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Chrysin belongs to natural flavonoids characterized wide spectrum of biological activity. Its use in
treatment is limited by low bioavailability and rapid metabolism. The structure-activity relationship
shows that introduction of substituent at C7 position of flavone scaffold increase the activity and
bioavailability. In this study, a series of quinoline-chrysin hybrids was obtained. The structure of
compounds was determined using spectroscopic methods. The anticancer activity of compounds was
tested against neck and head squamous cell carcinoma lines (HNSCC), while the antioxidant activity
was determined using DPPH method. The biological effect depends on the type of quinoline moiety.
For the most active compounds, IC, values as low as ~13.8 uM for anticancer activity and ~ 24.5 uM
for antioxidant activity were observed. For the most active compounds, their effect on the expression
levels of TP53, BAX, and BCL2 genes was examined.
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Cancer is one of the most common causes of death around the world. According to Global Cancer Statistics,
nearly 10 million people died from cancer worldwide in 2020'. The head and neck cancers (HNC), which
includes cancer localised in the oral cavity, pharynx, larynx, nasal cavity, and salivary glands, are a significant
health problem, especially in low-development countries. Risk factors include tobacco use, excessive alcohol
consumption, poor oral hygiene, and infection with high-risk strains of human papillomavirus (HPV)2. In 2020,
itis estimated that nearly 1 million new cases and almost half a million deaths were diagnosed HNC worldwide!.
Moreover, this type of cancer is characterised by low five-year survival rate as a result of late diagnosis due to
nonspecific symptoms. Treatment of HNC cancer includes mainly surgery, radiation therapy, chemotherapy or a
combination of chemo- and radiation therapy. Chemotherapy is used as supplementary therapy after surgery or
as the only method if the localisation of cancer excludes the surgery*.

Substances derived from plants, both microbial and fungal are rich with sources that may lead to new
compounds exhibiting high biological activity>S. According to the World Health Organization model list of
essential medicines, over 60% of currently used anticancer drugs are isolated from natural sources or mimic
natural products’~?. The history of using natural substances started in antiquity. Traditional medicine used herbs
which were characterised by “heat-clearing,” “toxin-resolving,” “blood-invigorating,” properties. The following
decades showed that extracts obtained from these herbs contain flavonoids, which exhibit the antioxidant, anti-
inflammatory or vasodilation effect. Flavonoids are secondary metabolite found in fruits, vegetables, tea, and
plants. Structurally, they belong to the polyphenolic compound consisting of two aromatic rings (A and B) and
pyran-4-one moiety (C) (Fig. 1A). Flavonoids are divided into 12 groups depending on the amount and position
of hydroxyl groups at the A or/and B ring and oxidation of the C ring!®!%.

Flavonoids characterise a wide spectrum of biological effects. For example, flavonoids protect plants from
DNA mutation and oxidation stress caused by UV light and defence against pathogens and herbivores!'>13.
Additionally, they show high antioxidant, anti-inflammatory, anticancer, antiviral and antimicrobial activity'*~16.
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Fig. 2. The chemical synthesis of (A). 7-(4-bromobutoxy)-5-hydroxy-2-phenyl-4H-chromone-4-one 2, (B).
derivatives 9-14,(C). compounds 16 and 18.

Belonging to the naturally occurring flavonoid chrysin 1 is found in passion flowers (Passiflora caerulea),
propolis and honey. The concentration of compound 1 in honey and propolis is in the range from 0.2 mg/kg
to 5.3 mg/kg and from 5 g/L to 28 g/L, respectively'”!8. Structurally, chrysin 1 contains carbonyl group at the
C4 position, a double bond between C2 and C2 carbons and two hydroxyl groups at C5 and C7 position of the
flavonoid scaffold (Fig. 1B). Flavonoid 1 exhibits potent biological activity, including antioxidant, anticancer,
antiviral, antidiabetic, anti-inflammatory, neuroprotective, hepatoprotective and antihyperlipidemic!>*. The
pharmacokinetic study shows that chrysin 1 is characterised by low oral availability which is less than 1%
and is excreted in faeces. Moreover, the chrysin is rapidly metabolised to chrysin-sulphate. This is probably
the reason that compound 1 shows high in vitro activity and low effect in in vivo studies?!. Introduction of a
substituent into flavone scaffold allows new compounds with high biological activity and better bioavailability
than natural substance 1 to be obtained. Most of the chemical modifications are focused on replacement of one
or two hydroxyl groups to ether or ester moiety. For example, introduction of methyloxy group at the C5 or/and
C7 position of chrysin increases lipophilicity and stability, while alkylation at the phenyl ring increases the anti-
inflammatory activity and improves pharmacokinetic parameters?-%°.

Quinoline scaffold, which occurs in many natural and synthetic compounds, is one of the most often
modificated moiety in the medical chemistry. Chemically, quinoline belong to a tertiary amine base and they can
reaction with electrophilic and nucleophilic compounds. Biologically, it could create hydrophobic interaction
and hydrogen bond with active centre of protein, influencing their biological activity?®?’. Our previous research
showed that introduction of quinoline moiety increased activity and bioavailability in silico of obtaining
compounds®~*°. For this reason, we decided to connect quinoline derivatives with chrysin scaffolds. The
obtained compounds were tested as anticancer substances against head and neck cancer cell lines.

