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Abstract: Hexokinase 2 (HK2), an enzyme of the sugar kinase family, plays a dual role in glucose
metabolism and mediating cancer cell apoptosis, making it an attractive target for cancer therapy.
While positive HK2 expression usually promotes cancer cells survival, silencing or inhibiting this
enzyme has been found to improve the effectiveness of anti-cancer drugs and even result in cancer
cell death. Previously, benitrobenrazide (BNBZ) was characterized as a potent HK2 inhibitor with
good anti-cancer activity in mice, but the effect of its trihydroxy moiety (pyrogallol-like) on
inhibitory activity and some cellular functions has not been fully understood. Therefore, the main
goal of this study was to obtain the parent BNBZ (2a) and its three dihydroxy derivatives 2b-2d and
to conduct additional physicochemical and biological investigations. The research hypothesis
assumed that the HK2 inhibitory activity of the tested compounds depends on the number and
location of hydroxyl groups in their chemical structure. Among many studies, the binding affinity
to HK2 was determined and two human liver cancer cell lines, HepG2 and HUH7, were used and
exposed to chemicals at various times: 24 h, 48 h and 72 h. The study showed that the modifications
to the structures of the new BNBZ derivatives led to significant changes in their activities. It was
also found that these compounds tend to aggregate and exhibit toxic effects. They were found to
contribute to: (a) DNA damage, (b) increased ROS production, and (c) disruption of cell cycle
progression. It was observed that, HepG2, occurred much more sensitive to the tested chemicals
than the HUHY cells; However, regardless of the used cell line it seems that the increase in the
expression of HK2 in cancer cells compared to normal cells which have HK2 at a very low level, is
a serious obstacle in anti-cancer therapy and efforts to find the effective inhibitors of this enzyme
should be intensified.

Keywords: hexokinase 2; Warburg effect; benitrobenzerazide; enzyme inhibition; aggregation

1. Introduction

In contrast to normally differentiated cells, which generate energy for cellular
processes relying on oxidative phosphorylation (OXPHOS), most cancer cells instead use
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aerobic glycolysis, a phenomenon known as the Warburg effect. An enhanced glucose
metabolic rate is required to meet the biosynthetic and bioenergetic demands of rapidly
growing and proliferating cancer cells. In this context, aerobic glycolysis seems to be an
inefficient way to generate energy as the maximum net yield is 2.73 moles of ATP per mole
of substrate for pyruvate plus malate oxidation, while the maximum total yield is 33 moles
of ATP for complete glucose oxidation [1]. However, cytosolic aerobic glycolysis can
provide much more ATP per unit of time than mitochondrial oxidative phosphorylation
since the speed of the cytosolic ATP generation is approximately 100 times faster than in
mitochondria [2]. Cancer cells can compensate lower ATP production per mole of substrate
using a pathway with high rate but low yield especially when they are in resource
competition with normal cells that produce ATP at a higher yield but a lower rate. The
outcome of this competition is determined by the highest growth rate and therefore by
the highest rate of ATP production. Under these circumstances, HK2 plays a key role in
tumor initiation and development as the first enzyme in the glycolysis pathway that
phosphorylates glucose to G6P, introducing glucose into pathways required for anabolic
activities in cancer cells [3]. Of the four HK isoforms in humans, HK2 is rarely expressed
in normal tissues, except some insulin-sensitive tissues, but is highly expressed in several
types of tumors, especially those that metastasize and have poor overall survival [4,5].
Furthermore, high level of HK? is significantly associated with some phenotypes of tumor
aggressiveness, such as large tumor size, positive lymph node metastasis and advanced
clinical stage [6,7], while down-regulation of HK2 expression resulted in better efficacy of
anti-cancer drugs [8,9] and promotes tumor radiosensitization [10,11]. In addition to
satisfying energy requirements, HK2 expression protects cancer cells from apoptosis by
binding to Voltage Dependent Anion Channel 1 on the outer mitochondrial membrane
and by limiting reactive oxygen species (ROS) production in mitochondria by maintaining
local ADP levels [12,13]. Therefore, HK2 represents a promising therapeutic target.

In recent years Liu et al. identified two classes of small-molecule HK2 inhibitors, i.e.,
benserazide and (E)-N'-(2,3,4-trihydroxybenzylidene) arylhydrazides by structure-based
virtual screening of the ZINC database. Benserazide, a peripherally acting decarboxylase
inhibitor used in combination with L-DOPA to the treatment of Parkinson’s disease, was
identified as a promising HK2 inhibitor with an ICso of 5.52 + 0.17 uM and a dissociation
constant (Ka) of 149 + 4.95 uM [14]. However, our attention was drawn to a second class
of benserazide-related inhibitors developed by the same group that showed even better
HK?2 inhibition. Among them, the strongest activity was shown by benitrobenrazide
(BNBZ) with an ICso of 0.53 + 0.13 uM and a reasonable selectivity of 3.2-10.9 for HK2
versus other isoenzymes, which placed it among the most potent non-glucose HK2
inhibitors [15]. Preliminary evaluation showed good anticancer activity in vitro and in
vivo with negligible toxicity [16]. A common feature of this class of inhibitors is the
presence of a 2,34-trihydroxybenzene moiety (pyrogallol-like), which is probably
necessary to maintain inhibitory and cytotoxic activity in vitro. According to the docking
model predicted by Liu et al. this fragment occupied the glucose binding site almost
completely by overlapping the sugar ring, thus competing with glucose for the binding
site. However, not all hydroxyl groups appear to be involved in the interaction with the
binding site, and therefore, in searching for the possible mechanism(s) of action for this
group of inhibitors, we proposed to check how changing the number and position of
hydroxyl groups would affect the inhibitory activity and accompanying cellular effects.

Considering the above reports, we synthesized the parent inhibitor BNBZ, referred
to as 2a, and its three dihydroxybenzylidene derivatives 2b-2d which differ in the
arrangement of hydroxyl groups (Scheme 1). To test the hypothesis that the number and
position of hydroxyl groups in BNBZ play an important role in the efficiency of HK2
inhibition, we conducted a series of in vitro studies using two human liver cancer cell
lines, HepG2 and HUH?. Thus, the following detailed objectives were achieved: (1) the
ability of the synthesized derivatives to inhibit HK2 activity, (2) evaluation of their
cytotoxic and genotoxic properties, (3) evaluation of the generation of oxidative stress, (4)
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evaluation of nuclear DNA damage and cell cycle progression, and (5) evaluation of
autophagy induction. Clarifying these points helped us to understand the general effect
of BNBZ and its derivatives on HK2 activity and the response of the biological material
used.
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Scheme 1. Synthesis of parent BNBZ (2a) and its dihydroxy derivatives 2b-2d. Reagents and
conditions: (a) 98% N2H+H20 (3.0 eq.), MeOH, rt, 4 h; (b) ArCHO (1.2 eq.), MeOH, rt, 24 h.

