50 — 3.45
(brs, 1 H, H-5%), 3.20 — 3.00 (m, 3 H, CH,NHCO-, H-C;Ar(dox)), 3.00 —
2.85 (m, 1 H, H-C;Ar(dox)), 2.80 — 2.70 (m, 2 H, -CH;NHCHAr-), 2.40 —
2.10 (m, 5H, -NHCOCH,;CH,CONH and H-CoAr(dox)), 2.05 — 1.90 (m,
1 H, H-CyAr(dox)), 1.85 - 1.65 (m, 4 H, H-C3-Ar(dox)), 1.65 — 1.35 (m,
6 H, H-C3-Ar(dox)), 1.30 — 1.20 (m, 3 H), 1.23 (s, 3H, Me), 1.05 - 0.90
(m, 2H), 1.16 (d, J = 6.7 Hz, 3 H, Cs:-CH3), 1.04 (s, 3 H, Me), 0.90-0.75
(m, 2H), 0.74 (s, 3H, Me), 0.68 (s, 3H, Me), 0.67 (s, 3H, Me) ppm. 13¢
NMR (101 MHz, CDCl3 + CD3OD): & = 213.65 (C13=0), 187.14
(C12=0), 186.71 (C5=0), 174.33 (NHC=0), 172.20 (NHC=0), 161.00
(C1), 155.92 (C6), 155.19 (C11), 139.42 (=CH), 138.48, 135.88 (C3),
135.36 (C4a), 133.86 (C10a), 133.60 (C6a), 129.82 (2 x Ar(scl)), 126.83
(2 x Ar(scl)), 126.53, 125.26 (=CH), 120.71(C12a), 119.75 (C4), 118.61
(C2), 111.46 (C5a), 111.25 (Cl1a), 100.69 (C2’), 77.36, 76.33 (C8),
74.49, 73.06, 69.37 (C10), 68.28 (C5), 67.41 (C6’), 65.05 (C14), 61.38,
56.54 (O-CH3), 56.05, 51.31 (Ar-CHy-NH), 45.55, 45.00, 44.50 (NH-
C4%), 43.68, 41.90, 39.66, 39.18, 36.03, 35.69 (C9), 33.54 (C7), 33.21
(Me), 33.11, 31.03, 29.60, 29.28 (C3’), 26.20, 23.64 (Me), 21.32 (Me),
20.32 (Me), 18.91, 18.34, 16.64 (6’-CHs), 15.30 (Me) ppm. HRMS
(HESI/Orbitrap) m/z: [M + H]" Caled for Cg;HgoO15N3 1096.57405;
Found 1096.57532. IR (ATR): v = 3360, 2926, 1724, 1618, 1577, 1444,
1411, 1387, 1284, 1236, 1209, 1170, 1116, 1083, 1018, 985, 794, 765,
611, 463 cm™!. HPLC purity, method A: tg = 8.309 min, area 96.13%.
Method B: tg = 6.688 min, area 95.32% (A = 254 nm). [a]3° 7 0.012 (c =
1.7 x10~* g/mol, MeOH).

2.1.5. Synthesis of CON2: N1-((2S,3 S,4 S,6 R)-3-hydroxy-2-methyl-6-
(((1 8,3 S)-3,5,12-trihydroxy-3-(2-hydroxyacetyl)-10-methoxy-6,11-
dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)tetrahydro-2 H-pyran-4-
y)-N4-(6-((4-((R,E)-3-hydroxy-5-((1 R,2 R,4aS,8aS)-2-hydroxy-
2,5,5,8a-tetramethyldecahydronaphthalen-1-yl)-3-methylpent-1-en-1-yl)
benzyl)amino)hexyl)succinamide

In a solution of doxorubicin hydrochloride (15mg, 0.052 mmol) in
dry DMF (500 pL), diisopropylethylamine (13 pL, 0.036 mmol) was
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added. The addition of DIEA caused the solution to change color from
light red to dark red. The reaction mixture was left stirring at room
temperature for 30 minutes under argon, followed by the addition of
compound LIG2 (16mg, 0.026 mmol). After cooling the reaction
mixture in an ice bath (0 °C), solutions of HOBT (8.9 mg, 0.036 mmol)
and EDCI (14 mg, 0.036 mmol) in dry DMF (100 pL each) were added
sequentially. The reaction mixture was stirred for 30 minutes at 0 °C and
then for 18 h at room temperature in the dark. The reaction progress was
monitored using an Agilent 1200 HPLC system equipped with a reverse-
phase analytical InfinityLab Poroshell 120 CS-C18 column (4.6 X
100 mm, 2.7y, S.N. USKBM01053). The mobile phase consisted of a
mixture of 0.1% aqueous formic acid and ACN with a programmed
isocratic and gradient elution: 0-1 min, 5% ACN; 1-6 min, 5%—95%
ACN; 6-12 min, 95% ACN; 12-14 min, 95% A—5% ACN; 14-15 min, 5%
ACN. The flow rate was 0.6 mL/min. Signal detection was performed in
the wavelength range of 254/280 nm using a DAD detector. After 12 h,
the reaction was stopped, and the reaction mixture was concentrated
under reduced pressure. The crude reaction mixture was purified on an
HPLC-DAD system using a semi-preparative ZORBAX Eclipse XDB-C18
column (9.4 x 250mm, 5p, S.N. USSY004729) (DAD detector:
254nm). The mobile phase consisted of a mixture of 0.1% aqueous
formic acid and MeOH. The flow rate was 3.5 mL/min, and gradient
elution was carried out as follows: 0-1min, 5% MeOH; 1-6 min,
5-100% MeOH; 6-10 min, 100% MeOH, resulting in the isolation of
CON2 (Rf = 8.33 min). The solvent was removed under reduced pres-
sure, and the residue was dissolved in DCM. The organic layer was
washed several times with aqueous NaHCOjs solution, saturated aqueous
NaCl solution, and dried over anhydrous NaySO4. After filtration, the
solvent was removed by rotary evaporation under reduced pressure.
Compound CON2 was obtained as a dark red powder (21.3 mg, 75%)
that softens at 170-172 °C. '"H NMR (400 MHz, CDCl3 + CD30D): 6 =
7.86 (d, J = 8.7 Hz, 1 H, H-C4Ar(dox)), 7.65 (t, J = 8.1 Hz, 1 H, H-C3Ar
(dox)), 7.28 (d, J = 8.7 Hz, 1 H, H-C»Ar(dox)), 7.21 (d, J =8.2Hz, 2 H, 2
x H-Ar(scl)), 7.14 (d, J = 7.9 Hz, 2 H, 2 x H-Ar(scl)), 6.38 (d, J = 16.4 Hz,
1H, =CH), 6.14 (d, J = 16.1 Hz, 1 H, =CH), 5.35 - 5.30 (brs, 1 H, H-2"),
5.13 - 5.07 (m, 1 H, H-C;pAr(dox)), 4.59 (s, 2H, CH,-OH), 3.99 - 3.95
(m, 1 H, H-6°), 3.95 - 3.85 (m, 1 H, H-4’), 3.91 (s, 3H, -O-CH3), 3.74 (s,
2H, Ar-CH,-NH), 3.40 — 3.35 (brs, 1 H, H-5"), 3.12 — 3.02 (m, 1 H, H-
CAr(dox)), 2.96 (t, J = 6.6 Hz, 2 H, -CHo,NHCO-), 2.92 — 2.82 (m, 1 H,
H-CyAr(dox)), 2.57 (t, J = 7.3 Hz, 2 H, -CH,NHCH3Ar-), 2.40 — 2.10 (m,
5H, -NHCOCH,CH,CONH and H-CoAr(dox)), 2.10 — 1.90 (m, 1 H, H-
CoAr(dox)), 1.85 - 1.75 (m, 1 H, H-C3-Ar(dox)), 1.70 — 1.50 (m, 4 H, H-
Cs-Ar(dox)), 1.50 - 1.35 (m, 6 H), 1.35-1.15 (m, 6 H), 1.18 (s, 3 H, Me),
1.15-1.05 (m, 5H), 1.05 - 0.95 (m, 2H), 1.12 (d, J = 6.6 Hz, 3H, 6’-
CHs), 0.85 - 0.70 (m, 2 H), 0.98 (s, 3H, Me), 0.85 — 0.70 (m, 2 H), 0.69
(s, 3H, Me), 0.63 (s, 3H, Me), 0.61 (s, 3H, Me) ppm. 3C NMR
(101 MHz, CDCl3 + CD3OD): § = 213.56 (C13=0), 187.14 (C12=0),
186.67 (C5=0), 172.89 (NHC=0), 172.30 (NHC=0), 160.94 (C1),
155.88 (C11), 155.17 (C6), 138.95 (=CH), 135.83 (C3), 135.30 (C4a),
133.92 (C10a), 133.62 (C6a), 129.39 (2 x Ar(scl)), 126.67 (2 x Ar(scl)),
125.33 (=CH), 120.63 (C12a), 119.65 (C4), 118.58 (C2). 111.41 (C11a),
111.17 (C5a), 100.64 (C2"), 77.36, 76.24 (C8), 74.32, 72.96, 69.33
(C10), 68.22 (C5°), 67.29 (C6’), 64.94 (C14), 61.21, 56.40 (O-CH3),
55.98, 51.48 (Ar-CH,-NH), 45.47 (NH-C4), 44.98, 43.55, 41.81, 39.58,
39.10, 38.93, 35.70 (C9), 33.39 (C7), 33.07 (Me), 33.00, 31.18, 31.02,
29.48, 29.16 (C3), 28.52, 26.07 (Me), 25.94, 23.46 (Me), 21.18 (Me),
20.21, 18.92, 18.23, 16.50 (C6’-CH3), 15.18 (Me) ppm. HRMS (HESI/
Orbitrap) m/z: [M + H]" Caled for C64H88015N3 1138.62100; Found
1138.62158. IR (ATR): v = 3314, 2932, 2865, 1721, 1582, 1444, 1412,
1385, 1347, 1285, 1209, 1115, 1084, 1017, 986, 792, 764, 587,
478 cm™!. HPLC purity, method A: tg = 8.336min, area 98.18%.
Method B: tg = 6.735 min, area 98.75% (A = 254 nm). [01]21)5 t0.019 (c =
1.7 x10™* g/mol, MeOH).
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2.2. Compounds

