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Introduction: Catechol moieties are common in natural bioactive molecules, and
their ability to bind metal ions is widely explored both naturally with siderophores
and in the development of metal-based drugs. The reactivities and biology
activities of a sterically hindered model catechol compound, 3,5-di-tert-
butylcatechol (dtbH,) and its oxidation product 3,5-di-tert-butyl-o-quinone
(dtbQ), were studied in cell culture medium to understand better the
medicinal roles of this class of molecules.

Methods: Anti-proliferative activities of dtbH, and dtbQ in fresh and aged
solutions of the molecules were studied in two common human cancer cell
lines, T98G (glioblastoma) and A549 (lung carcinoma). Electrospray mass
spectrometry and UV/Vis spectroscopy were used to study the reactivities of
the molecules in buffer solutions and cell culture medium, in the presence and
absence of glutathione and imidazole.

Results and Discussion: The dtbH, and dtbQ molecules showed high anti-
proliferative activity (ICsg < 10 uM in 72 h assays) in T98G and A549 cell lines
in the absence of added metal ions. The activity was observed when dtbH, and
dtbQ were freshly added to cell culture medium, while pre-incubation with the
medium for 24 h reduced their activity 5-10-fold. This deactivation was avoided
when the biological reductant, glutathione (GSH), was added to the medium at a
physiologically relevant intracellular concentration (5.0 mM). These results were
explained by speciation studies (UV/Vis spectroscopy and mass spectrometry) of
dtbH, and dtbQ in cell culture medium, agqueous buffers, or organic solvents in
the presence or absence of GSH. These studies showed that a redox equilibrium
was established between dtbH, and dtbQ, with the latter rapidly coupling the
GSH in an oxidative manner. The resultant adduct is likely to be responsible for the
high toxicity of dtbH, and dtbQ in GSH-rich cancer cells via oxygen-dependent
radical chain reactions. Deactivation of dtbH, and dtbQ in cell culture medium in
the absence of GSH was due to the reactions of dtbQ with nucleophiles, such as
amino acids, followed by the formation of polymeric species. The reported high
anti-proliferative activity of V(V)-catecholato complexes can be explained by a
combination of their efficient cellular uptake and rapid decomposition in thiol-
rich intracellular environment with the formation of active V(V) and dtbH,/dtbQ
adducts with thiols (mainly GSH). Slower decomposition and deactivation of the
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complexes was observed in thiol-poor extracellular environments. These data
show that speciation in cell culture medium is crucial for the biological activity
not only of metal complexes but also of their ligands when the complexes

dissociates.
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catechol, quinone, vanadium, glutathione, cell culture medium, reactive oxygen species,
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1 Introduction

The crucial role of speciation in biological media, including cell
culture media (CCM), in the mechanism of action of most
biologically active transition metal complexes is now well
established (Levina et al, 2017; Stone et al, 2021; Hall, 2022;
Dinda et al, 2025). The abundance of ligands for metal ions,
such as amino acids, in CCM, can lead to substitution reactions
of metal complexes and the release of free ligands, which are often
the main species responsible for the biological activity (Levina and
Lay, 2017; Reytman et al.,, 2018; Nunes et al.,, 2021; Levina et al,,
2024). It is less well known that the ligands released in such reactions
can undergo further chemical changes in CCM that affect their
activities. For example, Schiff bases, which are common ligands for
early transition metal ions (Erxleben, 2018; Tadele and Tsega, 2019),
can hydrolyze under biologically relevant conditions with the
formation of aldehyde and amine components (Cordes and
Jencks, 1962; Pessoa and Correia, 2019), the former being re-
aminated with the amine groups of compounds contained in
CCM (Levina et al., 2024). The extent of such reactions and their
roles in biological activities of organic molecules in cell-based assays
are often ignored.

Catechol (1,2-dihydroxybenzene) moieties are commonly found
in natural bioactive compounds, including catecholamines (such as
dopamine, a ubiquitous mammalian neurotransmitter) (van
Bergeijk et al., 2022), plant metabolites (phenolic acids, such as
caffeic acid, and flavonoids, such as quercetin or luteolin)
(Pavlikovd, 2022; Walencik et al., 2024) and siderophores that are
used to harvest essential metal ions from the environment (such as
enterobactin) (Liu et al., 2023). Some of these compounds,
particularly flavonoids, are widely studied for their diverse
medicinal properties, predominantly antioxidant and cancer-
preventing activities (Hasnat et al., 2024). Deprotonated catechol
moieties can efficiently bind to essential and biologically active
transition metal ions, such as Cu(Il), Fe(Ill) or V(V/IV)
(Pierpont, 2001; Kundu et al., 2013; Walencik et al., 2024), which
can lead to a reverse in biological activity mode, such as antioxidant
catechols and flavonoids that become pro-oxidant in the presence of
Cu(Il) or Fe(IIl) ions (Hepel et al., 2012; Jomovd et al.,, 2019;
Rajashekar, 2023). Common biological thiols, such as glutathione
(GSH), (Forman et al., 2009; Kennedy et al., 2020), play a major role
in the biological activity of catechols (Gao et al., 2018), including the
formation of catechol-thiol adducts (Li et al., 2016).