2. Results
2.1. Changes in the 2,3,4-Trihydroxybenzylidene Moiety Affect Binding to the Enzyme

First, we performed microscale thermophoresis (MST) measurements of the binding
affinity of the synthesized compounds to H6-hHK2 (N-terminal His6-tagged human
HK?), starting with a re-evaluation of the parent inhibitor 2a, which is compound 3j from
the work of Liu et al. [17]. In two independent MST experiments, we found a K of 11.0
and 8.83 uM for 2a, which are close to the Ka of 4.99 uM reported by the above authors
(Figure 1a). The comparable K« values indicate that despite the different method of
labeling the protein (we used His-Tag labeling kit instead of amine-reactive kit as
described in [17]), the dye adduct does not affect the interaction between the modified
enzyme and the tested compound. All dihydroxy derivatives interact with H6-hHK2
much weaker than the trihydroxy 2a, moreover, the overlap of the dose-response curves
(Figure 1b) shows that not only the number but also the position of the hydroxyl groups
can affect the binding affinity to the enzyme. Except for 2a, only 2b showed a moderate
affinity for the enzyme with a Ka of 58.9 uM, while for 2¢ and 2d no binding affinity was
detected, or the signal quality was not reliable. We also noted that the initial fluorescence
levels were not constant in all samples. In particular, for 2a and 2b, we observed a clear
upward trend in initial fluorescence starting at 12.5 uM and increasing with sample
concentration and incubation time (Figure 1c). To verify whether the observed trend was
due to ligand binding, we performed a denaturation assay (SDS-test) by heating the
sample to 95 °C for 5 min in a solution containing 4% SDS and 40 mM DTT (Figure 1d).
After denaturation, the differences in initial fluorescence still exceeded the recommended
value of + 10%, indicating that Ka values determined by this method may be overestimated
due to sample adsorption or ligand-induced aggregation and should therefore be handled
with caution. Additionally, we examined whether 2a also binds to other, unrelated target
proteins. T-cell immunoreceptor with Ig and ITIM domains (TIGIT) is a protein belonging
to immune checkpoint receptors, and its overall fold is completely different from Hé-
hHK?, so it fits perfectly for this purpose. As we expected, 2a behaved similarly when
tested against TIGIT (Figure le). We observed a similar increasing trend in initial
fluorescence when 2a was incubated with TIGIT protein, supporting our concern that the
results obtained at higher ligand concentrations might be falsified by aggregation events
(Figure 1f).
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Figure 1. Evaluation of the binding affinity of (a) 2a and (b) 2b-2d to H6-hHK?2. (c) Increasing trend
profiles observed in initial capillary fluorescence before and after 30 min of H6-hHK2 incubation
with 2a and 2b. (d) Initial capillary fluorescence before and after the 2a SDS-test with H6-hHK2. (e)
Evaluation of the binding affinity of 2a to TIGIT. K« values were automatically calculated by curve
fitting and presented as mean. (f) Initial capillary fluorescence before and after 30 min incubation of
TIGIT with 2a. Capillaries have decreasing ligand concentration from left to right in serial 2-fold
dilutions ranging from 200 to 0.006 uM.

2.2. Changes in the 2,3,4-Trihydroxybenzylidene Group Affect the Inhibitory Effect

To investigate the effect of the arrangement of the hydroxyl groups on the activity of
the isolated and cellular enzyme, we compared the results of commercial in vitro and cell-
based HK2 activity assays. In these enzymatic assays, glucose is phosphorylated to G6P
by HK2, which is then oxidized by glucose-6-phosphate dehydrogenase to form NADH.
The resulting NADH activates the probe by reducing its colorless form to a colored
product with strong absorbance at 450 nm, which is proportional to HK2 activity present.
As positive controls, we used two most commonly reported HK2 inhibitors, 3-
bromopyruvate (3BP) and 2-deoxyglucose (2DG), which differ significantly in their
mechanism of enzyme inhibition. 2DG is a glucose analog that is phosphorylated by HK2
to form 2DG-6-phosphate, which cannot be further metabolized, so it accumulates inside
cells and inhibits HK2, presumably through product-mediated inhibition [17,18]. Unlike
2DG, 3BP is a potent alkylating reagent that inactivates HK2 and possibly dissociates this
enzyme from the mitochondria [19-21]. To determine the inhibitory effect of 2a-2d in
cells, we chose two liver cancer cell lines, HepG2 and HUH?. Cell-based assays were
performed at ICso concentrations that resulted in 50% inhibition of proliferation of the
respective cell lines (these concentrations are determined and presented later in this
article).

Since we noticed sings of aggregation in previous experiments, we tested different
sample formulations to better investigate this phenomenon and its effect on enzyme
inhibition in vitro. Previously, Shoichet’s group found that aggregate formation can be
disturbed by adding low concentrations of detergents to biochemical media, thus
preventing aggregate-enzyme interactions but not well-behaved inhibitor-enzyme



Int. ]. Mol. Sci. 2022, 23, 2616

5 of 24

interactions [22]. They also found that a small addition of DMSO increases the apparent
solubility of compounds, thus increasing their critical aggregation concentration, but does
not contribute to aggregate-mediated enzyme inhibition [23]. Following these procedures,
we added 0.1% Tween 20 to the in vitro buffer and prepared two series of samples by: (1)
dissolving solid samples directly in the buffer, or (2) diluting concentrated DMSO stocks
into the buffer, so that the final DMSO concentration does not exceed 1%.

All 5 pM samples prepared in DMSO-free buffer inhibited HK2 with similar
efficiency to 11.2-17.3% of the negative control activity (Figure 2a). In contrast, in the
DMSO-containing series, only 2a retained inhibitory activity, while no significant
inhibition was observed for the reaming derivatives at any of the concentrations. These
results support a nonspecific mechanism of action for these compounds and suggest that
the inhibition may be due to aggregate formation (the presence of which is confirmed later
in this article). Small colloidally aggregating molecules (SCAMs) acting through this
mechanism appear to be relatively common in virtual and experimental screening
libraries and even among true leads. In fact, some 2-hydroxyphenylhydrazones closely
related to BNBZ have already been described by Shoichet’s group as aggregate-forming
promiscuous enzyme inhibitors [22-25]. In cellular assays, the inhibitory activity
decreases in the order 2¢ >> 2b > 2a > 2d for the HepG2 line (Figure 2b), and 2¢ >>2a>2b
> 2d for the HUHY line (Figure 2c). The highest inhibitory effect was observed for 2c,
which almost completely inhibited cellular HK2 after 24 h of incubation in both cell lines;
however, 2c was tested at relatively high concentrations of 213.7 and 302.1 uM, depending
on the cell line. In the case of the HepG2 line, significant inhibition is also shown by 2b,
which at 2.8 uM reduced HK2 activity to a similar level as 3BP at 100 pM.