The study investigated the following compounds: sclareol (SC),
doxorubicin (DOX), and temozolomide (TMZ). These compounds were
purchased from Sigma-Aldrich, Germany. In addition, hybrid com-
pounds of SC and DOX (known as conjugates) CON1 and CON2, along
with their corresponding ligands (LIG1 and LIG2), were synthesized
using the aforementioned procedure. Initially, all the compounds were
dissolved as 20 mM stocks in dimethyl sulfoxide (DMSO) and kept as
aliquots at —20 °C. Prior to administration, the compounds were dis-
solved in sterile deionized water.

2.3. Chemicals and reagents

The following chemicals and reagents were used in the experimental
work: Hoechst 33342, DMSO, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT), JC-1, Ham’s F12 growth media, hy-
drocortisone, insulin and adenine (Sigma-Aldrich, Germany), minimal
essential medium (MEM), RPMI 1640 medium, Dulbecco’s modified
minimal essential medium (DMEM), fetal bovine serum (FBS), a mixture
of antibiotics penicillin-streptomycin (Capricorn Scientific, Germany),
trypsin/EDTA (Biological Industries, USA), L-glutamine, a mixture of
antibiotics and antimycotics: penicillin, streptomycin, amphotericin B
(Gibco, Thermo Fisher Scientific, USA), MEM non-essential amino acids
(Biowest, USA), Annexin-V-FITC (AV) and propidium iodide (PI)
Apoptosis Detection Kit (Abcam, UK), Tumor Dissociation Kit (Miltenyi
Biotec, Germany), Epidermal growth factor (BioLegend, USA), ribonu-
clease A (Invitrogen, Thermo Fisher Scientific, USA), dihydroethidium
(DHE), dihydrorhodamine 123 (DHR), fluorescein-di-D-galacto-
pyranoside (FDG), Alexa Fluor 488 goat anti-rabbit secondary anti-
body (#A-11008) (Thermo Fisher Scientific, USA), Anti-phospho-
histone H2A.X (Ser139) rabbit (Cell Signaling Technology®, USA),
Seahorse XF DMEM assay medium and Seahorse XF Cell Mito Stress Test
Kit (Agilent, USA).

2.4. Cells and cell culture

Glioblastoma cell line U87, colorectal carcinoma cell line DLD1 and
human non-small cell lung carcinoma cells (NSCLC) NCI-H460 were
purchased from the American Type Culture Collection, (ATCC, USA).
Multidrug-resistant U87-TxR and DLD1-TxR cells were selected from
U87 and DLD1 cells, respectively, by continuous exposure to the step-
wise increasing concentrations of paclitaxel (PTX) during six to nine
months [35]. Multidrug-resistant NCI-H460/R cells were selected from
NCI-H460 cells by continuous exposure to the stepwise increasing con-
centrations of doxorubicin during three months [36]. Human lung fi-
broblasts MRC-5 and human glioblastoma cell line U251 were purchased
from the European Collection of Authenticated Cell Cultures (ECACC,
UK). U87, U87-TxR and MRC-5 were cultivated in MEM supplemented
with 10% FBS, 1% L-glutamine, 1% antibiotic mixture of penicillin and
streptomycin, and 1% non-essential amino acids. U251 cell line was
cultivated in DMEM with 10% FBS, 1% L-glutamine and 1%
antibiotic-antimycotic mixture. NCI-H460, NCI-H460/R, DLD1 and
DLD1-TxR were grown in RPMI 1640 medium supplemented with 10%
FBS, 1% L-glutamine, and 1% antibiotic-antimycotic mixture. All cell
lines were grown at 37 °C, in a humid atmosphere with 5% COx.

The cells were grown in 25 cm? and 75 cm? flasks (Thermo Fisher
Scientific, USA) until they reached 80-90% confluence. Then, cell pas-
sage was carried out using 0.25% trypsin/EDTA. The cells were counted
using a Burker-Turk hemocytometer on an inverted microscope after
trypsinization. Once counted, the cells were sown at an appropriate
density for further experimentation or maintenance in culture. For NCI-
H460, NCI-H460/R, DLD1, and DLD1-TxR, the density was 8,000 cells/
cm?, and for U87, U87-TxR, U251, and MRC-5, the density was 16,000
cells/cm?,
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2.5. Primary cell culture

Sample from patient with WHO grade 3 anaplastic astrocytoma
(ASC) was collected in April 2023 from the Clinic for Neurosurgery at
the Clinical Center of Serbia. The histological grade was established by
correlating histopathological analysis of the surgical specimen and
neuroradiological examination. The diffuse expression of GFAP, OLIG2,
and MAP2 as well as focal expression of vimentin and p53 were
confirmed by histopathological analysis. The sample was collected and
used in the study after obtaining patients’ informed consent and the
approval from the Ethics Committee of the Clinical Center of Serbia (ref.
number 187/13) and the work was carried out in accordance with The
Code of Ethics of the World Medical Association (Declaration of Hel-
sinki) for experiments involving humans. The tissue sample was
collected during surgery and immediately processed. Upon arrival, the
tissue was manually chopped with a surgical blade in a Petri dish under
sterile conditions. The sample was cut into 3 — 5 mm pieces and further
dissociated using the Tumor Dissociation Kit. Sample was incubated in a
37 °C orbital shaker (KS 126 4000 ic control, IKA, Konigswinter, Ger-
many) at 300 rpm for 90 min. After incubation, the dissociated tissue
was placed in DMEM/Ham’s F12 (1:3 ratio) growth medium supple-
mented with 5% FBS, antibiotic-antimycotic solution, 4 pg/mL hydro-
cortisone, 1 pg/mL insulin, 10 ng/mL epidermal growth factor, 24 pg/
mL adenine. Dissociated tissue was cultured in T-25 cell culture flasks
until cell attachment was observed before the medium was replaced.
Successful patient-derived cultures were maintained at 37 °C in hu-
midified atmosphere with 5% CO» and grown to confluence before
further experiments.

2.6. Cell growth inhibition

The MTT assay was used to assess how the compounds affected cell
viability. The assay works by measuring the activity of the mitochon-
drial enzyme succinate dehydrogenase, which is a good indicator of
mitochondrial respiration and overall metabolic activity of the cell. This
indirectly measures the viability of living cells. The experiment lasted
for 72 h and at the end of the treatment period, 100 pL of MTT solution
(0.2 mg/mL) was added to each well and the plates were incubated at 37
°C with 5% CO; for 4 h. The formazan product was dissolved in 100 pL
DMSO, and the absorbance of the resulting dye was measured at 570 nm
with a reference wavelength of 690 nm using an automatic microplate
reader (Multiskan Sky, Thermo Scientific, USA). The ICs¢ value was
determined as the concentration of a drug that inhibited cell growth by
50%. The ICs( was calculated using non-linear regression analysis with
log (inhibitor) vs. normalized response in GraphPad Prism 8.0.2
software.

2.6.1. The effects of SC on the cell growth inhibition

The effects of SC were investigated in eight different cell lines. The
cells were seeded in 96-well microtiter plates (SARSTEDT AG & Co. KG,
Germany) at a density of 2,000 cells per well for NCI-H460, NCI-H460/
R, DLD1, and DLD1-TxR, and 4,000 cells per well for MRC-5, U87, U87-
TxR, and U251 in 100 pL of the appropriate medium. Control cells that
received no treatment were also seeded at the same time. Increasing
concentrations of SC were used (5, 10, 20, 50, and 100 pM).