Complexes of V(V/IV) with catechol and flavonoid ligands are
studied as models of catechol oxidase enzymes (Yin and Finke,
2005a; Yin and Finke, 2005b) and potential antidiabetic,
antimicrobial and anticancer drugs (Shukla et al, 2006;
Etcheverry et al, 2008; Pessoa et al., 2015; Leén et al, 2016a;
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Crans et al, 2018; Selvaraj and Krishnan, 2021; Scibior, 2022;
Naso et al, 2023). Our groups have explored the use of these
complexes, including mixed-ligand [VVOL(cat)] and non-oxido
[V¥(cat);]” complexes (where L is a Schiff base and cat is a
doubly-deprotonated catechol), as anticancer drugs (Crans et al.,
2019; Griffin et al., 2019; Levina et al., 2020; Murakami et al., 2022;
Kostenkova et al., 2023; Levina et al., 2023; Haase et al., 2024; Bates
et al,, 2025). The mode of action of these complexes can involve the
decomposition in cell culture medium on seconds to hours
timescale, dependent on the nature of the catechol ligand
(Murakami et al., 2022; Kostenkova et al., 2023; Haase et al,
2024), and secondary reactions of the released catechols with the
released V(V) species (Levina et al, 2023). For more stable
that
decomposition, subsequent reactions of this type can occur

complexes have substantial cellular uptake before
intracellularly (Levina et al., 2023). Some such complexes showed
high promise for the use in novel cancer treatments, such as
intratumoral injections with or without oncolytic viruses (Selman
et al,, 2018; Bergeron et al., 2019; McAusland et al.,, 2021; Levina
et al.,, 2022; Xu et al,, 2024). To fine-tune the structures of these
complexes and to propose optimal treatment conditions, a better
understanding of the in vitro anticancer activities of free catechol
ligands is desired. This work presents a detailed study of the
speciation in cell culture medium and the anti-proliferative
activity in cancer cell lines of a simple model substituted
3,5-di-tert-butylcatechol (dtbH,), and its

analogue, 3,5-di-tert-butyl-o-quinone (dtbQ), in the presence or

catechol, oxidized
absence of GSH as one of the most abundant biological reductants
(Forman et al., 2009; Kennedy et al., 2020). This ligand was chosen as
its complexes showed optimal anti-proliferative activities of all of the
catecholato complexes studied (Crans et al., 2019; Levina et al., 2020;
Murakami et al., 2022; Kostenkova et al., 2023; Levina et al., 2023;
Haase et al., 2024).

2 Materials and methods
2.1 Compounds and analytical techniques

The following compounds from Merck were used as received:
3,5-di-tert-butylcatecol (dtbH,, >98%, D45800), 3,5-di-tert-butyl-o-
benzoquinone (dtbQ, >98%, 157457), L-glutathione reduced form
(GSH, >98%, G6013), and L-histidine monochloride monohydrate
(His, >99%, H5659). Other chemicals of analytical or higher purity
grade were purchased from Merck, and water was purified by the
MilliQ technique.

Reactions of dtbH, and dtbQ (0.10 mM) in neutral aqueous
media under ambient atmosphere at 310 K were studied by
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electronic absorption (UV-vis) spectroscopy in either phosphate
buffered saline (PBS, containing 150 mM NaCl and 20 mM
phosphate buffer, pH 7.4), or in cell culture medium without
phenol red (Thermo Fisher Scientific, Cat. No. 31053-028) that
was fully supplemented according to the conditions of cell assays
(see below), and additionally supplemented with 2-[4-(2-
hydroxyethyl)piperazin-1-ylJethanesulfonic =~ acid  (HEPES,
10 mM) to maintain pH 7.4 outside of a high-CO, incubator
(Levina et al., 2017). The pH values of PBS and media were
checked immediately before use with an Activon 210 ionometer
that was equipped with AEP 321 glass/Ag/AgCl electrode and
calibrated daily using standard pH solutions (Aldrich). Stock
solutions of dtbH, or dtbQ [10 mM in dimethyl sulfoxide
(DMSO)], GSH (0.50 M in H,O, containing 0.50 M NaOH to
neutralize the free COOH group of GSH) or His (0.50 M in H,0)
were prepared on the day of experiments and diluted 100-fold
with the medium or PBS immediately before the measurements.
The UV-vis spectra were acquired in the 250-550 nm range
Specord S600 diode-array
spectrometer (Analytic Jena, Germany) that was equipped with

(resolution, 0.5 nm) on a
a HP89090A Peltier temperature controller. Background spectra
were collected for solutions that contained all the components
except for dtbH, or dtbQ. Global kinetic analysis of time-
dependent spectra (Lay and Levina, 1996; Levina et al., 2023)
was performed by ProKineticist software (version 1.06, Applied
Photophysics, Leatherhead, UK, 2001).