In vitro enzymatic screening assay HepG2 cell-based assay at IC5, HUH? cell-based assay at IC,
B 5uMw/oDMSO M 5 uM with DMSO W 24h W 48h W 24h W 48h
50 pM with DMSO 72h 72h
T 250 I 60
200 I I
—_ — 40

£ 150- £E
g8 BE L
o 2 100 = g
gE"™ g% 1
= ¥ E207

-Ctl  3BP  2a 2b 2c 2d -Ctrl 3BP  2a 2b 2c 2d

(b) (c)

Figure 2. (a) In vitro enzyme inhibition assay results. 3BP (2.5 + 0.4%) and 2DG (9.9 + 0.5%) are
positive controls (+Ctrl), both compounds were used at 5 uM. The negative control is the
corresponding assay system without inhibitor, whose activity is assumed to be 100%. 3BP and 2DG
samples were prepared in assay buffer containing 0.1% Tween 20. Changes in HK2 activity in (b)
HepG2 and (c¢) HUHY cell lines after 24 h, 48 h and 72 h incubation with the test compounds at ICso
concentrations. 3BP at 100 uM was used as a positive control. Data are presented as milliunits of
enzyme activity per milliliter of reaction mixture. Data are presented as mean and SD, n = 3. The
significance of differences was estimated based on multifactor ANOVA and post-hoc Tukey tests.
Statistical analysis for cellular assay: HepG2+2a: p < 0.05: control vs. ICso 48 h; HepG2+2b: p < 0.001:
control vs. ICso 24 h, ICs0 48 h and ICso 72 h; HepG2+2c: p < 0.001: control vs. ICs0 24 h, ICs0 48 h and
ICs0 72 h; HepG2+2d: p < 0.01: control vs. ICs0 48 h; HUH7+2a: p < 0.05: control vs. ICso 24 h; p <0.001
control vs. ICso 48 h and ICs0 72 h; HUH7+2b: p < 0.01: control vs. ICso 48 h; p < 0.001 control vs. ICso
24 h and ICso 72 h; HUH7+2c: p < 0.05: control vs. ICs0 72 h; p <0.001 control vs. ICso 24 h and ICso 48
h; HUH7+2d: p < 0.001 control vs. ICso 48 h. For more experimental details please see “Materials and
Methods”.

2.3. The Tested Compounds Tend to Aggregate

To determine if 2a-2d also belongs to SCAMs, we investigate their aggregation
behavior using dynamic light scattering (DLS), a well-established biophysical technique
used to determine particle size in solution [26]. We first examined the aggregation of 12.5
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2a (12.5 uM) in MST buffer

uM solutions of 2a-2d prepared in MST buffer, since during the MST measurements most
of the tested samples showed irregular fluorescence behavior starting from this
concentration, which became more pronounced as the concentration increased. Despite
the relatively high concentration of detergent in the MST buffer (0.05% Tween 20), all
DMSO-free (-DMSQO) samples formed clearly detectable particles with a Z-average
diameter (D:) of 980.9-1986 nm and a derived count rate (DCR) of 60-152 kcps, by DLS
(Figure 3). The DCR value represents the theoretical count rate at 100% laser power, so for
the same sample, higher DCR values should indicates a higher concentration, larger
particles, or a combination of both. The DLS experiment was then repeated with samples
prepared by diluting the DMSO stock (+DMSO) to see if aggregation could be disrupted
by transferring a well-dissolved concentrated DMSO solution to a buffer containing
detergent. Indeed, we observed that the large colloids were disrupted and disappeared
completely, and instead we obtained D values ranging from 8.77 to 9.39 nm, which may
indicate the presence of smaller, monodisperse colloids (Figure 3a—c). It should be noted,
however, that according to the manufacturer’s recommendations, scattering from water
for particles smaller than 10 nm should give a count rate in excess of 10 kcps to obtain
reliable results. Measurement of the MST buffer background gave D, =9.89 nm and DCR
=7 kcps (Figure 3d), which are close to the values determined for dilute DMSO stocks.
Such results suggest two possibilities: (1) The significantly lower DCR values for samples
with DMSO (22-29 kcps), which are still higher than those obtained for the buffer alone
(7 keps), indicate the presence of some aggregation, but negligible compared to samples
without DMSO (60-152 kcps); (2) D- values for samples containing DMSO (8.77-9.39 nm)
are similar to those obtained for the buffer background (9.89 nm), which may indicate the
complete disappearance of aggregation. Due to such problems in interpreting the results
for dilute solutions, the method we used can only be useful for general comparison of the
degree of aggregation between samples, but it does not allow the determination of the
critical aggregation concentration or other advanced parameters.

2b (12.5 yM) in MST buffer

2¢ (12.5 uM) in MST buffer 2d (12.5 uM) in MST buffer
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2 DCR=8 keps DOR=12 keps 20 D,=10.25 nm D,=12.05nm
- = D,=9.93 nm = = DCR=12 kcps DCR=11 kcps
15+ =15+ DCR=13 keps 8215+ D,=1007 nm E.15
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Figure 3. Summary of size distribution of hydrodynamic diameters (Dn), Z-average hydrodynamic
diameters (D-) and derived count rates (DCR) for 12.5 uM solutions of (a) 2a, (b) 2b, (c) 2c and (d)
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2d in MST buffer (25 mM phosphate buffer, pH 8.0, 500 mM NaCl and 0.05% Tween-20). (e) DLS
signals from buffers and other background noises. DLS signals before and after 24 h incubation of
(f) 1.0 uM, (g) 10 pM and (h) 100 pM solutions of 2a in in vitro assay buffer containing 0.1% Tween-
20. No other peaks above 100 nm were detected. All samples obtained from DMSO stocks were
measured at a final concentration of 1% DMSQO; no serial dilutions were performed.