2.6.2. The evaluation of the resistance and selectivity of SC, DOX, CON1,
and CON2

To compare the resistance and selectivity profiles among SC, DOX,
CON1, and CON2, human glioblastoma cell lines U87, U87-TxR, and
normal fibroblast MRC-5 cells were seeded at a density of 4,000 cells per
well in 100 pL of the appropriate medium. The effects of LIG1 and LIG2
were also examined. The range of concentrations differed among the cell
lines and the compounds. For LIG1 and LIG2, the used concentrations for
all cell lines were 50, 100, 200, 300, and 400 uM, while the same con-
centrations were used for MRC-5 in the case of SC, CON1, and CON2.
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DOX concentrations were 0.1, 0.25, 0.5, 1, and 2.5 pM for U87 and 0.25,
0.5, 1, 2.5, and 5 pM for U87-TxR and MRC-5. U87 and U87-TxR cells
were treated with 5, 10, 20, 50, and 100 uM of SC and 1, 2.5, 5, 10, and
25 uM of CON1 and CON2.

2.6.3. The effects of DOX, CON1, CON2, and TMZ on ASC cells

To study the effects of DOX, CON1, CON2, and TMZ on ASC primary
cells, 4,000 or 8,000 cells/well were seeded in 100 pL of the appropriate
medium. The cells were then treated with increasing concentrations of
DOX (200, 500, 1000, 2000, and 5000 nM), CON1 and CON2 (2, 5, 10,
20, and 50 uM), and TMZ (20, 50, 100, 200, and 500 uM).

2.7. Chou-Talalay method for drug combination

The CalcuSyn software utilized the Chou-Talalay combination index
method to determine the synergistic, antagonistic, or additive interac-
tion of two compounds. This method considers the concentration of each
compound, the individual effect of each compound, and their combined
effect. The combination index (CI) values indicate the nature of the
interaction. A CI value of less than 0.9 indicates that the compounds
have a synergistic effect, a value of more than 1.1 indicates an antago-
nistic effect, and a value between 0.9 and 1.1 indicates an additive
effect.

To assess the combined cytotoxic effects of SC and DOX in different
cell lines, increasing concentrations of DOX (20, 50, 100, 200, and
500 nM) along with SC (10 and 20 uM) were used. The cells were seeded
in 96-well microtiter plates at the density of 2,000 cells per well for NCI-
H460, NCI-H460/R, DLD1 and DLD1-TxR, and 4,000 cells per well for
MRC-5, U87, U87-TxR, and U251 in 100 pL of the appropriate medium.
The experiment was carried out for 72 h.

To investigate the effects of different ratios of SC and DOX at lower
concentrations, SC (100, 200, 400, 500 and 1000 nM) was simulta-
neously combined with DOX (100 and 200 nM) in U87 and U87-TxR
cells. This allowed for the ratios of 1:1, 2:1 and 5:1 to be achieved.
U87 and U87-TxR cells were seeded at a density of 4,000 cells per well in
100 pL of the appropriate medium.

After 72 h of treatment, we added 100 pL of MTT solution (0.2 mg/
mL) to each well and incubated the plates at 37 °C with 5% CO; for 4 h.
Formazan product was then dissolved in 100 pL. DMSO, and the absor-
bance of obtained dye was measured at 570 nm with a reference
wavelength at 690 nm using an automatic microplate reader (Multiskan
Sky, Thermo Scientific, USA).

2.8. Real-time ASC cell growth monitoring

The xCELLigence system with a 96-well E-plate was used to monitor
the growth of ASC primary culture cells in real time. A standard back-
ground was measured by adding 100 pL of media to each well before
adding the cells to the E-plate. The cells were then seeded and the total
volume of wells was adjusted to 200 uL. with media. The cells were
treated with increasing concentrations of DOX (200, 500, 1000, 2000,
and 5000 nM), CON1 and CON2 (2, 5, 10, 20, and 50 uM), and TMZ (20,
50, 100, 200, and 500 uM). The impedance value of each well was
automatically monitored by the xCELLigence system every 30 min for a
duration of 186 h and expressed as a CI (cell index) value.

2.9. DOX accumulation assay

DOX fluorescence was utilized to analyze the accumulation of DOX
by flow cytometry. DOX, being a P-gp substrate, emits fluorescence
whose intensity is proportional to the amount of DOX accumulated. To
perform the analysis, cells were counted and suspended in a growth
medium. DLD1, DLD1-TxR, NCI-H460, NCI-H460/R, U87, U87-TxR, and
U251 cells (100,000 cells per sample) were taken and treated with SC
(50 uM) and DOX (20uM) simultaneously. The samples were then
incubated at 37 °C in 5% CO3 for 60 min. After the accumulation period,
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the samples were centrifuged, washed twice in cold PBS, and finally
resuspended in 1 mL of PBS. The red channel fluorescence of the samples
was read on a flow cytometer (Partec, Munster, Germany), and the re-
sults were analyzed with Summit 4.3 software (DAKO, CA, USA). At least
10,000 events in each sample were recorded.

2.10. Intracellular distribution of CON1 and CON2

The distribution of DOX-derived fluorescence was analyzed in the
U87 glioblastoma cell line after treatment with CON1 and CON2. The
cells were initially seeded in a 24-well plate (Thermo Fisher Scientific,
USA) at a density of 24,000 cells per well in 600 uL of the appropriate
culture medium. After 24 h, the cells were treated with increasing con-
centrations of CON1 and CON2 (2, 5, and 10 uM), with the treatment
lasting for 72h. The cells were then stained with Hoechst 33342 for
15 min. Following this, all wells were fixed with 4% PFA for 15 min,
washed with PBS, and imaged using the ZOE Fluorescent Cell Imager
(BIO-RAD, USA) in both the blue and red channels.

2.11. Physicochemical characterization of CON1 and CON2

The physicochemical stability characteristics of the conjugates were
analyzed using the Malvern Zetasizer Nano ZS from Malvern In-
struments, United Kingdom. The measurement range of the instrument
was from 0.6 nm up to 6 mm. The mean size of conjugates, the poly-
dispersity index (PDI), and zeta potential were measured at a tempera-
ture of 25 °C. Each sample was diluted 100 times with ultrapure water
before measurement. The measurements were repeated three times, and
the mean value was presented as the result. PDI is a parameter that
defines the size range of particles. The term "polydispersity" (or "dis-
persity" as recommended by IUPAC) describes the degree of non-
uniformity of a size distribution of particles. Zeta potential represents
the surface charge of nanoparticles and indicates their long-term
stability.

2.12. Chemical modeling

Pharmacokinetic and druglikeness properties were generated using
SwissADME web site [37].

Prediction of pKa was performed using Epik v5.7 from Schrodinger
Suite 2021-3 [38]. Conformational search was performed using
Conformational Search from MacroModel v13.3 module from
Schrodinger Suite 2021-3 [39], with OPLS4 force field, water as a sol-
vent and mixed torsional/low-mode sampling method. Number of steps
was 1000 and energy window for saving the structure (cutoff) was
21 kJ/mol.

2.13. Transmission electron microscopy for CON1 and CON2
characterization and intracellular localization

2.13.1. Detection of nanoparticles

An analysis of the nanoparticles nature of CON1 and CON2 was
conducted using transmission electron microscopy (TEM). To prepare
for analysis, CON1 or CON2 were diluted 100 times with ultrapure water
and Formvar or carbon-coated glow-discharged nickel grids were placed
on top of the drops and left for 2-5 min to absorb excess fluid. The
particles were examined on a Philips CM12 transmission electron mi-
croscope (Philips/FEI, Netherlands) operating at 80 kEV and equipped
with the digital camera SIS MegaView III (Olympus Soft Imaging Solu-
tions, Germany). The diameter of CON1 and CON2 particles was
measured using iTEM software.

2.13.2. Intracellular localization

For the transmission electron analysis of CON1 and CON2 U87 cell
import, 2,000,000 U87 cells were treated 24h with 5uM CON1 or
CON2, while untreated cells served as controls. Immediately after
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treatment, cells were rinsed with PBS, fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH 7.2) for 2h at 4 °C, and rinsed again in
cacodylate buffer. The cells were then postfixed in 2% osmium tetroxide
in the same buffer, dehydrated using increasing concentrations of
ethanol, and embedded in resin. Semi-fine sections were used for elec-
tron microscopy trimming, and ultra-thin sections of cells were obtained
using a Leica UC6 ultramicrotome (Leica Microsystems, Germany) and
mounted on copper grids. Over 20 cell sections were examined on a
Philips CM12 transmission electron microscope equipped with the dig-
ital camera SIS MegaView III. The resulting electron micrographs were
used for overall U87 cell morphological analysis and CON1 or CON2 cell
import analysis.