Typical reaction mixtures for low-resolution -electrospray
ionization mass spectrometry (ESI-MS) were prepared by mixing
20 pL of 10 mM solutions of dtbH, or dtbQ in dimethylformamide
(DMF) with 2.0 pL of 0.10 M aqueous solutions of GSH and/or His.
The reaction mixtures were kept for 1 h at 295 K, then diluted 100-
fold with HLPC-grade MeOH, and ESI-MS or UV-vis (see above)
data were immediately collected. The use of DMF in these
experiments was required because of the incompatibility of
DMSO with ESI-MS conditions. The ESI-MS data were collected
on a Bruker amaZon SL spectrometer, using the following
parameters: nebulizer pressure, 27.3 psi; spray voltage, 4.5 kV;

capillary temperature, 453 K; N, flow rate, 4 L min™'; m/z range,
100-1,000 (alternating positive- and negative-ion modes). Analyzed
solutions (5.0 pL) were injected into a flow of MeOH (flow rate,
0.30 mL min™).

100-200 scans (scan time, 10 ms). Simulations of the mass

Acquired spectra were the averages of

spectra were performed using IsoPro software (version 3.0, M.
Senko, Sunnyvale, CA, United States, 1998).

2.2 Cell culture and proliferation assays

Pre-sterilized media and sterile plasticware used in cell culture
were purchased from Thermo Fisher Scientific Australia. The well-
established human cancer cell lines: T98G (glioblastoma
multiforme, CRL-1690) and A549 (human lung carcinoma, CCL-
185) were purchased from the American Type Culture Collection
(ATCC) and used at passages six to ten. The cells were cultured
using standard techniques (Freshney, 2016) in Advanced DMEM
(Cat. No. 12491-015), supplemented with L-glutamine (2.0 mM),
antibiotic-antimycotic mixture (100 U mL™" penicillin, 100 mg mL™"
streptomycin and 0.25 mg mL™' amphotericin B) and fetal calf
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serum (FCS; heat-inactivated; 2%

experiments, cells were seeded in 96-well plates at an initial

vol). For proliferation
density of 1.0 x 10° viable cells per well in 100 pL medium and
left to attach overnight.

Cell proliferation was measured in 72 h assays using either fully
supplemented growth medium or the medium additionally
supplemented with a physiological intracellular concentration
(5.0 mM) (Forman et al, 2009) of GSH. The GSH-
supplemented media were prepared immediately before use by
dissolving solid GSH in fully supplemented medium, neutralizing
the resultant solution to pH 7.4 with 5.0 M NaOH (controlled by
the color of the phenol red indicator) and filtering through a sterile
0.22 pm pore membrane (Merck SLGP044RS). Stock solutions of
dtbH, or dtbQ (10 mM in DMSO) were serially diluted two-fold
with DMSO and then added to cell culture media so that all the
treatments, including controls, contained 1.0% (vol.) DMSO,
which was well tolerated by the cells (Ilieva et al., 2021). The
treatment compounds were applied in a series of nine two-fold
dilutions, starting from 100 pM, plus the vehicle control. Cell
culture media containing the treatment compounds at the required
final concentrations were either added to the cells within 1 min
(fresh solutions) or left in cell culture incubator (310 K, 5% CO,)
for 24 h prior to the cell treatments (aged solutions) (Griffin et al.,
2019; Levina et al., 2020; Murakami et al., 2022; Kostenkova et al.,
2023; Levina et al., 2023). Each treatment included six replicate
wells and two background wells that contained the same
components except the cells. After 72 h incubation with the
treatment compound, the treatment medium was removed and
the medium containing MTT reagent (1-(4,5-dimethylthiazol-2-
yl)-3,5-diphenylformazan, Sigma M5655; 1.0 mg mL™'; prepared
immediately before use) (Sylvester, 2011) was added. After 4-6 h
incubation with MTT reagent, the medium was removed, the blue
formazan crystals were dissolved in 0.10 mL per well of DMSO,
and the absorbance at 600 nm was measured using a Clariostar
plate reader. The ICs, values were calculated using Origin Pro
(2022 OriginLab, MA,
United States). Consistent results were obtained in at least two

software version, Northampton,
independent experiments, using different batches of cells and

different stock solutions.

3 Results

3.1 Reactions of dtbH, and dtbQ in cell
culture medium and in model solutions

Changes in UV-vis spectra of dtbH, or dtbQ (0.10 mM) after
the reactions with phosphate buffered saline (PBS) or cell culture
medium (CCM) at pH 7.4 and ambient atmosphere at 310 K are
shown in Figures 1A-C. At the beginning of the reaction in PBS,
dtbH, and dtbQ showed distinct spectra with absorbance
maxima at 280 nm and 415 nm, respectively (black and red
lines in Figure 1A). After 24 h, both solutions showed the 415 nm
peak at ~30-40% of maximal intensity (blue and green lines in
Figure 1A. These data indicate that dtbH, is slowly oxidized to
dtbQ by ambient oxygen at pH 7.4, while a general decrease in
absorbance intensities in the spectrum of dtbQ is most likely due
to its slow precipitation.
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a: dtbH, or dtbQ (0.10 mM) in PBS, 310 K b: dtbH, or dtbQ (0.10 mM) in CCM, 310 K
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FIGURE 1

Typical time changes of UV-vis spectra for the reactions of dtbH, or dtbQ (0.10 mM) with or without biological nucleophiles in aqueous or organic
solvents. (A) Reactions in PBS at 310 K (additional data are shown in Supplementary Figure S1). (B) Reactions in cell culture medium (CCM) at 310 K. (C)
Reactions in CCM in the presence of 5.0 mM GSH at 310 K. (D) Reactions of 10 mM dtbH; or dtbQ in DMF in the presence or absence of 10 mM GSH or His
at 295 K, followed by 100-fold dilution with MeOH (matching the conditions of ESI-MS, Figure 2).