Similar results were obtained for 2a at different concentrations prepared by diluting
the DMSO stock solution in in vitro assay buffer containing 0.1% Tween 20 (Figure 3f-h).
The reduction in size and number of aggregates may explain the attenuation or loss of
inhibitory activity observed during the in vitro experiments (Figure 2a). It was previously
speculated that transfer of small organic compounds from polar organic solvents such as
DMSO to the aqueous environment could promote aggregation, however, Shoichet’s
group demonstrated that DMSO is not necessary to promote this phenomenon and that
aggregation-based inhibition can also occur under aqueous conditions without DMSO
[24]. Here, we have shown that preparing solutions from DMSO stocks can even stop this
process and help eliminate false-positive results. Interestingly, despite the lack of serial
dilution, D: (9.93-12.05 nm) and DCR (11-13 kcps) values are similar for all concentrations
tested, which differ by several orders. Under these conditions, DCR values were even
slightly lower than in MST buffer, which may be due to the effect of higher detergent
concentration or lower ionic strength on aggregation. We further examined whether small
colloids of 2a, which could potentially be present in the screening buffer, are stable over
time or whether they clump together and grow. After 24 h of incubation at room
temperature, no significant changes in D. and DCR values were observed, further
indicating that there is very little or no aggregation. The simple DLS-based aggregation
assay presented here can be useful as a preliminary test in biological assays to select
appropriate conditions for compound preparation, e.g., to determine whether DMSO
should necessarily be used to prepare solutions for testing.

2.4. The Tested Compounds Are Cytotoxic to HepG2 and HUH7cells

In order to determine the antiproliferative properties of the tested compounds, the
MTT assay was used. ICs values for HepG2 and HUHY cell lines treated with 2a—2d for
72 h are shown in Table 1. In brief, HUH7 cells showed less sensitivity to most of the tested
compounds (except 2c) than HepG2 cells. The strongest cytotoxic effect was found for 2a
and 2b against HepG2, while 2c showed significantly lower activity against both cell lines,
which was reflected not only in cytotoxicity but also in the clonal assay, a method of
determining cell survival based on the ability of a single cells to form colonies. The results
in Figure 4 show that the colony forming ability of HUH?7 and HepG2 cells was reduced
after treatment with the tested compounds; 2a reduced the growth of HUHY cells to about
22.5%, while the growth of HepG2 cells was inhibited to 15.8%; 2b inhibited the growth
of HUH?7 and HepG2 cells to 25.6% and 9.9%, respectively. In contrast, 2d reduced the
growth of HUH7 and HepG2 cells to approx. 40% and 13%, respectively. The morphology
of cells treated with compounds 2a-2d at their ICso for 72 h is also shown in Figure 5. The
tested compounds induced changes in both HUH7 and HepG2 cells when compared to
untreated cells. The effect of the tested agents is evident by a significant increase in cell
volume and the appearance of numerous cytoplasmic junctions signaling the induction of
apoptosis. However, the presence of abnormal cellular nuclei within the cell interior and
the presence of numerous swellings in the cytoplasm may indicate the induction of other
types of cell death, such as autophagy or mitotic catastrophe [27,28].
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Table 1. The ICso values for 2a-2d obtained for HUH7 and HepG2 cell lines as well as the impact of
2a-2d used at ICso on the colony forming ability (clonogenicity).

Compound Cytotoxicity ICso (uM) Clonogenicity (% of Ctrl)

HUH7 HepG2 HUH?7 HepG2

2a 571+29 15.0+0.8 225+3.1 158+1.4

2b 58.3+2.9 2.8+0.1 25.5+3.6 9.9+0.9

2c 213.7 £10.7 302.1£15.1 77.5+45 83.4£35

2d 1053 +£5.3 16.3+0.3 40.0+4.1 13.0+14
3BP No cytotoxic properties up to 500 uM
2DG No cytotoxic properties up to 500 uM

Cells were incubated with the tested compounds for 72 h; data are expressed as mean (uM) and SD,
n = 3; ICso values were received based on Graph-Pad Prism software calculations. Clonogenicity:
HUH? and HepG2 cells were incubated with 2a-2d for 72 h at their ICso; data are expressed as mean
(% of control cells treated as 100%) and SD, n = 3; Chi-square analysis was performed to evaluate
the significance of differences between control and treated cells as well as between cell lines and
used chemicals; statistical analysis for HUH7: p <0.05: 2a vs. 2d, 2b vs. 2d; p <0.01: control vs. 2¢, 2c
vs. 2d; p < 0.001: control vs. 2a, 2b and 2d; for HepG2: p < 0.05: control vs. 2¢; 2a vs. 2b; p < 0.001:
control vs. 2a, 2b and 2d, 2c vs. 2a, 2b and 2d; significant differences between used cell lines and
tested agents: p < 0.05: (2a) HUH7 vs. HepG2; p < 0.01: (2b) HUH? vs. HepG2; p < 0.001 (2d) HUH?7
vs. HepG2.

control

HepG2

HUH7

Figure 4. Colony forming ability (clonogenicity) in HepG2 and HUHY cell lines treated with 2a-2d
at their ICso for 72 h. Photographs were taken after staining the cells with crystal violet. After cell
fixation and staining with crystal violet, photographs were taken and the obtained data were
quantified using Image] software (see Table 1).
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Figure 5. Left panel: Morphology of (a) HUH7 and (b) HepG2 cells after incubation for 72 h with
tested compounds 2a-2d applied at their ICs0 (shown in Table 1). Changes in morphology are
indicated by arrows in the figures: the red arrow indicates the cytoplasmic linkages, the green arrow
indicates abnormal cell nuclei, and the blue arrow indicates swellings of the cell’s cytoplasm. Right
panel: Induction of autophagy in (c¢) HepG2 and (d) HUH? cells after incubation for 72 h with tested
compounds 2a-2d applied at their ICso (shown in Table 1). The first row of images shows control
cells, while the following figures show autophagosomes formed after treatment with the tested
compunds. Images were taken using an Olympus IX70 microscope at 150x magnification.