Results

Chemistry

As can be seen in Fig. 2A, chrysin 1 was converted into compound 2 in the reaction with 1,4-dibromobutan in
the presence of potassium carbonate and acetone; the yield of the reaction was 78%?!.
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Chrysin derivative 2 was connected with 8-hydroxyquinoline derivatives 3-8, 5-hydroxyquinoline 15 and
4-hydroxyquinoline 17. The reaction was carried out in the presence of potassium carbonate, in dimethyl
sulfoxide (DMSO) at room temperature (Fig. 2A and B). After purification on column chromatography,
compounds 9-14, 16 and 18 were obtained as the only product of reaction and the yield was 58-87%.

According to the literature, in the reaction between the 8-hydroxyquinoline and halogen compounds an
ether or aryl compound could form. However, the type of product depends on the reaction conditions*30-32:33,
For this reason, the structure of all compounds 9-14, 16 and 18 was confirmed by the HR-MS, IH NMR, 13C
NMR. Moreover, the 2D NMR spectra was used to determine the structure of derivatives 9, 16 and 18 (Table
$1-S3 and Figure S1-S12).

The chrysin moiety contain 15 carbon atoms and nine hydrogen atoms, whose signals were assigned based
on analysis of the correlation in the HSQC and HMBC spectra (Table S1, Figure S3-S4). In the HSQC spectrum,
no correlation was observed between the proton signal at &; 12.82 ppm and the carbon atom, which means
that this signal belongs to the hydroxyl group at the C5 position of chrysin moiety. Additionally, the correlation
between the signal at §; 12.82 ppm and . 161.6 ppm allows us to assign this carbon signal to the C9 atom.
Analysis of the multiplicity shows that only proton H3 could create a singlet signal, which is observed at §
7.06 ppm. In the HMBC spectrum, a correlation is observed between this peak (6, 7.06 ppm) and the carbon
peaks at 0 182.6 ppm, 163.9 ppm, 131.1 ppm and 105.3 ppm. The peak at §,; 182.6 ppm assigned to carbon at
the C4 position, because in the region up to 160.0 ppm only the peak belonging to carbonyl and carbonyloxy
group was observed®’. In the HMBC spectrum, no correlation was observed between the chrysin moiety and
protons belonging to linker and quinoline moiety (Figure S4). The analysis of 1D and 2D spectra shows, that
signals at §; 4.33 ppm and J; 4.26 ppm were assigned to the methyleneoxy group at C1; and C4;, where the
signal at §;; 2.04 belonging to two methylene groups in the linker. The analysis of the HSQC spectrum shows that
for all unassigned signals of protons, a correlation with carbon peaks were observed, which ether derivatives 9
were obtained in the reaction. The protons belonging to the quinoline ring were assigned based on the analysis
of 2D spectra (Table S1).

Comparing the 1D and 2D NMR spectra of compounds 9, 16, 18 shows that the type of quinoline moiety
does not increase the chemical shift of hydrogens and carbons atoms of chrysin moiety, while in the range from
4.40 ppm to 1.80 ppm three, two and four peaks for compounds 9, 16 and 18 were observed, respectively (Table
S2-S3). Therefore, the type of quinoline moiety increase the chemical shift of methylene groups at the linker.

The analysis of HSQC and HMBC spectra of compounds 16 and 18 allows the signals observed at "H NMR
and *C NMR to be assigned to the hydrogens and carbons of the quinoline moiety (Table S2-S3). Replacement
of 8-hydroxyquinoline by 5-hydroxyquinoline influences the chemical shift of protons in the benzene ring
of the quinoline moiety. The signal of hydrogen atoms at the C6 position have been shifted towards a high
value of chemical shift due to the presence of an oxygen atom, while the signal at &}; 7.09 ppm was assigned to
the hydrogen atom at C7 position. Analysis of the correlation in the HMBC spectrum allows the signal at &
7.47 ppm to be assigned to the H8 proton (Table S2). The signal of protons in the quinoline moiety of derivatives
18 were shifted towards a high value of chemical shift (Table S3).

Biological activity

One of the factors leading to head and neck cancer are smoking tobacco and alcohol consumption, which
causes oxidative stress. The reactive oxygen species (ROS) interact with DNA causing uncontrolled mutations
in both healthy and cancer cells. Moreover, ROS may play a role in proliferation of cancer cells through multiple
pathways. Reduction of oxidative stress by neutralizing ROS may cause the inhibition of tumor growth and
apoptotic induction®. The antioxidants properties of compounds 1, 9-14, 16 and 18 were determined through
analysis of the reduction of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical. As a reference, the vitamin C
substance was used. The results are presented in Table 1.

The lowest antioxidant activity in the DPPH assay is presented by chrysin 1, which at concentration 1000 uM
shows a 34.8% inhibitory effect. The series of 8-hydroxyquinoline derivatives 9-14 shows that the introduction of
a substituent at the C2 position influences the antioxidant effect. Comparing the IC, shows that only compound
13 with a chloride atom at this position exhibited lower activity than derivative 9 (IC,,=36.6+1.6 uM). The
position of the nitrogen atom at the quinoline moiety influences antioxidant activity, and the order is as follows
16>9>18.