The initial spectra of dtbH, and dtbQ in CCM were similar to
those in PBS (black and red lines in Figure 1B). Unlike for the
reactions in PBS, the characteristic absorbance peak of dtbQ
disappeared completely after the reaction with cell culture
medium for 24 h, and the distinct spectra of dtbH, and dtbQ
converged into similar spectra featuring a shoulder at 325 nm
(blue and green lines in Figure 1B). Reaction of dtbQ with CCM
that contained 5.0 mM GSH led to immediate disappearance of the
original absorbance at 415 nm and formation of a new absorbance
maximum at 295 nm (red line in Figure 1C). After 24 h reaction with
GSH-containing CCM both dtbH, and dtbQ converged into the
same product (blue and green lines in Figure 1C) that was distinct
from the product formed in the absence of GSH by higher
absorbance intensity and shoulders at 290 nm and 370 nm.
Similar, but not identical, spectra were observed after the
reactions of dtbH, or dtbQ with PBS that contained 5.0 mM
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GSH and/or 5.0 mM His (as a model of amino acids contained
in CCM) (Levina et al., 2017) for 24 h at 310 K, as shown in
Supplementary Figure S1. Notably, when both GSH and His were
added to PBS, the spectra of the reaction products were identical to
those with GSH alone.

Spectral changes similar to those observed for the reactions of
dtbH, or dtbQ with 50-fold molar excess of GSH or His in PBS
(Supplementary Figure S1) were also observed for the reactions of
equimolar quantities of dtbQ with GSH or His (10 mM each) in DMF
solutions for 1 h at 295 K, followed by 100-fold dilution with MeOH
immediately before recording the spectra (Figure 1D). The spectra of
dtbH, and dtbQ alone resembled those in aqueous media (black and red
lines in Figure 1D). Reaction of dtbQ with GSH led to formation of a
new absorbance maximum at 290 nm, while the reaction of dtbQ with
His led to a maximum at 280 nm and a shoulder at 330 nm (blue and
green lines in Figure 1D). No further spectral changes for the reaction
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FIGURE 2

Typical ESI-MS data for the reactions of 10 mM dtbH, or dtbQ with or without 10 mM GSH or His in DMF solutions for 0—1 h at 295 K, followed by
100-fold dilution with MeOH. Assignments of the main peaks are shown together with the m/z values of the main peaks in the isotopic distribution (in
parentheses). (A) Negative-ion mode for dtbH; alone (no significant signals in the positive-ion mode). (B) Positive-ion mode for dtbQ alone (no significant
signals in the negative-ion mode). (C) Negative-ion mode for dtbQ + GSH immediately after mixing. (D) Positive-ion mode for dtbQ + GSH
immediately after mixing. (E) Negative-ion mode for dtbQ + GSH after 1 h of reaction; experimental (line) and simulated (dots) isotopic distribution of the
main signal is shown in the inset. (F) Positive-ion mode for dtbQ + GSH after 1 h of reaction. (G) Negative-ion mode for dtbQ + His after 1 h of reaction. (H)
Positive-ion mode for dtbQ + His after 1 h of reaction
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FIGURE 3

Typical time-dependent UV-vis spectra for the reactions of dtbH, or dtbQ (0.10 mM) in cell culture medium (CCM) in the presence or absence of
5.0 mM GSH for 0-72 h at 310 K. Data of global kinetic analyses are shown in Supplementary Figures S2, S3. Reactions of (A) dtbH, in the absence of GSH;
(B) dtbQ in the absence of GSH; (C) dtbH, in the presence of GSH; (D) dtbQ in the presence of GSH.

products of dtbQ with GSH or His in DMF were observed after 24 h
reaction at 295 K, and no significant changes in the spectra of dtbH,
were observed in the presence of either GSH or His (all at 10 mM in
DMF) for up to 24 h. Neither GSH nor His showed a significant
absorbance in the wavelength range used (250-550 nm). Similarly to the
reactions in PBS, the spectra of the reaction products of dtbQ with both
GSH and His (all 10 mM in DMF) were not significantly different from
those for the reaction with GSH only.

Reaction conditions used to collect the UV-Vis spectra in
Figure 1D (reactions of 10 mM compounds in DMF, followed by
100-fold dilution with MeOH) were used for the analysis of reaction
products by ESI-MS (Figure 2). In the absence of GSH or His, signals
of deprotonated dtbH, could only be observed in the negative-ion
mode (Figure 2A), while the signals of dtbQ were only observed in
the positive-ion mode as Na* adducts (Figure 2B). Reaction products
of dtbQ and GSH immediately after mixing (Figures 2C, D) showed
the signals of dtbQ in the positive-ion mode and deprotonated GSH
in the negative-ion mode, as well as a new signal at m/z = 526
(negative-ion mode), which corresponded to the oxidative coupling
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product of GSH and dtbQ (Li et al,, 2016; Lyu et al., 2019; Alfieri
et al., 2022). This product became dominant in both positive- and
negative-ion modes after 1 h of reaction (Figures 2E, F). By contrast,
no new signals of reaction products were observed for the reaction of
dtbQ and His for up to 24 h (illustrated in Figures 2G, H), despite the
observed changes in UV-vis spectra under these conditions (red and
green lines in Figure 1D).