2.5. The Tested Compounds Disturb the Oxidoreductive Balance of Cells

Changes in the levels of reactive oxygen species (ROS) and reactive nitrogen species
(RNS) in cells exposed to the tested compounds were assessed spectrofluorimetrically.
The respective compounds had the same effect on the redox balance in both cell lines, with
the ROS level strongly dependent on the number and position of hydroxyl groups
(Figures 6a and 7a), while the RNS level did not change significantly regardless of the
tested compound (Figures 6b and 7b). Previously, Rushmore et al. observed a structure-
activity relationship for simple polyphenols tested on the HepG2 line. They found that
oxidative stress was induced by 1,2-diphenol (catechol) and 1,2,3-trihydroxybenzene
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(pyrogallol), but not by 1,3-diphenol (resorcinol) [29]. Indeed, we observed that
administration of the parent compound 2a with a pyrogallol-like hydroxyl configuration
and its catechol-like derivative 2d increased ROS levels in both cell lines, while the
prooxidant activity of 2c was much lower and resorcinol-like derivative 2b even led to
decreased ROS levels. The reason for the lower prooxidant activity of 2c compared to 2d,
with the same hydroxyl configuration, is probably the lack of extended conjugation
through the C=N double bond, analogous to the effect responsible for the differences in
the self-oxidation rate of some flavones [30]. These findings are consistent with literature
data on pyrogallol and catechol-type compounds, which are known to be hepatoxic
compounds with strong ability to induce oxidative stress [31,32], DNA fragmentation and
apoptosis in various cells [33,34].
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Figure 6. Comparison of changes in (a) ROS and (b) RNS levels in HepG2 cells treated with three
different concentrations (100, 500 and 1000 pM) of 2a-2d for 0-180 min compared to ROS and RNS
levels in a control sample (100%). ROS and RNS formation were tested overtime, in the range of 0—
180 min after the adding of the tested compounds. Results are presented as mean + SD from three
independent experiments. The significance of differences was estimated based on multifactor
ANOVA and post-hoc Tukey tests. Statistical analysis for ROS level: HepG2+2a: p < 0.01: control vs.
120 min (100, 500 and 1000 pM); p < 0.001 control vs. 0-105 min and 165-180 min (100, 500 and 1000
uM); HepG2+2b: p < 0.001: control vs. 0-180 min (100, 500 and 1000 pM); HepG2+2d: p < 0.001:
control vs. 0-180 min (100 and 1000 uM). Statistical analysis for RNS level: HepG2+2a: p < 0.05:
control vs. 0 min (500 uM); HepG2+2c: p < 0.05: control vs. 0-180 min (500 uM). For more
experimental details please see “Materials and Methods”.
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Figure 7. Comparison of changes in (a) ROS and (b) RNS levels in HUH? cells treated with three
different concentrations (100, 500 and 1000 pM) of 2a-2d for 0-180 min compared to ROS and RNS
levels in a control sample (100%). ROS and RNS formation were tested overtime, in the range of 0-
180 min after the adding of the tested compounds. Results are presented as mean + SD from three
independent experiments. The significance of differences was estimated based on multifactor
ANOVA and post-hoc Tukey tests. Statistical analysis for ROS level: HepG2+2a: p < 0.05: control vs.
60 min (100, 500 and 1000 pM); control vs. 90 min (100 puM); p < 0.01: control vs. 135-150 min (500
puM); p <0.001 control vs. 0—45 min (100, 500 and 1000 pM); control vs. 105-180 min (100 uM); control
vs. 165-180 min (500 uM); HepG2+2b: p < 0.001: control vs. 0-180 min (100, 500 and 1000 pM);
HepG2+2c: p < 0.05: control vs. 0-30 min (500 uM); HepG2+2d: p < 0.01: control vs. 0-120 min (100
and 1000 pM). Statistical analysis for RNS level: HepG2+2a: p < 0.01: control vs. 0—45 min (100 uM).
For more experimental details please see “Materials and Methods”.

2.6. The Tested Compounds Inhibit Autophagy

The monodansylcadaverine staining technique was used to determine the intensity
of the autophagy process. This compound is a specific marker for autophagosomes. Lack
of both oxygen and nutrients can lead to cell death through apoptosis or necrosis.
According to the literature, one of the functions of autophagy is to protect the cell under
stressful conditions by “self-digesting” elements inside the cell [35]. Our results indicate
that the tested compounds did not inhibit the autophagy process in HepG2 and HUH?
cells (Figure 8). Only in the case of the HepG2 line, an increase in autophagy is observed
after 48 h, but a decrease in autophagy activity after 72 h, was observed. This indicates
that the DNA damage generated by the compounds is so intense that the autophagy
process cannot protect the cell. Recently, there has been an intensified discussion on the
phenomenon of “autophagy switch” [36].

HepG2+2a 200+ HepG2+2b 200- HepG2+2c 200+ HepG2+2d

N
=

—e—control

g

150+ 150 150+

5 =100 M

100 S 1004 100
——500 uM

50 50 50

—=—1000 pM

[% o? control]
=3
?
"f
[/
I/

2 8

Autophagy intensity

T T T 0= T T 0—— T T 0= T T
24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h

HUH7+2a 200- HUH7+2b 200 HUH7+2¢ 200 HUH7+2d

N
?

—e—control
#—100 pM

- - - 3 3
f 100+ Lﬁ 100 —= 100 ] 500 uM
é 50+

—*—1000 uM

g

150+ 150+ 150

g

% o? control]
8
g
g

Autophagy intensity

(=]
(=}

T T T I | I | 1 1 |
24h 48h 72h 24h 48h Téh 24h 48h Téh 24h 48h 72h

(b)

Figure 8. Autophagy induction in (a) HepG2 and (b) HUH? cells treated with 2a-2d at three
concentrations (100, 500 and 1000 uM) for 24 h, 48 h and 72 h. Results are presented as mean + SD
from three independent experiments, control was taken as 100%. The significance of differences was
estimated based on multifactor ANOVA and post-hoc Tukey tests. HepG2+2a: p < 0.05: control vs.
100 uM (48 h and 72 h); 100 uM vs. 500 uM (48 h); p < 0.01: control vs. 500 uM (48 h); control vs. 1000
puM (48 h and 72 h); 100 uM vs. 500 uM (72 h); 100 uM vs. 1000 uM (48 h); 500 pM vs. 1000 pM (48
h); p <0.001: control vs. 500 uM (72 h); HepG2+2b: p <0.05: 24 h vs. 48 h (1000 uM); p <0.01: 48 h vs.
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72 h (100 pM); HepG2+2c: p <0.05: 48 h vs. 72 h (1000 uM); HepG2+2d: p < 0.05: control vs. 500 uM
(48 h); 24 h vs. 72 h (1000 uM); p < 0.01: 24 h vs. 72 h (100 pM); p < 0.001: control vs. 100 uM (72 h);
control vs. 500 uM (72 h); control vs. 1000 uM (72 h); 48 h vs. 72 h (100 uM); 24 h vs. 48 h (500 pM);
500 puM vs. 1000 uM (72 h); 24 h vs. 48 h (1000 pM); HUH7+2a: p < 0.05: control vs. 100 uM (48 h); 48
h vs. 72 h (100 uM); 24 h vs. 72 h (1000 uM); p < 0.01: 100 1M vs. 1000 pM (48 h); p < 0.001: control
vs. 500 uM (48 h); control vs. 1000 uM (48 h); 24 h vs. 48 h (100 uM); 24 h vs. 48 h (500 pM); 48 h vs.
72 h (500 pM); 500 uM vs. 1000 pM (72 h); 24 h vs. 48 h (1000 uM); HUH7+2b: p < 0.05: control vs.
100 uM (48 h); 48 h vs. 72 h (100 puM); p < 0.01: 100 uM vs. 1000 uM (48 h); p < 0.001: control vs. 500
UM (48 h); control vs. 1000 uM (48 h); 24 h vs. 48 h (100 uM); 24 h vs. 48 h (500 uM); 48 h vs. 72 h
(500 pM); 24 h vs. 48 h (1000 uM); HUH7+2c: p < 0.05: control vs. 100 pM (48 h); 500 uM vs. 1000 uM
(72 h); p < 0.01: control vs. 100 uM (72 h); p < 0.001: control vs. 500 uM (48 h); control vs. 1000 uM
(48 h); control vs. 500 uM (72 h); control vs. 1000 uM (72 h); 100 uM vs. 1000 uM (72 h); 24 h vs. 48
h (500 uM); 48 h vs. 72 h (500 pM); 24 h vs. 48 h (1000 uM); 24 h vs. 72 h (1000 uM); HUH7+2d: p <
0.05: control vs. 100 puM (48 h); 500 uM vs. 1000 pM (72 h); p < 0.01: control vs. 100 uM (72 h); p <
0.001: control vs. 500 uM (48 h); control vs. 1000 uM (48 h); control vs. 500 pM (72 h); control vs.
1000 uM (72 h); 24 h vs. 48 h (500 uM); 24 h vs. 72 h (500 pM); 24 h vs. 48 h (1000 uM); 24 h vs. 72 h
(1000 uM). For more experimental details please see “Materials and Methods”.