2.14. Double strand DNA breaks detection

To quantify the DNA damage in U87 and U87-TxR cells, the fluo-
rescence intensity of anti-phospho-histone H2A.X antibody was used.
The antibody detects endogenous levels of phosphorylated H2A.X,
which is recruited to double strand DNA breaks sites. The cells were
seeded at a density of 100,000 cells/well in 6-well tissue culture plates
and grown overnight. After that, the cells were treated with 2, 5, 10 and
20 uM DOX, CON1 and CON2 for 24 h at 37 °C. The cells were then
harvested, washed in PBS, and fixed in 4% PFA for 15min at room
temperature. Next, the cells were permeabilized with ice-cold 90%
methanol for 90 minutes at —20 °C. After washing in PBS, the cells were
blocked with 0.5% BSA in PBS for 1 h, and then incubated overnight at 4
°C with anti-phospho-histone H2A.X antibody diluted 1:500 in 0.5%
BSA in PBS. Following washing in PBS, the cells were incubated for
30 min at room temperature with fluorescent Alexa Fluor 488 anti-
rabbit IgG (H + L) secondary antibody diluted 1:1000 in 0.5% BSA in
PBS. The cells were then washed and resuspended in 1 mL of PBS. The
green fluorescence intensity was measured at 525 nm on the CytoFLEX
flow cytometer (Beckman Coulter, IN, USA). At least 10,000 events in
each sample were recorded, and the results were analyzed in CytExpert
software (Beckman Coulter, IN, USA).

2.15. Reactive oxygen and nitrogen species, and changes in mitochondrial
membrane potential detection

The levels of reactive oxygen species (ROS) and reactive nitrogen
species (RNS), as well as changes in mitochondrial membrane potential,
were measured in U87 glioblastoma cells using flow cytometry on the
CytoFLEX flow cytometer from Beckman Coulter. The production of
superoxide anion was detected using DHE, which only emits fluores-
cence in the presence of superoxide anion. The fluorescence of DHR was
used to detect hydrogen peroxide and peroxynitrite anions. This dye
only emits fluorescence when these anions are present. Changes in
mitochondrial membrane potential were studied using JC-1, a ratio-
metric dye that detects the transition from red fluorescent aggregates to
green fluorescent monomers. An increase in green fluorescence indicates
a decrease in mitochondrial membrane potential.

To perform the experiments, U87 glioblastoma cells were seeded in
6-well plates at a density of 100,000 cells per well and incubated
overnight. The cells were then treated with 2 pM DOX, CON1, and CON2
for 24 h. The adherent cells were stained with DHE, DHR, or JC-1 for
30 min at 37 °C in the dark. After staining, the cells were harvested by
trypsinization and washed twice with PBS. The CytoFLEX flow cytom-
eter from Beckman Coulter was used to analyze DHE red fluorescence (at
585nm), DHR green fluorescence (at 525nm), and JC-1 green/red
fluorescence (525/585nm). At least 10,000 events were assayed for
each sample.

2.16. Mitochondrial respiration measurement on SeaHorse XF HS Mini
Analyzer

The rate of OXPHOS was measured using a Seahorse XF HS Mini
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Fig. 1. The structures of hybrid compounds of SC and DOX - conjugates
CON1 and CON2. In the upper panel the general structure of SC and DOX
hybrid compounds is provided. The upper panel shows the general structure of
these hybrid compounds, while the lower panel shows the structure of CON1
and CON2 along with their corresponding ligands, LIG1 and LIG2. The differ-
ence between ligands/conjugates is the length of the linker, which is either n=2
(LIG1/CON1) or n=5 (LIG2/CON2), where n represents the number of carbon
atoms in the linker.

Table 1
Anticancer effects of DOX, SC, CON1, CON2, LIG1, and LIG2 expressed in ICso
values.

us7 u87- Relative MRC-5 Selectivity

TxR" Resistance" Index!
DOX* 100.1 1323.9 13.2 294.6 2.9
SC 51.6 39.2 0.8 75.9 1.5
CON1 8.8 28.7 3.3 137.2 15.6
CON2 6.2 26.2 4.2 >400 >64.5
LIG1 74.4 61.7 0.8 236.0 3.2
LIG2 344.6 273.1 0.8 >400 >1.2

# ICso values for DOX are in nanomoles, and for other compounds in
micromoles.

b Multidrug resistant (MDR) cancer cell line obtained by continuous exposure
to paclitaxel

¢ The relative resistance obtained as the ratio between the ICsq value for the
MDR cancer cell line and the corresponding sensitive cell line.

4 Selectivity index obtained as a ratio between the ICs, value for MRC-5 and
the corresponding sensitive cell line.

analyzer (Agilent, USA). For the mitochondrial stress test, 4,000 U87
glioblastoma cells were plated in Seahorse XF HS Mini plates using 80 pL
of appropriate medium. The cells were then incubated overnight before
being treated with 5pM DOX and 5pM CON1 for 24h at 37 °C in a
humidified incubator with 5% CO,. One hour before the XF assay, the
cells were washed and left in an XF DMEM medium in a humidified
atmosphere without CO;. Basal Oxygen Consumption Rate (Oxygen
Consumption Rate) measurements were made in XF DMEM without
supplementation. Using the Seahorse XF Cell Mito Stress Test Kit, basal

Biomedicine & Pharmacotherapy 174 (2024) 116496

respiration, proton leak, spare capacity, maximal respiration, non-
mitochondrial respiration, and ATP production were measured
through OCR. This was done after the sequential injection of Oligomy-
cin, FCCP, and Rotenone & antimycin A.

2.17. Cell cycle analysis

U87 glioblastoma cells were seeded in 6-well plates at a density of
200,000 cells per well and allowed to settle overnight. The effects of
2 pM DOX, 2 pM CON1, and 20 pM CON1 on cell cycle distribution were
studied after 48h. In addition, ASC primary cells were seeded at a
density of 100,000 cells per well and treated with 1 pM DOX, 10 uM
CON1, and 10pM CON2 for 48h. The cells were then trypsinized,
collected by centrifugation, washed with PBS, and fixed in 70% ethanol
for 24h at —20 °C. After fixation, the cells were washed with PBS,
pretreated with 50 pg/mL of ribonuclease A, and incubated at 37 °C for
15 min. Then, PI was added to the final 2 pg/mL concentration. Flow
cytometric analysis was performed on the CytoFLEX flow cytometer
(Beckman Coulter, IN, USA). At least 10,000 events were collected for
each experimental sample, and cell cycle distribution was determined
using CytExpert software (Beckman Coulter, IN, USA).

2.18. Cell death detection

The Apoptosis Detection Kit assessed apoptotic, necrotic, and viable
cell percentages. Annexin-V-FITC and PI staining were carried out as per
the manufacturer’s instructions. ASC primary cells were seeded in 6-well
tissue culture plates with a density of 100,000 cells per well. The cells
were then treated with 1 pM DOX, 10 pM CON1, and 10 pM CON2 for
72h. After treatment, cells were stained with AV/PI and analyzed by
flow cytometry. The CytoFLEX flow cytometer (Beckman Coulter, IN,
USA) was used to measure fluorescence intensity in the green (525 nm)
and red (585 nm) channels. Each sample recorded at least 10,000 events,
and CytExpert software (Beckman Coulter, IN, USA) was used to analyze
the percentages of viable (AV- PI-), early apoptotic (AV+ PI-), late
apoptotic (AV+ PI+), and necrotic (AV- PI+) cells.

2.19. p-Galactosidase activity assay

To measure the activity of p-galactosidase in senescent cells, the FGD
substrate’s fluorescence was analyzed using flow cytometry. U87 cells
were seeded in 6-well plates at a density of 200,000 cells per well and
left to incubate overnight. The cells were then treated with either 2 yM
DOX, 2puM CON1, or 20 pM CON1 for 72h. The adherent cells were
trypsinized, and the floating cells were collected. The cells were sus-
pended in an appropriate medium, pre-warmed to 37 °C, and mixed with
FDG (200 mM, 1:1, DMSO:H50) solved to 2 mM, which was also pre-
warmed to 37 °C in sterile HyO. The cells and FDG solution were
rapidly mixed in a 1:1 ratio and incubated for 1 min at 37 °C. Subse-
quently, 1 mL of ice-cold PBS with 0.2 pg of PI was added to the cells,
and they were stored on ice until analysis on the CytoFLEX flow cy-
tometer (Beckman Coulter, IN, USA) in the 525 nm green channel. Dead
cells were excluded from the study by excluding those that took up PI.
The CytExpert software (Beckman Coulter, IN, USA) was used to analyze
the data, and at least 10,000 events were assayed for each sample.