Typical time-dependent UV-vis spectra for the reactions of
dtbH, or dtbQ (0.10 mM) with CCM in the presence or absence of
5.0 mM GSH at 310 K are shown in Figure 3, and full kinetic
analysis is presented in Extended Data Supplementary Figures S2,
S3. For the reaction of dtbH, in the medium without added GSH
(Figure 3A), the initial spectrum (black line) was similar to that of
dtbH, in PBS (Figure 1A), except for the high noise level due to
strong absorbance of CCM below 300 nm. Within the first 1 h of
reaction, partial oxidation of dbH, to dtbQ (up to 10% mol.) was
evident from increased absorbance around 400 nm (red line in
Figure 3A). For the next 5-10 h, a shoulder at ~350 nm was
formed (blue line in Figure 3A), which resembled that observed
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TABLE 1 Anti-proliferative activities in T98G (human glioblastoma) and A549 (human lung carcinoma) cell lines at 72 h assays.

Compound and medium ?

|C50, 9] M (T98G)b

ICs0, UM (A549)°

dtbH,, no GSH, fresh 63 +03 7.7 £ 0.6
dtbH,, no GSH, aged 31+2 45+ 3
dtbQ, no GSH, fresh 4.0 + 0.5 57 +0.5
dtbQ, no GSH, aged 39+1 57 + 4
dtbH,, GSH, fresh 7.9 + 0.5 4.8 £0.8
dtbH,, GSH, aged 121 £ 0.7 89+ 12
dtbQ, GSH, fresh 8.5+ 0.9 43 +£0.7
dtbQ, GSH, aged 102 £ 09 69+ 13
cisplatin, no GSH, fresh 39+£1°¢ 57 +05°¢
cisplatin, no GSH, aged >50 © 25+1°
[VYO(HSHED) (dtb)],* no GSH, fresh 25+01°¢ 39+02°
[VYO(HSHED) (dtb)],* no GSH, aged 20+ 15°¢ 176 £ 0.7 ©

“Cell treatments were performed for 72 h in Advanced DMEM, containing 2% FCS, in the presence or absence of added GSH (5.0 mM). For fresh treatments, dilutions of the compounds
(0-100 uM) in cell culture medium were added to the cells within 1 min after the preparation. For aged treatments, dilutions of the compounds (0-100 uM) in cell culture medium were pre-

incubated at 310 K and 5% CO, for 24 h, then added to the cells for further 72 h.

Concentrations of the compounds that caused 50% decrease in cell viability in 72 h assays. Values are the means and standard deviations of six replicate wells. Typical concentration-viability

curves are shown in Figure 4.
“Data from (Levina et al., 2020).

9A mixed-ligand V(V) complex with a Schiff base (HSHED = N-(salycylideneaminato)-N’-(2-hydroxyethyl)ethane-1, 2-diamine(1-)) and doubly-deprotonated dtbH, ligands (Levina et al.,

2020).

for the reaction of dtbH, with 5.0 mM His in PBS solution
(Supplementary Figure SIA). A final spectrum, featuring a
shoulder at 325 nm, was formed by 24 h and did not change
significantly for up to 72 h of reaction (green and purple lines in
Figure 3A). For the reaction of dtbQ under the same conditions,
the characteristic absorbance of dtbQ at 415 nm nearly
disappeared within the first hour of reaction (black, yellow and
red lines in Figure 3B), and further spectral changes closely
resembled those for dtbH, (blue, green and purple lines in
Figure 3B). These results indicate that dtbQ is efficiently
reduced to dtbH, in air-saturated CCM in the absence of
added reductants, which is in stark contrast with the data for
PBS solutions, where dtbH, is oxidized to dtbQ under the same
conditions (Figure 1A). The redox equilibrium established in
CCM includes oxidation of dtbH, to dtbQ by aerial oxygen
and reduction of dtbQ to dtbH, by medium components,
which results in the formation of ~90% dtbH, and ~10% dtbQ
within ~1 h at 310 K starting from either compound
(Supplementary Figure S2).

Time courses of the reactions of dtbH, or dtbQ with CCM
containing 5.0 mM GSH (Figures 3C, D) closely followed each
other, except that a new spectrum with absorbance maximum at
290 nm was formed immediately after the addition of dtbQ to the
medium or within 10 min in the case of dtbH, (yellow lines in
Figures 3C, D). Further changes for the both compounds involved
an increase in absorbance intensity at 290 nm and formation of
shoulders at 350-370 nm (red, blue and green lines in Figures 3C,
D). These data indicate that both dtbH, and dtbQ convert to
GSH-dtbH, adducts (see the ESMS data in Figure 2E) under these
conditions.
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3.2 Anti-proliferative activities in human
cancer cells of dtbH,, dtbQ and their
reaction products in cell culture media

The anti-proliferative activities of dtbH, or dtbQ (0.4-100 pM)
or their decomposition products in the presence or absence of added
GSH (5.0 mM) in 72 h assays were compared in two well-established
human cancer cell lines, T98G (glioblastoma) and A549 (lung
cancer). Both cell lines were used previously to test the anti-
proliferative activities of V(V) complexes with catecholato ligands
(Levina et al., 2020; Murakami et al., 2022; Kostenkova et al., 2023;
Haase et al., 2024). As in the previous studies of V(V) catecholato
complexes (Griffin et al., 2019; Levina et al., 2020; Murakami et al.,
2022; Kostenkova et al., 2023; Levina et al., 2023), the compounds
were either mixed with CCM within 1 min of cell treatment (fresh
solutions) or reacted with CCM at final dilution concentrations for
24 h at 310 K before the treatment (aged solutions). A summary of
IC5 values under different conditions is given in Table 1, and typical
concentration-viability curves are shown in Figure 4.