Autophagy is a catabolic process involving the supply of nutrients in response to
energy deficiency, a process that promotes cell survival under stress conditions by
degrading damaged organelles and acquiring metabolites. The phenomenon of
autophagy is regulated by the availability of nutrient and thus plays a key role in the
metabolism of glucose, which is the primary energy source used by the vast majority of
cells. The involvement of autophagy in cell death is highly desirable for effective anti-
cancer therapy. Autophagy, which does not show any cytoprotective effect, allows for the
intensification of the cytotoxic effect of the applied substances, contributing, inter alia, to
for the induction of apoptosis. When disturbed cellular metabolism (e.g., by inhibition of
the normal function of HK2) leads to intensive removal of damaged cell structures by
autophagy, a parallel induction of apoptosis is often observed [37]. The observed gradual
inhibition of autophagolysosome formation in cells treated with the tested compounds
may indicate that also in this case we are dealing with the phenomenon of lack of
cytoprotective effect by autophagy and induction of the apoptosis process.

2.7. The Tested Compounds Damage DNA and Disrupt the Progression of Cell Cycle

One of the major markers of cell damage by a potentially cytotoxic compound is DNA
damage. In fact, DNA damage can have many causes, but most often it results from an
increase in oxidative stress in cells [38]. Human liver cancer cells were incubated with the
tested compounds at ICso concentration for 24 h, 48 h and 72 h, and the extent of DNA
damage was assessed using the Fast Halo Assay (FHA) method. We showed that all tested
compounds caused significant DNA damage which increased with incubation time
(Figure 9a—c). Since the tested compounds did not generate high oxidative stress, the
observed DNA damage is probably a consequence of either a secondary phenomenon or
the result of a direct interaction of the tested compounds or their metabolites with DNA
[39].
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Figure 9. Measurement of DNA damage generated by the tested compounds in (a) HUH? and (b)
HepG2 cell lines. DNA damage was presented as the Nuclear Diffusion Factor. (c) Photographs of
arepresentative cell nucleus observed during the DNA damage test. Small, medium, and large DNA
damage can be seen, visible in the photograph as a gradually growing halo around the undamaged
DNA. Images were taken using an Olympus IX70 microscope at 400x magnification. Cell-cycle
distribution of (d) HUH?7 and (e) HepG2 cell lines. The cell cycle was analyzed cytometrically after
72 h of treatment with 2a-2d used at their ICs. The percentage of DNA at a particular cell-cycle
phase was calculated from DNA histograms. Single experiments were carried out at least in
triplicate, each with 3 to 4 repeats. Data were expressed as mean and SD. The significance of
differences was estimated based on multifactor ANOVA and post-hoc Tukey tests. Statistical
analysis for Fast HALO Assay: HepG2+2a: p < 0.001: control vs. ICso (24 h and 48 h); ICs0 0 h vs. ICso
24 h; ICs0 0 h vs. ICs0 48 h; ICs0 24 h vs. ICs0 48 h; HepG2+2b: p < 0.001: control vs. ICso (0 h, 24 h and
48 h); ICs0 0 h vs. ICs0 24 h; ICs0 0 h vs. ICs0 48 h; ICs0 24 h vs. ICs0 48 h; HepG2+2c: p < 0.001: control
vs.ICs0 (0 h, 24 h and 48 h); ICs0 0 h vs. ICs0 24 h; ICs0 0 h vs. ICs0 48 h; ICs0 24 h vs. ICs0 48 h; HepG2+2d:
p <0.001: control vs. ICso (0 h, 24 h and 48 h); ICs0 0 h vs. ICs0 24 h; ICs0 0 h vs. ICs0 48 h; ICs0 24 h vs.
ICs0 48 h; HUH7+2a: p < 0.001: control vs. ICso (24 h and 48 h); ICs0 0 h vs. ICs0 24 h; ICs0 0 h vs. ICso
48 h; ICs0 24 h vs. ICs0 48 h; HUH7+2b: p < 0.01: control vs. ICs0 0 h; p < 0.001: control vs. ICs0 (24 h
and 48 h); ICso 0 h vs. ICs0 24 h; ICs0 0 h vs. ICs0 48 h; ICs0 24 h vs. ICs0 48 h; HUH7+2c: p < 0.001:
control vs. ICso (0 h, 24 h and 48 h); ICs0 0 h vs. ICs0 48 h; ICs0 24 h vs. ICs0 48 h; HUH7+2d: p < 0.05:
control vs. ICso 0 h; p <0.001: control vs. ICs0 (24 h and 48 h); ICs0 0 h vs. ICs0 24 h; ICs0 0 h vs. ICs0 48
h; ICs0 24 h vs. ICso0 48 h. Statistical analysis for cell cycle distribution: HepG2+2a: p < 0.001: control
vs. S phase and G2/M phase; HepG2+2b: p < 0.001: control vs. S phase and G2/M phase; HepG2+2c:
p < 0.001: control vs. S phase and G2/M phase; HepG2+2d: p < 0.001: control vs. S phase and G2/M
phase; HUH7+2a: p < 0.05: control vs. G1 phase; p < 0.001: control vs. S phase; HUH7+2b: p < 0.001:
control vs. G1 phase, S phase and G2/M phase; HUH7+2c: p < 0.001: control vs. G1 phase and S
phase; HUH7+2d: p < 0.05: control vs. S phase; p < 0.001: control vs. G2/M phase. For more
experimental details please see “Materials and Methods”.
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Cell cycle cytometric analysis showed that all tested compounds caused arrest of
HepG2 and HUHY cells in G1 phase, however this effect was mainly observed in HUH?7
cells (Figures 9d,e). The arrest in G1 phase is clearly observed for 2b-2d after 72 h at ICso
concentration. In contrast, moderate G1 arrest occurred with all tested compounds in
HepG2 cells. Overall, the results achieved are consistent with those obtained for DNA
damage. The effect obtained against cancer cells may be related to the fact that inhibition
of HK2 may lead to the formation of mitochondrial permeability pores and unblock the
recruitment of mitochondrial proapoptotic proteins such as Bax and Bak [40].