2.20. Statistical analysis

The ICs¢ values obtained from the MTT assay were calculated
through nonlinear regression analysis using GraphPad Prism 8.0.2 for
Windows (San Diego, CA, USA). The results of phospho-histone H2A.X
expression, cell death induction, and cell cycle distribution were
analyzed by two-way-ANOVA Dunnett’s multiple comparisons test using
GraphPad Prism 8.0.2 (San Diego, CA, USA). For the FDG accumulation
assay, the ordinary one-way ANOVA Dunnett’s multiple comparisons
test was used to analyze the results.



A. Stepanovi¢ et al.

Biomedicine & Pharmacotherapy 174 (2024) 116496

CON1 CON2 DOX
40000~ 40000+ 1500+
—
30000+ — 30000~
s s - S 1000+
< £ <
o 20000~ o 20000+ Q
o] L0 L0
Q Q © 500
10000+ 10000+
o-—. ! o——- : - .

U87 UB87-TxR

100

U87 UB87-TxR

us7 U87-TxR

--- U87-TxR (DOX)
— U87 (DOX)
— U87 (CON1)
--- U87-TxR (CON1)

50

% of cell growth

— U87 (CON2)
--- U87-TxR (CON2)

log 10 conc nM

Fig. 2. The resistance profiles of CON1, CON2, and DOX in glioblastoma model comprised of sensitive U87 and resistant U87-TxR cell lines. The concentrations used
for CON1 and CON2 ranged from 1.0 uM to 25 pM, while DOX concentrations ranged from 0.25 pM to 5 pM. The treatment lasted for 72 h, and the MTT assay was
conducted. Non-linear regression and ICs, values were obtained using GraphPad Prism 8.0.2 software. The ICs, values for CON1, CON2, and DOX are shown in the
upper panel, while the lower panel shows a non-linear function of cell growth inhibition.

3. Results
3.1. The anticancer effects of SC and its combination with DOX

SwissADME analysis revealed that SC has the ability to cross both the
human intestine and the blood-brain barrier, and is not a substrate for P-
gp (Supplementary Fig. 1). The anticancer effect of SC was found to be
relatively weak, with an ICsp ranging from 20 pM to 70 pM depending on
the cell line (Supplementary Fig. 2). The most significant anticancer
effect of SC was observed in colorectal carcinoma cells (DLD1 and DLD1-
TxR), with an ICs( value of around 20 pM. Notably, collateral sensitivity
was observed in glioblastoma cells, where the ICs( value in resistant
U87-TxR cells was lower than in sensitive U87 cells. In NSCLC cells (NCI-
H460 and NCI-H460/R), SC exhibited a moderate anticancer effect, with
an ICsg of approximately 40 pM. Importantly, in normal human fibro-
blasts MRC-5, the ICsq value was the highest, around 70 pM, indicating
selectivity (Supplementary Fig. 2).

The simultaneous combinations between SC and DOX were tested on
different cell lines to determine the nature of SC and DOX interaction
(Supplementary Fig. 3). The results showed that SC and DOX had a
synergistic effect on glioblastoma cells U87-TxR and U251, as well as on
resistant NSCLC NCI-H460/R, with CI < 1 (Supplementary Fig. 3). On
the other hand, SC and DOX exerted an additive effect on sensitive
glioblastoma U87 and NSCLC NCI-H460 cells, with CI ~ 1. However, SC
and DOX showed an antagonistic effect on both colorectal carcinoma
cell lines (DLD1 and DLD1-TxR), as well as on normal lung fibroblasts
MRC-5, with CI > 1 (Supplementary Fig. 3).

Notably, SC increased the accumulation of DOX in glioblastoma cells,
regardless of the expression and activity of P-gp. This effect was
observed in all examined glioblastoma cell lines, including U87, U87-
TxR, and U251 (Supplementary Fig. 4). Especially in resistant cell line
U87-TxR, the effect was the most pronounced, with increased

accumulation of over 50%, compared to control. In NSCLC cells, DOX
accumulation was increased only in resistant NCI-H460/R cells, while in
colorectal carcinoma cells (DLD1 and DLD1-TxR), SC failed to raise the
DOX accumulation (Supplementary Fig. 4).

Additionally, we tested simultaneous combinations of SC and DOX at
lower concentrations in ratios 1:1, 2:1, and 5:1 in glioblastoma cells U87
and U87-TxR. All the examined combinations showed a synergistic ef-
fect with CI < 1, while this effect was more prominent in U87-TxR,
suggesting stronger synergism in resistant U87-TxR than in sensitive
U87 glioblastoma cell line (Supplementary Fig. 5).

3.2. The resistance and selectivity profiles of novel hybrid compounds
CON1 and CON2

Two hybrid compounds, CON1 and CON2, were synthesized by
covalently linking two distinct SC derivative ligands, LIG1 and LIG2,
respectively, to DOX via an amide bond (Supplementary Schemes 1-4).
The compounds were linked in a 1:1 molar ratio to ensure simultaneous
delivery of both chemical entities to cancer cells (Fig. 1). The cytotoxic
effects of CON1 and CON2, along with their corresponding SC derivative
ligands, LIG1 and LIG2, were tested on glioblastoma and normal human
fibroblast cells. The results showed that CON1 and CON2 efficiently
inhibited the growth of U87 cells with ICs( values below 10 pM (Table 1,
Fig. 2). However, the tested SC ligands, LIG1 and LIG2, did not exhibit
significant anticancer activity (Table 1). Nonetheless, LIG1 and LIG2
preserved the same collateral sensitivity as SC with the relative resis-
tance (0.8), making them more efficient in resistant U87-TxR cells than
in sensitive U87 cells (Table 1). DOX was found to be efficient in the
nanomolar range in U87 cells, while in the micromolar range in U87-
TxR cells, showing the greatest relative resistance and the lowest
selectivity index compared to CON1 and CON2 (Table 1). The hybrid
compounds were found to be selective towards cancer cells, as they had
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Fig. 3. The effects of DOX, CON1, CON2, and TMZ on the cell growth of ASC patient-derived cells. Primary ASC cells were treated with increasing concentrations of
DOX (200, 500, 1000, 2000, and 5000 nM), CON1 and CON2 (2, 5, 10, 20, and 50 pM), and TMZ (20, 50, 100, 200, and 500 uM). In two experimental settings, (A)
4000 and (B) 8000 primary ASC cells were seeded per well in 96-well plates. The MTT assay was applied after 72 h of treatment. The non-linear function of cell
growth inhibition and ICso values were obtained by non-linear regression using GraphPad Prism 8.0.2 software.
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Fig. 4. Real time analysis of DOX, TMZ, CON1, and CON2 effects on ASC patient-derived cell growth. The rate of cell proliferation was monitored for 186 h using the
xCELLigence system. The results were obtained by treating primary ASC cells with increasing concentrations of DOX (200, 500, 1000, 2000, and 5000 nM), CON1
and CON2 (2, 5, 10, 20, and 50 uM) and TMZ (20, 50, 100, 200, and 500 pM). (A) The Cell Index (CI) of control cells (red line) was compared with the CI of cells
treated with increasing concentrations of the drug (other color lines) to determine the impact of the drugs on cell growth. The blue and red vertical lines in the graph
(A) indicate the time frame of 27-73 h for obtaining the ICso values in (B). The results were analyzed using RTCA software for single plate (SP) analyses.

no significant effect on the growth of lung fibroblasts MRC-5 (Table 1).
Furthermore, CON1 and CON2 showed lower relative resistance (3.3
and 4.2, respectively) compared to DOX (13.2) in glioblastoma cellular
models comprised of sensitive U87 and resistant U87-TxR cells (Table 1,
Fig. 2). Additionally, the selectivity index was greater for CON1 and
CON2 than for DOX and SC.

3.3. The anticancer effects of CON1 and CON2 on ASC patient-derived
cells

Next, we assessed the cytotoxic effects of our new hybrid compounds
on ASC cells, which were obtained from a patient with anaplastic

11

astrocytoma grade 3 according to pathohistology and neuroradiology
examinations. We used temozolomide (TMZ) as a positive control,
which is a standard chemotherapeutic for astrocytoma and glioblastoma
patients. We compared the anticancer effects of DOX, CON1, CON2, and
TMZ at different cell densities of 4000 and 8000 cells per well. Ac-
cording to the results (Fig. 3A and B), TMZ showed the weakest effect,
with ICsg values above 600 pM. On the other hand, CON1 and CON2
exhibited similar ICsg values of 20 pM and 16 pM, respectively, in pri-
mary ASC cells, regardless of the cell density. The effect of DOX, how-
ever, was dependent on cell density. The ICsy values were around
160 nM and 710 nM for 4000 and 8000 cells per well, respectively
(Fig. 3A and B).
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Fig. 5. Intracellular distribution of DOX-derived fluorescence of CON1 and CON2 in U87 glioblastoma cells. The cells were treated with 2, 5, and 10 pM of CON1 (A)
and CON2 (B), and the treatment lasted for 72 h. The perinuclear fluorescence of CON1 and CON2 appears in the red channel, indicating that the fluorescence
originates from around the nucleus. The nuclei were contrasted with Hoechst 33342 and appear in the blue channel. The micrographs were obtained using a

fluorescent cell imager.