Fresh solutions of either dtbH, or dtbQ in the presence or
absence of GSH showed high activity (IC5 ~ 5-10 pM, Table 1) that
was comparable (for A549 cells) or higher (for T98G cells) than that
of a standard anti-cancer drug, cisplatin, under the same conditions
(Table 1) (Levina et al.,, 2020). Aging of dtbH, or dtbQ in CCM
without GSH led to 5-10-fold decrease in activity in both cell lines
(Table 1; Figures 4A-D). By contrast, in the presence of GSH, aging
of the compounds only led to a minor decrease in activity (Table 1;
Figures 4E-H). Notably, the activity of cisplatin also reduced on
aging in cell culture medium (Table 1) (Levina et al., 2020), likely
due to the covalent Pt(II) binding to albumin (Gibson, 2009).

frontiersin.org


https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2025.1547323

10.3389/fchbi.2025.1547323

Levina et al.

b: dtbH, in A549 cells

a: dtbH, in T98G cells
® Fresh
100
75
50
254
0 5
0!1 -I| 1|0 160 011 1I 1|0 160
c: dtbQin T98G cells ¢ Fresh d: dtbQ in A549 cells | ® Fresh
100 ﬁ:“ ' 1001
75 75
- )R R 50
254 254
O\O 04 04
._é» 0.1 1 10 100
% e: dtbH, + GSH in T98G cells
e 100
® Fresh
=
75
75
70 U 1
50 -
25
254
04
0 4
o1 1 10 100 01 1 10 100
g: dtbQ + GSH in T98G cells h: dtbQ + GSH in A549 cells
1004 1001 ¢ ® Fresh
5
75 75
50 1 F7s A F S
25 - 25
0+ 0
10 100 Of1 1‘ 1I0 160

0.1 1

Concentration, uM

FIGURE 4
Typical concentration-viability curves (72 h treatments, MTT assays) of T98G or A549 cells with fresh (red lines) or aged (pre-incubated with medium
for 24 h before the cell treatment, blue lines) solutions of dtbH, or dtbQ (0—-100 pyM) in the presence or absence of 5.0 mM GSH. The dots and error bars

represent the means and standard deviations of six replicate wells. The corresponding ICsq values are listed in Table 1. Conditions: (A) dtbH, in T98G cells,
no GSH; (B) dtbH, in A549 cells, no GSH; (C) dtbQ in T98G cells, no GSH; (D) dtbQ in A549 cells, no GSH; (E) dtbH, in T98G cells, with GSH; (F) dtbH,»

in A549 cells, with GSH; (G) dtbQ in T98G cells, with GSH; (H) dtbQ in A549 cells, with GSH.
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Proposed reaction mechanism of dtbH, or dtbQ in biological media under normoxic conditions. ROS are reactive oxygen species; RSH are
biological thiols, such as GSH; and ImR are imidazole-containing compounds, such as free His or His residues of proteins.

4 Discussion

4.1 Reactivities and anti-proliferative
activities of dtbH, and dtbQ in cell assays

To our knowledge, this is the first report of high anti-
proliferative activity of dtbH, and its close analogue, dtbQ, in
human cancer cell lines, although the activity of unsubstituted
catechol has been reported (Pereira et al., 2004). The absence of
previous data on the activity of dtbH, in cell culture studies can
be due to its rapid deactivation in CCM (Table 1). To observe the
activity, it was essential that the dilutions of dtbH, in CCM were
prepared within ~1 min before the addition to cells. Furthermore,
the rapid decomposition in biological media can possibly explain
that no evidence of toxicity was observed in mice of both dtbH,
and its V(V) complex when acutely exposed to a single dose of
300 mg kg™ for 14 d (Lima et al., 2021). The toxicological results
obtained with biochemical and hematological analyses did not
show significant changes in kidney and liver parameters when
2021). High
reactivity in CCM is also likely to contribute to the conflicting

compared with reference values (Lima et al,

literature data on the biological activities of natural catechol-
containing molecules, such as quercetin (Xu et al., 2019; Someya
et al., 2024).