3. Discussion

We started by synthesizing the parent HK2 inhibitor BNBZ, referred to as 2a, and its
three dihydroxy derivatives, 2b-2d (Scheme 1). Using MST, we examined the binding
affinity of the synthetized compounds to HK2 and found that only 2a exhibited a
reasonable Ka of 8.83-11.0 uM (Figure 1a), indicating its moderate interaction with the
enzyme. However, this interaction was not highly selective, as 2a binds with similar
potency to TIGIT (Ka=12.4-16.4 uM), a protein unrelated to HK2 (Figure 1e). During MST,
we also noticed irregular fluorescence behavior at high concentrations of the tested
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samples, which combined with their poor target selectivity, prompted us to investigate
their aggregation behavior in more detail (Figure 1c-f). Using the DLS method, we found
that indeed 2a-2d have a strong tendency to form micrometric colloids (D= = 980.9-1986
nm) in aqueous media in the micromolar range (Figure 3), which may explain the initial
false-positive results obtained in the in vitro enzyme inhibition assay for DMSO-free
samples (Figure 2a). Based on the procedures developed by Shoichet’s group, we were
able to significantly reduce the level of aggregation (D.~10 nm) among all compounds
tested (Figure 3), which in turn resulted in a complete disappearance of in vitro inhibitory
activity of dihydroxy derivatives 2b—2d. Only trihydroxy 2a retained its inhibitory activity
in vitro. These results are consistent with previously determined binding affinities and
together may indicate that a pyrogallol-like moiety is necessary to maintain inhibitory
activity in this group of compounds. We suppose that despite the suppression of
aggregation, its effect on enzyme behavior remains significant, especially at higher ligand
concentrations in MST studies, as seen in Figure 1c.

The aggregation-based mechanism may explain not only the unusual behavior
observed during our enzymatic and MST studies, but also the relatively flat structure-
activity relationship seen among the pyrogallol-based library of 24 compounds obtained
by Liu et al. [15]. On the other hand, the same research group was able to determine the
enzymatic kinetic of HK2 at low concentrations of 2a (0.125-0.5 uM) and show that this
molecule is ATP-incompetent but glucose-competitive inhibitor [16]. If the results of this
experiment were affected by aggregates, their effect would extend to all kinetic
experiments because the entire enzyme molecule would be involved in nonspecific
interactions with aggregates, but no such effect was observed. Since these studies were
performed with relatively low ligand concentrations delivered from DMSO stocks, the
critical aggregation concentration may not have been exceeded and aggregates may not
have formed even in the absence of detergents. It is worth noting that of the more than 50
compounds studied by the Shoichet’s group, the critical aggregate concentration for the
strongest aggregates started at about 0.5-1.2 uM, and below these values most of the
studied compounds appear to remain in monomeric form. In our studies on compound
2a, we found the disappearance of large aggregates even at a concentration of 100 uM
(Figure 3h) in samples containing DMSO and a small addition of detergent; however, it
should be noted that the method we used has some limitations, which does not allow us
to unequivocally state the complete absence of aggregates.

The results concerning HK2 inhibition in the cellular environment also provide
interesting insights. As we expected in the initiation stage of the study, the effects of
potential inhibitors vary depending on whether they interact with the isolated enzyme or
with the enzyme contained in the intact cell. When studying HK?2, it is very possible to
encounter the problem that HK2 is a part of larger complexes composed of various
interacting components (including proteins) deposited on the outer mitochondrial
membrane. Thus, new places of interaction may be available, not necessarily located on
HK?2 itself, that can become targets for small-molecule chemicals and, upon binding with
them, lead to “inhibition” of the enzyme in a non-classical manner—e.g., by detaching
from the mitochondrial membrane and depriving it of convenient access to ATP. For these
reasons, the effects of potential HK2 inhibitors should always be tested both in vitro and
using cell-based assays. Several compounds are now known that inhibit the effects of HK2
in cells but have no effect on the isolated enzyme; these include methyl jasmonate, which
has been shown to detach HK2 from the mitochondrial membrane [41-43]. Our research
group has also found several such “inhibitors” and we are currently studying them to
understand their mechanism of action and preferential strategies for HK2 inhibition in the
cellular environment. Relating these considerations to the results presented herein, it can
be noted that the reference HK2 inhibitor, 3BP, and the parent compound 2a inhibit the
enzyme both in vitro and inside cells, whereas its dihydroxy derivatives 2b-2d fails in
vitro but some of them show inhibitory activity inside cells. A completely different issue
is 2¢, which although inhibits HK2 to about 4-11% of control, but at the same time achieves
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much less cytotoxicity compared to 2a, 2b and 2d (see Table 1). This is interesting because
it may indicate that inhibition of HK2 in cancer cells does not necessarily lead to its death.

The biological activities of the tested compounds were analyzed in many areas,
including inhibition of HK2 activity in cells, cytotoxicity, oxidative stress and induction
of cell death caused by damage to cellular components. Since we suspected the tested
compounds of having prooxidant effects, which is also suggested in the literature [29], we
decided to check what other effects accompany their administration and whether they are
responsible for the observed cytotoxicity of the compounds. Zheng et al. postulate that
the cellular redox imbalance is a result of HK2 disconnection from the mitochondrial
membrane, which leads to increased leakage of ROS from mitochondria [16]. It should be
noted, however, that mitochondria are not the only source of ROS in the cell. ROS can also
be generated, for example, in the reduction of molecular oxygen by myeloperoxidase and
NADPH oxidase—key enzymes involved in the first line of defense against pathogens.
Even the molecules of the tested compounds, after getting inside the cell, can undergo
many transformations, the side effect of which may be oxidative stress.