The anticancer activity of hybrid compounds 9-14, 16, 18, and 5-fluorouracil (5-Fu) was evaluated against
head and neck squamous cell carcinoma (HNSCC) cell lines derived from the tongue (SCC25) and the pharynx
(FaDu). Cell viability was assessed using the MTT reduction assay, and the ICs, values for compounds 9, 12 and
16 were determined from dose-response curves (Table 1, Fig. 3). Effect of compounds 9, 12, 16, and 5-FU on cell
viability in FaDu and SCC25 cell lines depends on its concentration was presented on Figure S13.

Compounds 9-14, 16 and 18 are characterised by moderate anticancer activity against tested cell lines.
The series of compounds containing the 8-hydroxyquinoline moiety 9-14 shows that the substituent at the
C2 position of the quinoline moiety increases activity. Derivatives 9, which contain hydrogen atoms at this
position depict moderate activity and the IC, is equal to 35.9 uM and 68.8 uM against SCC25 and FaDu cells,
respectively. Introduction of electron-donating substituents, such as the methyl group (10), chloride atom
(13) and morpholine ring (14), decreases the activity. Compounds with electron-withdrawing substituents
(11 and 12) were characterised with a different activity. According to the literature, the nitrile group is a
stronger electron-withdrawing group than the carbonyl group, which is related to the type of bond and to the
electronegativity of the atoms®**’. Introduction of a strong electron-withdrawing group, like the nitrile group,
increases the anticancer activity compared to unsubstituted derivatives 9. The series of derivatives 9, 16 and 18
shows that introduction of the 5-hydroxyquinoline moiety increases the activity against the tested cell line, while
replacement by 4-hydroxyquinoline reduces it.
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Compound | X |Y VA R IC,, [uM] | SCC25 FaDu
9 CH |CH |N H 36.6£1.6 359+3.4 | 68.8+£4.2
10 CH [CH |N CH3 349+2.1 >100 >100
11 CH |[CH |N CHO 36.4+2.4 >100 >100
12 CH |CH |N CN 245+1.0 30.8+1.2 | 20.5+2.4
13 CH [CH |N Cl 51.9+4.0 >100 >100
14 CH |[CH |N —N/—\O 27.6+3.2 >100 >100

—/
16 N CH |CH |H 26.1+2.6 |257%+2.8 | 13.8+25
18 CH [N CH |H 336.5+6.5 | >100 >100
1 - - - - >1000 >100 >100
Vitamin C - - - - 244+15 |- -
5-Fu - - - - - >100 >100

Table 1. The antioxidant and anticancer activity of compounds 1, 9-14, 16 and 18 and reference substance.
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Fig. 3. Concentration-dependent effects of hybrid compounds 9, 12, and 16 compared with 5-FU on the
viability of HNSCC cells after 48 h exposure. (A) SCC25 and (B) FaDu cell lines were treated with increasing
concentrations (0-100 uM) of the indicated compounds. Cell viability was determined using the MTT assay
and normalized to untreated controls. All tested derivatives reduced cell survival more effectively than 5-FU,
with compound 16 showing the most pronounced cytotoxic activity in both models.

To assess whether the tested compounds modulate molecular pathways associated with apoptosis, the
expression levels of the TP53, BAX, and BCL2 genes were analysed. Compounds 12 and 16 were selected for
further evaluation in both examined cell lines. The concentrations of each compound were adjusted individually
based on cytotoxicity assay results. Specifically, for the FaDu cell line, concentrations of 10 pM and 15 uM were
applied, while for the SCC25 line, concentrations of 20 uM and 40 uM were used. Cells were incubated with the
compounds for 24 h, after which mRNA expression levels were quantified.

In FaDu cells, treatment with compound 12 at 15 pM resulted in a statistically significant upregulation
of TP53 expression compared to compound 16 at 10 uM and 15 pM (p=0.0003; p=0.0006, respectively;
Fig. 4A). However, no statistically significant differences were observed when compound 12 was compared to
the untreated control group (p=0.17), indicating that the observed effect reflects a relative difference between
compounds rather than an absolute upregulation in relation to baseline expression. Notably, a slight reduction in
TP53 expression compared to control was detected following treatment with compound 16 at 10 puM, although
this change did not reach statistical significance (p=0.19). In the SCC25 cell line, the compounds did not elicit
any statistically significant changes in TP53 expression (Fig. 4B). A decreasing trend was observed for compound
16 at 20 uM compared to control, consistent with findings in the FaDu cell line, but this effect also failed to reach
statistical significance (p=0.33).

To further explore potential pro-apoptotic activity of the tested compounds, BAX gene expression was
examined. In both cell lines, no significant changes in BAX expression were detected in any treatment group
(Fig. 5A and B, respectively). Notably, even the highest concentrations of compounds 12 and 16 failed to induce
any measurable upregulation or downregulation of BAX (p=0.80 for FaDu; p=0.30 for SCC25).