A proposed reaction mechanism of dtbH, and dtbQ in CCM
with or without added GSH that can explain the observed spectral
and biological activity changes is outlined in Scheme 1.
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The
semiquinone (1a) and quinone (dtbQ) was shifted towards dtbH,

redox equilibrium between the catechol (dtbH,),

under normal cell culture conditions, but up to 10% mol. dtbQ was
present in the mixture of the oxidized and reduced forms
(Figure 3A). The redox reactions are likely to be catalyzed by
trace metal ions present in the medium, such as Fe(III/II) and
Cu(II/T) (Scheme 1) (Hepel et al, 2019;
Rajashekar, 2023). Formation of semiquinone radicals can trigger

2012; Jomova et al,

metal-catalyzed radical chain reactions and the formation of reactive
oxygen species (ROS) (Lyu et al., 2019), which is a likely main reason
for the anti-proliferative activity of dtbH, (marked with red color in
Scheme 1) and of biological catechols, such as quercetin (Someya
etal., 2024). Formation of a tautomeric semiquinone radical, 1b, can
lead to polymerization products (Lyu et al., 2019), which is one of
the likely reasons for deactivation of dtbH, and dtbQ after aging in
cell culture medium with no added GSH (Table 1; marked with blue
color in Scheme 1). Unlike for the redox reactions of dtbH, and
dtbQ in CCM, the equilibrium is shifted towards dtbQ in PBS
solutions under the same conditions (Figure 1A). This difference
emphasizes the need to perform reactivity and speciation studies in
cell culture medium, rather than in simple aqueous buffers, to
explain the results of cell-based assays (Levina et al., 2017).
Reactions of dtbQ with nucleophiles (Li et al., 2016; Lyu et al.,
2019; Alfieri et al., 2022) in cell culture medium, including biological
thiols and imidazole groups (designated as RSH and ImR,
respectively, in Scheme 1), can lead to oxidative coupling
products (2 and 3 in Scheme 1). In the presence of comparable
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Proposed roles of V(V) species and the free dtbH, ligand following the extra- and intracellular decomposition of an unstable but highly cytotoxic

[VVO(HSHED) (dtb)] complex (Levina et al., 2020).

concentrations of thiols and imidazole groups, the reaction of dtbQ
with the former is favored, as shown by UV-vis spectroscopy of
reaction products with both GSH and His (5.0 mM each) in PBS
solutions (Supplementary Figure S1). Also, the reaction product of
dtbQ and GSH was easily detected by ESI-MS (Figures 2C, D),
unlike for those of the reaction with His (Figures 2G, H). This can be
due to the formation of semiquinone radicals of dtbH,-His adducts
(4 in Scheme 1), followed by polymerization. Ready polymerization
of these adducts can also explain the absence of their signals in ESI-
MS data (Figures 2G, H). By contrast, the thiol addition product, 2, is
more likely to undergo further redox reactions with the formation of
semiquinone radicals (5 in Scheme 1) and ROS, leading to anti-
proliferative activity. This is consistent with the absence of
significant decrease in anti-proliferative activity of dtbH, and
dtbQ after aging in CCM in the presence of 5.0 mM GSH
(Table 1). The ability of a potent antioxidant, GSH, to enhance
the ROS-related activity of dtbH, and dtbQ is counterintuitive, but it
can be important for the medicinal use of these compounds in the
reducing environment of solid tumors (Chen et al.,, 2023).

4.2 Implications for biological activities of
metal-catecholato complexes

It is important to establish a relationship between the anti-
proliferative activities of free dtbH, and metal complexes that contain
dtbH, as a ligand and can release it under biological conditions, such as a
V(V)-Schiff base-catecholato complex, [VYOHSHED) (dtb)] (6 in
Scheme 2), where HSHED is N-(salycylideneaminato)-N'-(2-
hydroxyethyl)ethane-1,2-diamine(1-)) and dtb is doubly-deprotonated
dtbH, (Levina et al., 2020; Levina et al.,, 2023). The complex decomposed
within minutes in neutral aqueous media with the release of free dtbH,
(Levina et al., 2023). Like dtbH,, the complex was 5-10-fold more active
in the fresh state than after 24 h aging in cell culture medium at 310 K
(two bottom rows in Table 1) (Levina et al., 2020). However, the activities
of the fresh complex in both T98G and A549 cells were 2-3-fold higher
than that of fresh dtbH, (Levina et al., 2020). Cell treatments with fresh 6
led to cellular V content that was at least 100-fold higher than the
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background values, which is consistent with the activity being due to
rapid cellular uptake of the intact V(V) complex (Levina et al., 2020;
Levina et al., 2023). Based on the kinetic studies in CCM in the absence of
added GSH (Figure 3A and Supplementary Figure S2), the released
dtbH, is expected to bind rapidly to nucleophiles in cell culture medium,
leading to its deactivation (Schemes 1, 2). Therefore, the release of dtbH,
outside of the cells is unlikely to play a major role in the activity of
lipophilic V(V) complexes, such as 6, that act by rapid cellular uptake of
the intact complex (Levina et al, 2020; Murakami et al, 2022;
Kostenkova et al,, 2023; Levina et al., 2023).