Table 2
Nanoparticle nature of CON1 and CON2 studied by Zetasizer.

Z-Average (d. Polydispersity index (PdI) < Zeta Potential (mV) >

nm) 0.2 20

CON1 189.4 + 9.7 0.198 + 0.038 39.6 + 4.3
CON2 180 +14.7 0.103 + 0.016 40.2+ 1.0
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Fig. 6. Physico-chemical characteristics of CON1 and CON2. (A) The nano-
particle nature of CON1 and CON2 was discovered using Zetasizer. The size and
dispersity of the nanoparticles were measured three times independently. (B)
The chemical modeling of corresponding CON1 and CON2 predicted that strong
intramolecular forces can lead to a spontaneous, "protein-like" folding of CON1
and CON2, forming the nanoparticles.
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The efficacy of DOX, CON1, CON2, and TMZ in inhibiting the growth
of ASC cells was evaluated using the RTCA xCELLigence system (Fig. 4).
The system monitored the impedance-based Cell Index (CI) of the cells
for 186 h, which was used to determine their growth rate (Fig. 4A). The
antiproliferative effect refers to a decrease in cells’ growth rate, but the
growth pattern still follows the same path as untreated cells (Fig. 4A).
The cytostatic effect corresponds to the cell growth profile on the same
baseline as the seeded cells (Fig. 4A). The cytotoxic effect refers to a drop
in the cell growth profile below the seeded cells’ baseline (Fig. 4A). The
ICsq values were calculated between 27 h and 73 h (Fig. 4B) to replicate
the endpoint MTT assay which lasted 72 h. The cytostatic effect of DOX
treatment of ASC cells was observed at 200 nM, whereas higher con-
centrations ranging from 500 to 5000 nM were cytotoxic (Fig. 4A). The
ICs0 values for DOX were around 5 pM until 40 h and then dropped to
around 400 nM (Fig. 4B), which was consistent with the endpoint MTT
assay results. In the case of TMZ, concentrations ranging from 20 to
200 pM were antiproliferative, while only the highest concentration of
500 pM showed a cytostatic effect (Fig. 4A). The ICso values of TMZ
were around 200 pM (Fig. 4B). CON1 and CON2 showed similar effects
in this experimental setting, exhibiting an antiproliferative effect with 2,
5, and 10 pM, cytostatic with 20 pM, and cytotoxic effect with 50 pM
(Fig. 4A). The ICsq values for both CON1 and CON2 were approximately
20 pM with greater fluctuations observed in the case of CON2 (Fig. 4B).

3.4. Physicochemical characterization and intracellular localization of
CON1 and CON2

We used the preserved fluorescence from the DOX part of the hybrid
compound to analyze where our novel hybrids CON1 and CON2 were
located inside cells (Fig. 5). After treating U87 cells with three different
concentrations of 2, 5, and 10 pM for 72 h, we found that both CON1
and CON2 were located near the nuclear membrane (Fig. 5).

We then checked if CON1 and CON2 could create nanoparticles on
their own. Our results from the Zetasizer showed that both CON1 and
CON2 had uniform nanoparticle sizes around 180 nm with a low poly-
dispersity index of less than 0.2 (Table 2, Fig. 6A). The positive zeta
potential above 20 indicated that larger aggregates were unlikely to
form (Table 2). We also used chemical modeling to predict if CON1 and
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Fig. 7. TEM characterization and intracellular localization of CON1 and CON2. (A) The size and shape of nanoparticles obtained using TEM with a digital camera SIS
MegaView III and iTEM software. (B) The cellular import and subcellular distribution of 5 pM CON1 and CON2 in U87 cells after 24 h treatment. The nucleus is

abbreviated as "Nu" and the nucleolus as "No". The scale bar is 500 nm.

CON2 could fold spontaneously like proteins (Fig. 6B). We found that
the strong intramolecular forces made CON1 and CON2 fold spontane-
ously. We also predicted the pKa for CON1 and CON2, which showed
that both molecules have protonated aliphatic nitrogen under certain
conditions. We then used these structures for conformational search to
find stable structures in solution. The most stable conformers for both
molecules showed several intramolecular H-bonds and additional hy-
drophobic interactions. Some of the functional groups (-OH, amide,
—-NH3-) and hydrophobic structures can be used for further supramo-
lecular organization (Fig. 6B).

The formation of CON1 and CON2 nanoparticles was also confirmed
by TEM (Fig. 7). Different sizes of nanoparticles were detected, ranging
from 116.7 nm to 164.2 nm for CON1 and 76.8 nm to 174 nm for CON2
(Fig. 7A). Moreover, the TEM revealed that 5 pM of CON1 and CON2 can
penetrate U87 glioblastoma cells and can be found in various parts of the
cell such as cytoplasm, cellular membrane, nuclear membrane, mito-
chondrial membranes, nucleus, and nucleolus. Control micrographs of
untreated cells were also assessed (Fig. 7B).

3.5. The effects of CONland CON2 on DNA damage induction

We compared the impact of CON1 and CON2 on DNA damage in-
duction with that of DOX, an anticancer drug that primarily causes DNA
breaks. To assess DNA damage in U87 and U87-TxR cells, we measured
the expression levels of pH2A.X histone, a DNA double-stranded breaks
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marker, after treating the cells with 2, 5, 10, and 20 pM of DOX, CON1,
or CON2 for 24 h. Our results showed that DOX caused significant DNA
damage in both U87 and U87-TxR cells, with a more prominent effect on
U87 cells (Fig. 8). On the other hand, CON1 and CON2 significantly
increased pH2A.X expression at 20 uM in both glioblastoma cell lines.
The CON2 effect was also significant at 10 pM in U87-TxR cells (Fig. 8).

3.6. The effects of CON1 and CON2 on oxidative stress

We conducted flow cytometry analyses using DHE, DHR, and JC-1
staining to investigate the effects of DOX, CON1, and CON2 at 2 uM
on oxidative stress in U87 glioblastoma cells after 24 h. Our findings
revealed that all three compounds increased the levels of superoxide
anion O3(Fig. 9A), hydrogen peroxide H;0,, and peroxynitrite ONOO"
(Fig. 9B) in U87 cells. These increases were determined through DHE
and DHR-activated fluorescence. DOX treatment significantly affected
mitochondrial membrane potential, as evidenced by JC-1 ratiometric
dye, with more than 60% depolarization compared to untreated control
cells, while the effects of CON1 and CON2 were less prominent (Fig. 9C).

We also performed a mitochondrial stress test to analyze mitochon-
drial respiration by treating U87 cells with 5 uM DOX or CON1 for 24 h
before measuring the oxygen consumption rate (OCR) using the Sea-
Horse XF HS Mini Analyzer (Fig. 9D). The OCR was measured after
treatment with oligomycin, FCCP, and rotenone & antimycin A. Using
these modulators, we were able to calculate non-mitochondrial
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Fig. 8. DNA damage induction by DOX, CON1, and CON2 in U87 and U87-TxR
glioblastoma cells. The level of DNA damage was determined by measuring the
expression of pH2A.x in U87 and U87-TxR cells. The cells were exposed to
different concentrations of DOX, CON1 and CON2 (2, 5, 10 and 20 pM) for 24 h,
and then pH2A.x antibody was used to label the cells. The mean fluorescence
intensity at 525 nm was measured using flow cytometry. CytExpert software
was utilized to identify viable cells and normalize the average mean fluores-
cence per cell. The results were statistically analyzed using GraphPad Prism
8.0.2 software with a Two-way ANOVA test (Dunnett’s multiple comparisons
test). The analysis revealed a significant difference between treated and un-
treated samples, which is represented as **p < 0.01 and ***p < 0.001.

respiration, basal respiration, maximal respiration, proton leak, ATP
production, and spare capacity. Our results indicated that DOX treat-
ment resulted in a significant decrease in basal respiration, maximal
respiration, ATP production, and spare capacity, while the effect of
CONT1 did not differ significantly from the untreated control (Fig. 9D).

3.7. Cell death induction and cell cycle disturbance in ASC patient-
derived cells upon treatment with CON1 and CON2

We studied the induction of cell death in ASC cells by DOX, CON1,
and CON2 after 72 h, using flow cytometry analysis of AV/PI staining
(Fig. 10A, B). We also evaluated cell cycle disturbance using PI staining
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of ASC cells’ DNA after 48 h (Fig. 10C, D). Our findings revealed that the
novel hybrids (CON1 and CON2) induced early and late apoptosis, with
CON2 showing a more pronounced effect, whereas DOX induced ne-
crosis and late apoptosis (Fig. 10A). The histograms presented in
Fig. 10B support our observations. Furthermore, all the compounds
disrupted the cell cycle of ASC cells (Fig. 10C). The control sample
showed slow progression through the cell cycle, with almost all viable
cells in the GO/G1 phase (Fig. 10C). However, CON1 and CON2 notably
shifted cells towards the G2/M phase. The corresponding histograms are
presented in Fig. 10D.