Analysis of BCL2 expression revealed a non-significant reduction in mRNA levels in FaDu cells treated with
compound 16 at 10 uM compared to untreated controls (p=0.17; Fig. 6A). No statistically significant alterations
in BCL2 expression were observed following treatment with compound 12 at either concentration (p=0.61). A
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Fig. 4. Alterations in TP53 gene expression in head and neck cancer cell lines after treatment with tested
compounds. FaDu (A); SCC25 (B). Kruskal-Wallis’s test; Sample size-three biological and three technical
replicates for each group; Control-untreated cells.
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Fig. 5. Alterations in BAX gene expression in head and neck cancer cell lines after treatment with tested
compounds. FaDu (A); SCC25 (B). Kruskal-Wallis’s test; Sample size-three biological and three technical
replicates for each group; Control-untreated cells.
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Fig. 6. Alterations in BCL2 gene expression in head and neck cancer cell lines after treatment with tested
compounds. FaDu (A); SCC25 (B). Kruskal-Wallis’s test; Sample size-three biological and three technical
replicates for each group; Control-untreated cells.
comparable trend was observed in SCC25 cells, where treatment with compound 16 appeared to downregulate
BCL2 expression to a minor extent; however, these changes also did not reach statistical significance (p=0.28;
Fig. 6B). The expression changes observed for TP53, BAX, and BCL2 genes were minor and did not reach
statistical significance compared to untreated controls, indicating a limited transcriptional response to the tested
compounds. Further mechanistic studies, including caspase activation, ROS generation, and cell cycle analyses
are needed to determine whether these compounds may induce cell death via alternative pathways.
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Material and methods
Chemical study
Melting points were measured using the Electrothermal IA 9300 melting point apparatus. High-resolution
mass spectral analysis (HR-MS) was recorded using the Bruker Impact II instrument (Bruker, Billerica, MA,
USA). The spectra were visualised using the Bruker Compass DataAnalysis 4.3 software. The theoretical value
of molecular weight was determined using the online available Exact Mass Calculator®®. The nuclear magnetic
resonance (NMR) spectra were measured using the Bruker Avance 600 spectrometer (Bruker, Billerica, MA,
USA) in d6-dimetyl sulfoxide solvents. Chemical shifts (§) are reported in ppm and ] values in Hz. Multiplicity
is designated as doublet (d), doublet of doublets (dd), triplet (t) and multiplet (m). 'H NMR and '*C NMR
chemical shifts are reported relative to d6-DMSO as an internal standard. The analysis of NMR spectra was made
using MestReNova version 6.0.2 software.

All commercial substances were purchased in Merck (Darmstadt, German).

Synthesis of 7-(4-bromobutoxy)-5-hydroxy-2-phenyl-4H-chromone-4-one 2

Chrysin 1 (3.93 mmol, 1.0 g) and potassium carbonate (2.2 eqv., 8.66 mmol, 1.20 g) were dissolved in 40 mL
of acetone. Next, the 1,4-dibromobutane (2.2 eqv., 8.66 mmol, 1.87 g) was added and the reaction mixture was
heated to boiling temperature. After substrate disappearance on the thin layer chromatography (TLC) plate, the
mixture was filtered under reduced pressure and the obtained solution was concentrated on rotary evaporator.
After purification on the column chromatography (SiO,, chloroform/ethanol, 60:1, v/v), product 2 was obtained
with a yield of 78% (literature yield of 84%). The spectral data were confirmed by the literature’!.