The observed effect of high thiol concentration (5.0 mM GSH)
on the activity of dtbH, in cell assays (Table 1; Figure 4) brings the
question about the role of GSH in the intracellular reactions of 6 and
other metal-catecholato complexes (Crans et al, 2010). Under
normal physiological conditions, concentrations of reduced thiols
in the blood plasma are low (~10 pM), because the cysteine residues
of albumin and other plasma proteins predominantly occur in the
(Turell 2013).
concentrations of reduced GSH in cancer cells are 1-10 mM and

oxidized state et al, By contrast, typical
are up to 100-fold higher than those in normal cells (Forman et al.,
2009; Kennedy et al., 2020). Therefore, dtbH, that is released from 6
extracellularly is likely to be deactivated though oxidation to dtbQ
and subsequent binding to imidazole-based nucleophiles (Schemes
1, 2). The released V(V) species (up to ~50 uM, which is relevant to
the conditions of cell assays, Table 1) are likely to bind to transferrin
(the main Fe(III) transport protein) in the blood plasma, which is
known to reduce their cellular uptake and toxicity (Scheme 2)
(Levina and Lay, 2020). Inside the cancer cells, the presence of
high GSH concentrations is likely to promote the dissociation of 6
with the formation of free dtbH, and binding of the released V(V)
species to proteins, including the active sites of protein tyrosine
phosphatases, leading to changes in cell signaling (Scheme 2)
(McLauchlan et al., 2015; Levina et al.,, 2017; Feng et al., 2022),
while the oxidation of dtbH, to dtbQ and subsequent reactions with
GSH can lead to ROS-based toxicity (Schemes 1, 2).

It has been reported that speciation is linked to the activity of
V(V/IV) complexes with a variety of ligands, including flavonoids

(Aureliano et al., 2023; Naso et al., 2023). As shown in Scheme 2, the
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biological effects of decomposition products of 6 within cancer cells
are likely to be caused by a combination of ROS-dependent (e.g.,
reactions of dtbH, oxidation products) and ROS-independent (e.g.,
V(V) binding to phosphatases) processes. This is consistent with the
observed ~50% decrease in the anti-proliferative activity of 6 in
MDA-MB-231 triple-negative breast cancer cells at 5.0 uM (the
approximate ICsq at 72 h) under hypoxic (1% O,) versus normoxic
(20% O,) conditions at the same V(V) concentration. The ICs, value
of 1.9 uM in MDA-MB-231 cells under normoxic conditions (Levina
et al., 2023) is close to those in Table 1 for the T98G and A549 cells
under the same conditions. Therefore, efficient cellular uptake of 6
results in at least two independent toxicity pathways that can operate
under both hypoxic and normoxic conditions. In effect, V(V)-dtbH,
binding facilitates the cellular uptake of both the metal ion and the
ligand, while inside the cells, they are likely to dissociate and act via
independent pathways, as was proposed for Cu(II) complexes with
diimine ligands, such as 1,10-phenanthroline and its derivatives
(Nunes et al., 2020). Higher GSH concentrations in cancer vs. non-
cancer cells can contribute to selectivity of action of V(V)-dtbH,
complexes (Kostenkova et al., 2023). Similar considerations also
apply to V(V/IV) complexes with flavonoid (Shukla et al., 2006;
Etcheverry et al., 2008; Ledn et al., 2016a; Ledn et al., 2016b; Selvaraj
and Krishnan, 2021; Scibior, 2022; Naso et al., 2023), diimine (Le
et al, 2017; Nunes et al., 2021) or 8-hydroxyquinoline (Choroba
et al,, 2020; Levina et al., 2024) ligands. The proposed role of the
difference in free thiol concentrations between extra- and
intracellular environment in the activation V(V)-catecholato
complexes within the cells (Scheme 2) is reminiscent of the role
that the difference in extra- and intracellular Cl~ concentrations
plays in the activation of classical metal-based anticancer drugs, such
as cisplatin (Gibson, 2009).

Thus, the experiments conducted here indicate that both the
mechanisms of V(V) phosphatase inhibition, as well as the dtb-
GSH adduct ROS generation is likely to be operative in vivo for
the anti-cancer efficacy against migrating cancer cells and those
in the outer layers region of tumors that will both be under
normoxic conditions. However, it is possible that in the hypoxic
region of solid tumors the V(V) phosphatase inhibition is the
main mechanism that operates.

5 Conclusion

High anti-proliferative activity of a representative model of
biological catechols, 3,5-di-tert-butylcatechol (dtbH,) and its
analogue, 3,5-di-tert-butyl-o-quinone (dtbQ),
common human cancer cell lines, T98G (glioblastoma) and

oxidized in
A549 (lung carcinoma) has been demonstrated. The activity of
dtbH, and dtbQ was likely due to radical chain reactions catalyzed
by trace essential metal ions, such as Fe(III/II) and Cu(II/I). A
redox equilibrium was established in cell culture medium (CCM)
under the assay conditions between dtbH, (a major component)
and dtbQ. The latter reacted with nucleophiles contained in CCM,
such as imidazole groups of amino acids and proteins, leading to
partial loss of activity within hours at 310 K. Addition of biological
thiols, such as glutathione (GSH), to CCM, led to immediate
formation of GSH-dtbH, adducts, which retained the high anti-
proliferative activity due to the ability to carry radical chain
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reactions. Similar mechanisms are likely to operate within
cancer cells, which contain millimolar GSH concentrations,
following the uptake of metal complexes with catechol-based
ligands, and contribute into the selectivity of action of these
These
emphasize the importance of consideration of speciation that

complexes in cancer vs. non-cancer cells. results
impact the systems reactivity, which will involve all the species
that form in the system including the catechol ligand that is
released when the metal complexes hydrolyze in the cell-

based assays.
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