3.8. The effects of CON1 on cell cycle disturbance and senescence

We examined the effects of 2 pM DOX and 2 and 20 pM CON1 on the
cell cycle disturbance in the U87 cell line. Our findings show that 2 pM
DOX caused a significant shift of U87 cells to the G2/M phase and
doubled the percentage of cells in the subGO phase (Fig. 11A and B).
CONT1 at the same concentration resulted in an even higher number of
cells in the G2/M phase (Fig. 11A and B). When treated with 20 pM
CONT1, U87 cells shifted entirely towards polyploidy (Fig. 11A).

We also assessed the potential of DOX and CON1 to induce senes-
cence in U87 cells. By measuring p-galactosidase activity through flow
cytometry, we found that CON1 treatment significantly increased the
number of U87 cells metabolizing FDG (Fig. 11C and D). Specifically,
2 UM and 20 pM treatments resulted in approximately 23% and 65%
FDG-positive cells, respectively (Fig. 11C and D). However, cellular
senescence was not evident after DOX treatment (Fig. 11C and D).

4. Discussion

The treatment of glioblastoma faces significant obstacles, such as the
presence of the BBB, which prevents potent anticancer drugs from
entering the brain and attacking glioblastoma cells, including natural
compounds such as DOX [21], and the heterogeneity of glioblastoma,
which promotes the development of therapy resistance [40]. Although
DOX is a potent anticancer drug, the development of resistance and its
side effects are significant drawbacks to its application. Numerous
studies have attempted to establish DOX as a valuable anti-glioblastoma
drug by testing different combinations of DOX with other anticancer
agents [41-44] and delivering it using various nanoparticles [45-47].
Moreover, modifying the structure of DOX is considered a potential
solution since DOX comprises two active sites (-NHy and ~OH), making
it a suitable candidate for modification, so other authors have reported
the hybridization of DOX with different pharmacophores [48]. Our
study presents a novel approach by creating hybrid compounds (CON1
and CONZ2) that incorporate DOX through modification at -NHj,. These
compounds feature a distinctive structure consisting of highly lipophilic
SC [1] and highly hydrophobic DOX [49]. These hybrid compounds
have the unique ability to form nanoparticles spontaneously and merit
further investigation due to their advantageous features, reduced resis-
tance, and improved selectivity compared to DOX.

In our research, we analyzed the impact of SC on various cancer cell
lines, including both sensitive and MDR colorectal carcinoma, NSCLC,
and glioblastoma cells. Interestingly, we discovered that SC only showed
collateral sensitivity in a particular pair of sensitive and MDR glioblas-
toma cells. After conducting SwissADME analysis, we determined that
SC could cross the BBB and was not a substrate of the P-gp, which is a
component of the BBB and can be located on the membrane of cancer
MDR cells. P-gp plays a critical role in extruding various anticancer
drugs [50]. As a result, we thought that combining SC with DOX might
be beneficial in sensitizing cancer cells. We observed a synergistic
relationship between SC and DOX, which depended on the cell type. The
synergism mainly occurred in MDR NSCLC NCI-H460/R and glioblas-
toma U87-TxR cell lines, with synergistic interaction also observed in
another glioblastoma U251 cell line. Significantly, when combined with
DOX, SC produced a pronounced antagonism in normal fibroblasts
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by the Wave Pro software.

MRC-5, indicating that SC modulated DOX activity to improve its
selectivity towards cancer cells. In sensitive NSCLC NCI-H460 and
glioblastoma U87 cell lines, the interaction between SC and DOX was
additive, signifying better efficacy in cancer MDR cells. However, the
interaction was antagonistic in both sensitive DLD1 and
multidrug-resistant DLD1-TxR colorectal carcinoma cell lines, indi-
cating a cell type-dependent effect of SC on DOX activity. Our additional
DOX accumulation study confirmed these findings, as SC increased DOX
accumulation in MDR NSCLC NCI-H460 and glioblastoma U87-TxR
cells, as well as two other glioblastoma cell lines, U87 and U251.
However, we did not observe any increase in DOX accumulation in
colorectal carcinoma cells or sensitive NSCLC cells.

Next, we explored the development of a hybrid compound consisting
of SC and DOX. We were encouraged by promising literature results that
showed strong anticancer activities in vivo with lipid nanoparticles co-
delivering SC and DOX [33]. To investigate the synergistic effects of
low concentrations of SC, we tested different ratios of SC:DOX (1:1, 2:1,
and 5:1) on glioblastoma U87 and U87-TxR cells in the nanomolar
range. We found a synergistic interaction, which prompted us to pursue
our endeavor. To create our compounds, CON1 and CON2, we used
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linkers that cannot be hydrolyzed in physiological conditions, also
ensuring the preservation of DOX fluorescence for accumulation and
localization studies. The only difference between CON1 and CONZ2 is the
length of the linker between SC and DOX. We also explored the anti-
cancer effects of SC derivatives LIG1 and LIG2, which form CON1 and
CONZ2, respectively. LIG1 and LIG2 had even poorer effects on glio-
blastoma U87 and U87-TxR cells than SC, but both preserved the
collateral sensitivity characteristic of SC. On the other hand, the ICsg
values for CON1 and CON2 were significantly lower than the ICsg value
for SC in U87 cells, but they did not preserve collateral sensitivity.
Although U87-TxR cells were resistant to CON1 and CON2, the re-
sistances were significantly lower than the resistance to DOX. Impor-
tantly, the selectivity of both CON1 and CON2 towards glioblastoma
cells was considerably increased compared to SC or DOX alone. Our
findings indicate that CON1 and CON2 show improved anticancer
properties over DOX.

To compare the effectiveness of our hybrid compounds and DOX
with TMZ, the only available chemotherapeutic for primary brain tu-
mors of glial origin [51], we conducted experiments on astrocytoma
grade 3 patient-derived cells. We wanted to determine if the anticancer



A. Stepanovi¢ et al.

A

Multi-sample : P1 Multi-sample : P1

Biomedicine & Pharmacotherapy 174 (2024) 116496

Q1-UL Q1-UR!

QUL

Q1-UR
ECTRL
EDOX

85854
10' 10 10° 10* 10° 10° 107

B585A
10' 102 10° 10* 10° 10° 107

8554
10' 102 10° 10* 10° 10° 107

Q1-LL Q1-LR] Q1-LL O1-LR

TrrT Ty "
0o 107 100 10' 10° 10 10
85254

TrT T
0 107 100 10 105 10® 10
85254

1004 o
Multi-sample : P1 Holeok
qor-uL Q1-UR 80'
MCTRL
1 HCON2
1 -_
[ - .
8 60 necrosis
s O late apoptosis
3 ° O early apoptosis
1 ° @ viable cells
] 404
Q1-LL Q1-LR'
0 10 16 6 1 16 10
B525-A 20.
o.

CTRL DOX CON1 CON2

C GO&GT: 77.44% Go&G: 27.52%
¥ 2
bGO: 18.21% IbGO: 25.67%
SubGO: 18.21% Sran: 010y sul % G28M: 9.28%
LS
2
H CTRL I
E 3
%
. GO8G1: 24.23% GO8G1: 16.04%
s s
. } '
N subGO: 2.51% SubGO: 0.78%
. c28M: 61.54% G28M: 66.75%,
B
s
s
¥ CON1 5 CON2
i, H
. B
.