Synthesis of chrysin-quinoline hybrids
Compound 2 (0.257 mmol, 0.1 g) and potassium carbonate (4.4 eqv., 1.12 mmol, 0.156 g) were dissolved in 2 mL
of dimethyl sulfoxide (DMSO). The solution of 8-hydroxyquinoline derivatives 3-8 (4.4 eqv., 1.12 mmol) or
5-hydroxyquinoline 15 (4.4 eqv., 1.12 mmol) or 4-hydroxyquinoline 16 (4.4 eqv., 1.12 mmol) in 2 mL of DMSO
was added dropwise. After 24 h at room temperature, the reaction product was dissolved in water and extracted
with methylene chloride (10 mL). The organic layer was dried with magnesium sulphate and concentrated with
a vacuum evaporator. The crude product was purified by column chromatography (SiO,, chloroform/ethanol,
15:1, v/v) to give pure products 9-14.
5-hydroxy-2-phenyl-7-(4-(quinolin-8-yloxy)butoxy)-4H-chromone-4-one 9: yield: 84%, mp: 193-194°C; R,
0.64 (dichloromethane/ethanol, 15:1, v/v); 'H NMR (600 MHz, d6-DMSO) 6 2.04 (t, 4H, J=3.6 Hz, 2 CHZL)’ 426
(t, 2H, J=6.0 Hz, CH,, ), 4.33 (t, 2H, J=6.0 Hz, CH,,), 6.45 (d, 1H, J=2.4 Hz, H8), 6.87 (d, 1H, J=2.4 Hz, H6),
7.06 (s, 1H, H3),7.23(dd, 1H, /= 1.8 Hz, ],=7.2 Hz, H7,), 7.51 (d, 1H, =18 Hz, H5), 7.52 (t, 1H, ]=1.8 Hz,
H3,), 7.53 (t, 1H, J= 2.4 Hz, H6.) 7.60 (m. 2H, H3, H5), 7.64 (m, 1H, H4"), 8.09 (m. 2H, H2, H6"), 8.30 (m.
| HoH4 ), 8.88 (dd, 1H, J,=1. 8 Nz, J,=4.2 Hz, H2,), 12. 82 (s, 1H, OH) (Figure S1); 13C NMR (150 MHz, d6-
DMSO) 3 25.7 (CH,,), 26. 1 (cH ) 68.6 (2 CH,), 93.8 (C6), 99.1 (C8), 105.3 (C10), 105.9 (C3), 109.8 (C7,),
1200 (C5.), 122.3 (C3.), 126.9 (C2, C6"), 127.31(C6,.), 129.5 (CSA. ), 129.7 (C3, C5), 131.1 (CI’), 132.7 (CH),
136.3 (C4,), 140.2 (C4A ), 149.4 (C2,,), 154.9 (CS ), 157.4 (C5), 161.6 (C9), 163.9 (C2), 165.3 (C7), 182.6 (C4)
(Figure S2 S% HRMS (m/z) [M+H"] Q1cd for C28H24NO 454.1654; found, 454.1651.
5-hydroxy-7-(4-((2-methylquinolin-8-yl)oxy)butoxy)-2-phenyl-4H-chromone-4-one 10: yield: 79%, mp:
159-160C; TLC (CHCI :EtOH, 15:1, v/v): R;=0.66; 'H NMR (600 MHz, d6-DMSO) 6 2.07 (m, 4 H, 2 CH,),
2.62 (s, 3 H, H2. "), 4.26 (t, 2H, J = 60HZ,CH2L) 434 (t,2H, J=6.0 Hz, CH,)), 6.41 (d, 1 H, J=2.4 Hz, H8), 6.79
(d 1 H, J=2.4 Hz, H6), 7.05 (s, 1 H, H3), 7.18 (dd, 1 H, J,=2.4 Hz, ],=6.6 Hz, H7,), 7.39 (d, 1 H, J=8.4 Hz,
H5 ) 747(m,2HH3 Hé6,), 7.59 (m, 2 H, H3’ H5’), 765(m,1H H4) 8.05 (m, 2H H2,H6’) 8.16 (d, 1 H,
J= 7 8 Hz, H 12.79 (s, 1?—[ OH) (Figure S14); *C NMR (150 MHz, d6-DMSO) 6 25.5 (CH,, CH,), 26.1
(CH,,) 685(8H ,68.9 (CH, ), 93.7 (C6), 9.1 (C8), 105.3 (C10), 105.8 (C3), 110.0 (C7,), 119.8 (C5),122.8
(C3 ) 126.2 (C8A ) 126.9 (C2 C6’), 127.8 (C6Q) 129.6 (C3; C5°), 131.1 (C1°), 132.6 (C4), 136.4 (C4Q) 139.7
(C4R ), 154.4 (CS), 157.6 (C2y), 157.8 (C5), 161.6 (C9), 163.9 (C2), 1652 (C7), 182.5 (C4) (Figure S15);
HRM (m/z) [M+ *] caled. for C,iH, NO,, 468.1811; found, 468.1807.
8-(4-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl)oxy)butoxy)quinoline-2-carbaldehyde 11: yield: 87%,
mp: 183-184'C; TLC (CHCL:EtOH, 15:1, v/v): R;=0.71; 'H NMR (600 MHz, d6-DMSO) & 2.08 (m, 4 H, 2
CH,,), 4.33 (t, 2H, J=6.0 Hz, CH,,), 437 (t, 2H, J=6.0 Hz, CH,;), 637 (d, 1 H, J=2.4 Hz, H8), 6.79 (d, 1 H,
J=2.4 Hz, H6), 7.04 (s, 1 H, H3), 7.36 (dd, 1 H, J,=1.2 Hz, ],=7.8 Hz, H7Q) 7.59 (m, 1 H, HSQ) 7.61 (m, 2
H, H3, H5"), 7.63 (m, 1 H, H3,), 7.71 (t, 1 H, J=7.8 Hz, H4"),7.93 (d, 1 H, J=8.4 Hz, H6,.), 8.07 (m, 2 H, H2,
H6), 8.49 (d, 1 H, J=8.4 Hz, 15f4 10.06 (d, 1 H, J=0.6 Hz, H2.)"), 12.76 (s, 1 H, OH) (Figure S16); *C NMR
(150 MHz, d6-DMSO) 8 25.4 (C§2L) 25.9 (CH,,), 68.8 (CH,,), 68.8 (CH,,), 93.7 (C6), 99.0 (C8), 105.3 (C10),
105.8 (C3), 110.8 (C7..), 117.9 (C3..), 119.9 (C5.), 126.9 (C2} C6), 127.8 (C6..), 129.6 (C3, C5, C8A..), 130.6
(C2.),131.1 (CI’), 131.4 (C4), 138.0 (C4..), 139.8 (C4A ), 155.5 (C8...), 157.7 (C5), 161.6 (C9), 163.9 (C2), 165.2
(C7), 182.5 (C4), 194.1 (CHO) (Figure S17); HRMS (m/z): [M +H"] calcd. for C,;H, NO,, 482.1604; found,
482.1602.
8-(4-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl)oxy)butoxy)quinoline-2-carbonitrile 12: yield: 62%,
mp: 194-195°C; TLC (CHCI,:EtOH, 15:1, v/v): R;=0.68; 'H NMR (600 MHz, d6-DMSO) § 2.05 (m, 4 H, 2
CH,,), 430 (t, 2H, J=6.0 Hz, CH,), 4.33 (t, 2H, J=6.0 Hz, CH, ), 6.41 (d, 1 H, J=2.4 Hz, H8), 6.79 (d, 1 H,
J=2.4 Hz, H6), 7.04 (s, 1 H, H3), 7.18 (dd, 1 H, J,=0.6 Hz, ],=7.8 Hz, H7,,), 7.60 (m, 2 H, H3, H5"), 7.67 (m, 2
H,H3_, H5,),7.73 (t, 1 H, J=7.8 Hz, H4), 798(d 1H,J= 78HZ Ho )QSOS(m,ZH H2,H6’),8.58 (d,1 H,
J=8.4 Hz, H4),12.76 (s, 1 H, OH) (Figure S18); 3C NMR (150 MHz, d6-DMSO) & 25.5 (CH,, ), 25.8 (CH,),
68.7 (2xCH,, ), 93.7 (C6), 99.0 (C8), 105.3 (C10), 105.8 (C3), 111.2 (C7,.), 118.3 (C2,,), 119.8 (C5,,), 124.6 (C3,),
126.9 (C2,C6’), 129.6 (C3, C5’), 130.3 (C6Q), 130.8 (CSAQ), 131.1(C71°),132.6 (C4’), 138.4 (C4Q), 140.1 (C4AQ),
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154.7 (C8,,), 157.8 (C5), 161.6 (C9), 163.9 (C2), 165.1 (C7), 182.5 (C4) (Figure S19); HRMS (m/z): [M + H]
calcd. for 829H23N205, 479.1607; found, 479.1599.

7-(4-((2-chloroquinolin-8-yl)oxy)butoxy)-5-hydroxy-2-phenyl-4H-chromone-4-one 13: yield: 72%, mp:
175-177°C; TLC (CHCIEtOH, 15:1, v/v): R.=0.74; "H NMR (600 MHz, d6-DMSO) § 2.03 (m, 4 H, 2 CH,),
428 (t, 2H, J=6.0 Hz, CH,;), 431 (t, 2H, J=6.0 Hz, CH,,), 6.37 (d, 1 H, J=2.4 Hz, H8), 6.83 (d, 1 H, J=2.4 Hz,
He), 7.05 (s, 1 H, H3), 7.18 (dd, 1 H, J,=1.2 Hz, ],=7.2 Hz, H7,), 7.56 (m, 3 H, H3, H5, H6,), 7.60 (m, 2
H H3, H5), 7.64 (t, 1 H, J= 7.8 Hz, H4'), 8.08 (m, 2 H, H2, H6Y), 8.37 (d, 1 H, J=8.4 Hz, H4 ), 12.78 (s, 1

OHJ (Figure 520); *C NMR (150 MHz, d6-DMSO) 8 25.5 (CH, ), 25.9 (CH,), 68.6 (CH, ), 68.8 (CH, ),
93 7 (C6) 99.1 (C8), 105.3 (C10), 105.8 (C3), 111.3 (C7 ), 119.8 (C5,,), 123.2 (C3 ) 1269 (C2} C6), 128.1
(C6 ), 128.4 (C8A), 129.6 (C3, C5), 131.1 (CI’), 132.6 (C4’), 139.4 (84 ), 140.3 (C4A..), 149.0 (C2,.), 153.9
, 157.8 (C5), 161.6 (C9), 163.9 (C2), 165.2 (C7), 182.5 (C4) (Figure 521), HRMS (m/Z) [M+H"] caled. for
2819123C1NO 488.1265; found, 488.1261.

5-hydroxy-7-(4-((2-morpholinoquinolin-8-yl)oxy)butoxy)-2-phenyl-4H-chromone-4-one 14: yield: 58%,
mp: 151-152°C; TLC (CHCIL,:EtOH, 15:1, v/v): R;=0.67; 'H NMR (600 MHz, d6-DMSO) & 2.04 (m, 4 H, 2
CH,),3.60 (m, 4 H,2 CH,,,), 3.67 (m, 4 H, 2 CH,)), 4.21 (t, 2H, J=6.0 Hz, CH, ), 4.30 (t, 2H, J=6.0 Hz, CH,)),
6.37(d, 1 H, J=2.4 Hz, H8), 6.78 (d, 1 H, J=2.4 Hz, H6), 7.05 (s, 1 H, H3),7.09 (dd, 1 H,J,=1.2 Hz, ],=7.8 Hz,
H7,),7.16 (t, 1 H,J=7.8 Hz, H5.), 7.18 (d, 1 H, J=9.0 Hz, ), H4,,), 7.28 (dd, 1 H, ], =0.6 Hz, ],=8.4 Hz, H3)),
7.59 (m, 2 H, H3, H5), 7.64 (m, 1 H, H4), 8.01 (d, 1 H, J=9.0 Hz, H6.), 8.06 (m, 2 H, H2}, H6"), 12.79 (s, 1 H,
OH) (Figure $22); 3C NMR (150 MHz, d6-DMSO) § 25.7 (CH,,), 25.9 (CH,,), 45.5 (2 C,,), 66.5 (2 C,,), 68.6
(CH,,), 68.8 (CH,; ), 93.6 (C6), 99.0 (C8), 105.3 (C10), 105.8 (C3), 110.3 (C7 ) 111.6 (C6 ) 120.0 (C5,), 122.6
(C3y), 124.4 (C8A,), 126.9 (C2; C6"), 129.6 (C3} C5'), 131.1 (CI), 132.6 (ca), 1379 (c4 ), 139. 4?C4A )
1534 (C8,), 156.8 (C2.), 157.8 (C5), 161.6 (C9), 163.9 (C2), 165.2 (C7), 182.5 (C4) (Figure $33); HRMS (m/3):
[M+H"] calcd for C32%31N Oy 539.2182; found, 539.2172.