% of cells

CTRL DOX CON1 CON2

Fig. 10. Cell death and cell cycle analyses in primary ASC cells upon treatment with DOX, CON1 and CON2. The cells were treated with 1 pM DOX and 10 pM CON1
and CON2. (A) The cell death induction assessed by AV/PI staining after 72 h of treatment (overlaid dot plots) were evaluated by flow cytometry and analyzed using
CytExpert software. Representative flow cytometry plots are presented. (B) The percentages of viable (AV- PI-), early apoptotic (AV+ PI-), late apoptotic (AV+ PI+),
and necrotic (AV- PI+) cells are illustrated in a histogram. At least 10,000 events were collected for each experimental sample. (C) The cell cycle distribution assessed
by PI staining after 48 h of treatment were evaluated by flow cytometry and analyzed using CytExpert software. Representative flow cytometry graphs are presented.
(D) The percentages of cells in different cell cycle phases (subG0, GO/G1, S, and G2/M) are presented in a histogram. At least 10,000 events were collected for each
experimental sample. Statistical analysis was performed in GraphPad Prism 8.0.2 using Two-way ANOVA (Dunnett’s multiple comparisons test). A statistically
significant difference between treated samples and untreated control is shown as ***p < 0.001.

efficacy was dependent on the initial cell density, so we seeded ASC cells
at two different densities. After conducting an end-point assay at time
point 72 h, we discovered no significant differences in cases of hybrid
compounds and TMZ. However, DOX exhibited a powerful effect within
the nanomolar range, exhibiting a nearly 6-fold difference and per-
forming better in ASC cells seeded at a lower density. This finding
contrasts recent discoveries in breast cancer cells, which demonstrated
reduced accumulation and effectiveness of DOX due to elevated
expression levels of ABC transporters at lower initial cell density [52].
While CON1 and CON2 were more active against ASC cells than in MDR
U87-TxR cells, they were less active in sensitive U87 cells. Unfortu-
nately, the effect of TMZ was very poor, with an ICs value that exceeded
500 pM. We then assessed the real-time cell growth of ASC cells when
treated with five different concentrations of CON1, CON2, DOX, and
TMZ. Our findings revealed that the effects of different DOX concen-
trations were mainly cytotoxic, whereas the effects of CON1 and CON2
were mainly antiproliferative. The concentration near ICsq values for the
end-point assay (20 uM) was cytostatic, while a higher concentration
(50 uM) was cytotoxic. Only the highest concentration of TMZ (500 pM)
was cytostatic. These results support the notion that TMZ is relatively
ineffective in glioma treatment and suggest that it only exerts cytostatic
but not cytotoxic activity [53].
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As our hybrid compounds preserved the fluorescence, we utilized
this feature to study their localization in glioblastoma cells. It is widely
known that DOX localizes primarily in the nucleus, targeting DNA and
displaying concentrated fluorescence in the nucleus [54]. Therefore, it
was surprising to discover that the fluorescence derived from CON1 and
CON2 was peri-nuclear. Upon researching literature for DOX fluores-
cence peri-nuclear localization, we found that lipid nanoparticles loaded
with DOX exhibit the same fluorescence pattern in cells as we observed
with CON1 and CON2 [55]. This encouraged us to investigate the
nanoparticle nature of our novel hybrid compounds. Zetasizer analysis
revealed that CON1 and CON2 form nanoparticles that are characterized
by a uniform size of approximately 180 nm and a low polydispersity
index below 0.2, which is similar to that observed with purpose-made
nanoparticles [56,57]. Additionally, positive zeta potential above 20
indicated that larger aggregates were unlikely to form. Chemical
modeling showed that both CON1 and CON2 single molecules sponta-
neously fold in a ’protein-like’ manner and predict their packing in
larger forms, such as nanoparticles. We confirmed the presence of
nanoparticles derived from CON1 and CON2 by TEM, also used to
evaluate their intracellular localization. Our hybrid compounds were
found in various cellular compartments, including the cytoplasm,
cellular membrane, nuclear membrane, mitochondrial membranes,
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nucleus, and nucleolus. This indicates that CON1 and CON2 can enter
the nucleus, albeit to a lesser extent than DOX, and as such, their fluo-
rescence cannot be detected in the nucleus. Our hybrids may elicit
molecular mechanisms similar to DOX but with a prolonged yet less
cytotoxic effect due to the lack of preferential accumulation in the nu-
cleus. Consequently, we compared the impacts of DOX, CON1, and
CON2 on several cellular processes.

DOX acts by inhibiting or poisoning topoisomerase Ila, intercalating
into DNA, causing DNA damage, generating free radicals, and leading to
oxidative stress, which results in its cytotoxic effects [58]. Therefore, we
tested the impact of increasing DOX, CON1, and CON2 concentrations
on inducing DNA damage in glioblastoma cells. After 24 h of treatment,
we found that DOX caused significantly more DNA damage than CON1
and CON2. Additionally, DOX was found to be more effective in sensi-
tive than in MDR glioblastoma cells. On the other hand, CON1 and
CON2 had similar effects on DNA in both types of glioblastoma cells,
regardless of their MDR phenotype. Notably, CON2 had a more pro-
nounced effect on MDR glioblastoma cells than on sensitive ones. As
DNA damage can be caused by reactive oxygen and nitrogen species
generation, we also examined the effects of DOX, CON1, and CON2 on
the levels of superoxide anion O3, hydrogen peroxide Hy02, and per-
oxynitrite ONOO™ after 24 h. We discovered that all the compounds
significantly increased ROS and RNS levels in glioblastoma cells. The
effect was more pronounced in the case of ROS. This led us to investigate
the possible impact on mitochondrial membrane potential and mito-
chondrial respiration. Our findings showed that DOX caused mito-
chondrial damage, reflected in membrane depolarization and impaired
respiration. We did not observe this effect with the hybrid compounds.
Specifically, CON1 caused no change in the oxygen consumption rate
over time, similar to that of the untreated control cells.

Our results suggest that hybrids may cause less harm to cells than
DOX. This may be attributed to their degradation/stability ratio within
the cell and slower release of DOX, as our research showed that nano-
particles were present in nearly all cellular structures after 24 h of
treatment. The effectiveness and safety of active hybrid molecules may
depend on their degradation, which can occur through hydrolytic or
oxidative pathways [59]. Our hybrids, which contain an amide linker,
exhibit hydrolytic stability [60-62]. Therefore, oxidative degradation
may be a more feasible mechanism for our hybrids in the intracellular
environment. This could be advantageous, as cancer cells typically
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experience higher levels of oxidative stress than normal cells [63],
potentially contributing to the selectivity of hybrids towards cancer cells
due to a more dynamic release of DOX in cancer than in normal cells.
Even more, amide-linked daunorubicin analogues have been found to be
less toxic to healthy cells compared to analogues linked with an amine
spacer [64]. Although hybrids with amide linker shows lower anticancer
activity, this approach shows promise for safer and more effective cancer
treatment.

Observed oxidative stress induced by DOX, CON1, and CON2 could
be followed by cell death induction and changed cell cycle progression.
Some findings linked the increase in ROS with the polyploidization of
cells [65]. Our research revealed that DOX and hybrid compounds
significantly influenced ASC patient-derived and U87 cells, by accu-
mulating them in the G2/M phase. DOX induced late apoptosis and
necrosis in ASC cells, whereas CON1 and CON2 predominantly triggered
early apoptosis. In the case of U87 cells treated with CON1, we suspected
polyploidization and complete absence of cell cycle progression at a
concentration of 20 uM. Upon this, we explored whether CON1 had the
ability to trigger senescence in U87 cells. Our investigation revealed that
glioblastoma cells treated with CON1 had a significant increase in the
activity of p-galactosidase, an enzyme associated with senescence [66].
Senescence and apoptosis are two separate processes that can result in
cell death and inhibit tumor growth [67]. Typically, senescent cells are
resistant to apoptosis [68]. Hence, our findings were interesting since
CON1 induced apoptosis in ASC cells and senescence in U87 cells.
Nonetheless, it is possible for the same drug to elicit different mecha-
nisms of cell death in distinct cells. For instance, the effect of DOX on
apoptosis, necrosis, autophagy, or senescence is depending on factors
like cell and cancer type, DOX concentration, and treatment duration
[69].

Inhibiting Mdm2 through nucleolar (ribosome biosynthesis distur-
bance) and oxidative stress may activate p53-dependent anticancer
pathways [70]. This activation leads to an increase in p53 levels, sta-
bilization, and ultimately, apoptosis, autophagy, senescence, metabolic
changes, cell cycle arrest, or DNA repair. TEM imaging has revealed our
hybrids within the nucleolus, which may impact nucleolus function.
Besides, CON1 and CON2 induce oxidative stress and G2/M arrest.
Therefore, the anticancer effect of hybrids could be linked to p53 acti-
vation, given that U87 and ASC have wild-type p53. However, further
comparative studies using cellular models with both wild-type and
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mutated p53 are necessary to confirm this hypothesis.
5. Conclusion

Our study showed that hybrid compounds of doxorubicin and the
natural compound sclareol may be a promising strategy to overcome the
limitations of doxorubicin application for cancer patients. Our hybrid
compounds, CON1 and CON2, which spontaneously form nanoparticles,
showed improved anticancer properties compared to doxorubicin, with
increased selectivity and reduced resistance. However, further research
is necessary to determine the optimal dosage and administration of the
hybrid compounds and their potential adverse effects in vivo. Studies are
underway to investigate whether CON1 and CON2 can cross the BBB and
to compare the cardiotoxic effects of doxorubicin and hybrid com-
pounds. Although our study has limitations, we are confident that the
results provide valuable insights. It is important to note that we did not
include a tumor-bearing animal experiment to definitively determine
the hybrids’ effectiveness. Despite being an in vitro study, we have
included a patient primary cell culture in our research, which enhances
the validity of our findings. While our investigation focuses on the
physicochemical properties and effects of hybrid compounds on glio-
blastoma cells, we are confident that our study paves the way for further
preclinical studies in this area.
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