5-hydroxy-2-phenyl-7-(4- (qulnohn 5-yloxy)butoxy)-4H-chromone-4-one 16: yield: 86%, mp: 163-164C;
TLC (CHCLEtOH, 15:1, v/v): R =0.55; 'H NMR (600 MHz, d6-DMSO) 6 2.04 (t, 4H, J=2.4 Hz, 2 CH,), 4.27
(m, 4H, 2 CH,,), 6.42 (d, 1H, J=2.4 Hz, H8), 6.82(d, 1H, J=2.4 Hz, H6), 7.06 (s, 1H, H3),7.09 (d, 1H, J=7.2 Hz,
H7,,), 7.42 (m, 1H, HS,.), 7.58 (d, 1H, J=9.0 Hz, H3 ), 7.60 (m, 2H, H3, H5), 7.64 (m, 1H, H4), 7.67 (¢, 1H,
J=7.8 Hz, H6,,), 8.10 (m, 2H, H2, H6'), 8.52 (d, 1H, J=7.8 Hz, H4,,), 8.87 (dd, 1H, ], = 1.4 Hz, ],=4.2 Hz, H2,)),
12.81 (s, 1H, 8H) (Figure 55); °C NMR (150 MHz, d6-DMSO) 8 25.7 (2 CH2L) 68.7 (2 CH, ). 93.8 (C6), 99.0
(C8), 1053 (C10), 105.8 (C3), 106.1 (C7,)), 120.5 (C4A, ) 121 1(C8,), 121.3 (C3,), 1269 (C12, C6’), 129.7
(C3} C5), 1302 (C6,), 1311 (C1), 132. 7 (Ca). 130.6 ( 149.0 (C8A..), 151.1 (C2 ), 154.4 (C5,), 157.8
(C5), 161.6 (C9), 163 9 (C2), 165.1 (C7), 182.6 (C4) (Flgure%G) HRMS (m? [M+H7*] calcd for C28H24NO
454.1654; found, 454.1668.

5-hydroxy-2-phenyl-7-(4-(quinolin-4-yloxy)butoxy)-4H-chromone-4-one 18: yield: 83%, mp: 200-201°C;
TLC (CHCL:EtOH, 15:1, v/v): R;=0.32; 'H NMR (600 MHz, d6-DMSO) 6 1.82 (m, 2H, CH,;), 1.91 (m, 2H,
CH,,), 4.16 (t, 2H, J=7.2 Hz, CH,,), 4.34 (t, 2H, J=9.0 Hz, CH,,), 6.07 (d, 1H, J=8.4 Hz, H5), 6.41 (d, 1H,
J=2.4Hz, H8), 6.81 (d, 1H, J=2.4 Hz, H6), 7.06 (s, 1H, H3), 7.39 (t, 1H, J=7.2 Hz, H7,.), 7.60 (t, 2H, J=7.8, H3}
H5’), 7.63 (t, 1H, J=7.2 Hz, H4’), 7.74 (m, 1H, H6 ), 7.80 (d, 1H, J=8.4 Hz, H3 ), 8.04 (m, 1H, H2, ) 8.11 (d,
2H, J=6.6 Hz, H2, H6), 8.19 (dd, 1H, ],=1.2 Hz, ],=7.8 Hz, H8)), 12.81 (s, 1 B, om) (Figure S9); J3C NMR
(150 MHz, d6-DMSO) & 25.6 (CH,,), 259 (CH,)), 319 (CH,)), 684 (CH,,), 93.8 (C6), 99.0 (C8), 105.4 (C10),
105.8 (C3), 109.2 (C5 ), 117.1 (C3Q)’ 123.7 (C7 ), 126.3 (C8 ), 126.9 (C2 C6 ), 127.3 (C4A ), 129.7 (C3; C5’),
131.1 (C1’), 132.5 (C6Q) 132.7 (C4), 140.0 (C4Q) 145.0 (C2Q) 157.8 (C5), 161.7 (C9), 1635 (C2), 165.1 (C7),
176.7 (CSAQ) 182.5 (C4) (Figure $10); HRMS (m/z): [M + H*] calcd. for C,iH,,NO,, 454.1654; found, 454.1644.
Antioxidant assay
All compounds were dissolved in DMSO (1 mg/mL). Concentrations in the range of 19-1000 uM were used for
the cytotoxic assay and determination of IC values. The antioxidant assay was determined using the previously
described method 0, Briefly, the methanolic solution of DPPH (100 pL, 3 mM) was added to a 96-well plate
(Nunc Thermo Fisher Scientific, Waltham, MA, USA). Then, 100 uL of the compound was added to each well.
After 30 min at 25 °C, the absorption wavelength of 517 nm was measured on the BioTek 800TS microplate
reader (BioKom, Poland). For all compounds, the activity was carried out at least in triplicate. The values are
expressed as the percentages of radical inhibition absorbance (I%) in relation to the control values, as calculated
by the following equation: I%=[(A-A¢/A,) x 100].

A, is the absorbance of control which exclude the test compounds, and Ag s the absorbance of the tested
compounds.

Anticancer assay

Materials

Sterile dimethyl sulfoxide (DMSO cat. no. D2650) and hydrocortisone (cat. no. H6909) purchased from Merck
were used. Cell culture media, fetal bovine serum, antibiotics, PBS, and trypsin were purchased in Corning
(Corning Life Science, Painted Post, NY, USA). The cell lines were from the ATCC collection.

Compounds treatment

The stock solutions of derivatives 9-14, 16 and 18 (5 mg/mL) were prepared by dissolving compounds in DMSO
and then stored frozen at -80°C until use, but no longer than 14 days. Concentrations in the range of 6.25-
100 uM were used for the cytotoxic assay and determination of IC,, values.
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MTT test

To evaluate the cytotoxicity of the tested compounds, the MTT assay (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) was performed. Human head and neck squamous cell carcinoma cell lines FaDu
and SCC-25 were seeded at a density of 10,000 cells per well in 96-well plates and incubated for 24 h under standard
culture conditions (37 °C, 5% CO,) in medium supplemented with 10% foetal bovine serum (FBS). Following
incubation, the medium was replaced with fresh, serum-free medium containing the tested compounds at the
desired concentrations. The exclusion of FBS was intended to eliminate the proliferative effects of serum-derived
growth factors, thereby facilitating assessment of the compounds’ direct cytotoxicity, independent of differences
in cellular proliferation rates. Cells were incubated with the compounds for 48 h. After incubation, the medium
was removed and replaced with medium containing MTT at a final concentration of 0.5 mg/ml. Cells were
further incubated for 4 h to allow for formazan crystal formation. Subsequently, the medium was removed,
and the formazan crystals were solubilised using DMSO. The resulting solutions were transferred to new 96-
well plates to minimise interference from residual cellular debris. Absorbance was measured at 570 nm with
background correction at 650 nm. Absorbance values obtained for compound-treated cells were normalized
to untreated control cells (set as 100% viability) and expressed as percentage of cell viability. ICs, values
were calculated by nonlinear regression analysis using GraphPad Prism software, applying the [Inhibitor] vs.
normalized response—Variable slope model. All experiments were performed in three independent biological
replicates (N =3), each including three technical replicates per condition.

Extraction and analysis of RNA

RNA was extracted from the FaDu and SCC25 cells following treatment, using the TRIzol reagent (Sigma-
Aldrich, St. Louis, MO, USA) according to the protocol provided by the manufacturer. The integrity and quantity
of the isolated RNA were evaluated by performing agarose gel electrophoresis and measuring absorbance with
a NanoDrop OneC spectrophotometer (Thermo Scientific, Madison, WI, USA). These RNA samples were then
utilised for downstream analysis of mRNA expression levels.

Evaluation of gene expression via RT-qPCR in real time

Gene expression analysis of TP53, BAX, and BCL2 was performed using real-time reverse transcription
quantitative PCR (RT-qPCR) on the QuantStudio 7 Pro Dx platform (Thermo Scientific™, MA, USA). Reactions
were carried out with the GoTaq® 1-Step RT-qPCR System (Promega, Madison, WI, USA), following the
manufacturer’s protocol. The ACTB gene (B-actin) served as the endogenous control. Relative mRNA expression
levels were determined using the 2~ comparative method. Each experimental condition was assessed in three
biological and three technical replicates. To ensure amplification specificity, melt curve analysis was performed,
followed by verification on a 2% agarose gel. The primer sequences used for target genes are provided in Table S4.

Statistical analysis and data interpretation

Data analysis was performed by using STATISTICA software (v13.3; Tibco Inc., Palo Alto, CA, USA). All
experiments were repeated three times to ensure reproducibility. Qualitative results were presented as box-and-
whisker plots, created using the JASP software (version 0.19.1.0; University of Amsterdam, Amsterdam, The
Netherlands). For variables not following a normal distribution, results were reported as medians accompanied
by interquartile ranges. Normality of data was assessed using the Shapiro-Wilk test. Group comparisons were
conducted using the Kruskal-Wallis test, a non-parametric alternative to ANOVA, followed by post hoc analysis
based on mean rank differences. Statistical significance was defined as a p-value below 0.05.

Conclusion

In this study, we obtained new group of chrysin derivatives, which contain different quinoline moiety. New
compounds are characterized by moderate antioxidant and anticancer activity. The analyses of structure-activity
relationship shows that activity depend on the substituent at C2 position of quinoline moiety. Introduction of a
strong electron-withdrawing group increases the activity. Moreover, the biological effect depends on the position
of nitrogen atom at quinoline moiety. Effect of the compounds 12 and 16 on the expression levels of TP53, BAX,
and BCL2 genes was examined. Tested derivatives in the highest concentrations failed to induce any measurable
upregulation or downregulation of BAX.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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