When analyzing the biological activity of chemical substances in terms of their
potential use in anticancer therapy, particular attention should be paid to the cytotoxic
properties of the tested substances and the induction of cell death. Our team focused in
particular on the process of autophagy, which can both lead to cell death and be the cell’s
defensive mechanism against the cytotoxic effects of exogenous substances [37].
Autophagy is a catabolic process involving the uptake and degradation of the cell
contents. This process is exacerbated by nutrient deficiencies and promotes survival by
eliminating damaged organelles and recovering metabolites. In principle, glucose
deficiency should inhibit the activity of the mTORC1 kinase complex in cells, thereby
reducing anabolic metabolism and stimulating autophagy [44]. Roberts et al. made the
unexpected observation that 2DG could prevent the induction of autophagy in response
to glucose deficiency in cardiac myocytes. Therefore, it was expected that 2DG treatment
would lower ATP levels, leading to AMPK activation and the subsequent induction of
autophagy via ULK1 phosphorylation [45].

In our study, there was little or no induction of autophagy after 48 h (Figure 8a). This
may indicate that the DNA damage, which increases with exposure to the tested
compounds (Figures 9a—c), is so high that the autophagy process is unable to remove it
and thus protect the cell from death. Other studies show that autophagy may play a dual
role in cancer, which may, as already mentioned, help cancer cells survive under stressful
conditions such as hypoxia or nutrient deprivation [46]. Correlations between apoptosis
and autophagy have been observed, although whether autophagy induces or inhibits
apoptosis depends on the cell type, character and duration of the stimulus. Due to the
different interactions of autophagy and apoptosis in cancer, they can be divided into a
synergistic effect, a promoting effect and an antagonistic effect [47]. If apoptosis is
promoted, autophagy may enhance it. The cell cycle arrest in HepG2 and HUHY cells in
the G1 phase may indicate activation of the apoptotic death pathway (Figures 9d,e).
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4. Conclusions

The parent compound 2a was selected by Liu et al. as potent HK2 inhibitor by virtual
screening (VS) and subsequent in vitro structure-activity optimization [15]. vs. has become
a key component of successful drug discovery at both an industrial and academic level,
but as Baell and Holloway mentioned, it should come as no surprise that most of hits from
vs. campaigns comprise predominantly false positives hits [48]. As they write, compounds
can give false positives results if, for example, they interfere with binding interactions by
forming aggregates, react with proteins, or directly interfere with assay signaling. The
resulting consequences can be avoided already at the vs. stage by using appropriate
substructure filters that remove problematic compounds with unwanted functionalities.
To identify problematic features of the tested compounds, we performed ADME studies
using the SwissADME predictor, a free web tool to assess the pharmacokinetics and drug-
likeness of small molecules [49]. As a result, we identified at least three unwanted
functionalities: (1) the hydroxyphenylhydrazone moiety, which is known chelator [50]
and macromolecule aggregator in bioassays [24], (2) catechol and pyrogallol moieties
capable of forming transient but highly reactive quinone methides [51], and (3) the
potentially mutagenic and highly cytotoxic nitrobenzyl group [52]. Although many
studies have shown that hydroxyphenylhydrazones belong to PAINS and SCAMs and
thus should be removed from vs. results, examples of successful inhibitor design with
these compounds can also be found in the literature. Some of these examples come from
Jiang’s group, which has developed several p-hydroxyacyl-acyl carrier protein
dehydratase (FabZ) inhibitors based on the 3,5-dibromo-2,4-
dihydroxybenzylidenehydrazide moiety [53,54]. The crystal structure determination
showed that the relatively rigid benzylidenehydrazide linker is an essential component of
the inhibitor structure, which facilitate its binding by reducing entropy loss while fitting
into the sterically restrained FabZ binding pocket. Hence, removal of hydrazones in early
lead structure discovery may be unnecessary and likely limits chemical diversity. For the
reason given above, we cannot simply conclude that the parent compound 2a is unsuitable
for further research and structure modification during medicinal chemistry optimization.
In our opinion, further development of BNBZ as a lead structure for new HK2 inhibitors,
if undertaken, should focus on the elimination of problematic functionalities and careful
assessment of physicochemical and biological properties, especially aggregation,
genotoxicity, and overall reactivity of this group of compounds. Instead, we can conclude
that according to the research hypothesis, the number and arrangement of hydroxyl
groups affects the inhibitory and biological properties, and the pyrogallol group is crucial
for maintaining the inhibitory activity of BNBZ.

The results of our work and the problems we encountered during its implementation
fit well with the ever-growing trend of paying attention to whether the obtained results
are not false positives. We are becoming more familiar and sensitive to the problems
associated with the design of biologically active compounds, especially at the academic
level, and are getting better at dealing with them. Here we would particularly like to
recommend the work of Shoichet’s group, as it is the leading research group on SCAMs.
The studies presented here focusing on the assessment of the biological activity of
potential HK2 inhibitors are currently preliminary studies. To fully answer questions
regarding practical application of the tested compounds, further attempts should be made
to determine their exact mechanism of action and all the side effect associated with their
in vivo administration. Special attention should also be paid to their formulation, as BNBZ
and its derivatives show a strong tendency to aggregate, which may have a great impact
on the results of biological studies.
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5. Materials and Methods
5.1. General Information

All reagents and solvents were obtained from commercial sources and used without
further purification. Reactions were monitored by TLC analysis using silica gel 60 Fass
plates (Merck, Darmstadt, Germany). Column chromatography was performed on silica
gel 60 (Merck). '"H- and ®C-NMR spectra were recorded on a model 600 NMR
spectrometer (Varian, Palo Alto, CA, USA) at 600 and 150 MHz, respectively. Peak
multiplicity is expressed as follows: s = singlet, d = doublet, t = triplet, dd = doublet of
doublets. NMR chemical shifts are given in ppm (), relative to residual non-deuterated
solvents as internal standard, coupling constants (J) are given in Hz. Melting points (mp)
were determined using a Boethius PHMK apparatus (VEB Analytik, Jena, Germany) and
were not corrected. High resolution electrospray ionization mass spectroscopy (ESI-
HRMS) analyzes were performed using a Waters Xevo G2 Q-TOF apparatus (Waters,
Milford, MA, USA).

5.2. Chemical Synthesis

Scheme 1 shows the general method for the synthesis of 4-nitrobenzohydrazide (1),
the parent compound BNBZ (2a), and its derivatives 2b-2¢. Hydrazine monohydrate
(98%, 4.50 mL, 90.0 mmol) was added in one portion to a solution of methyl 4-
nitrobenzoate (5.42 g, 30.0 mmol) in methanol (40.0 mL) and the solution was stirred at
room temperature for 4 h. The reaction mixture was poured into water (400 mL) and the
resulting light-yellow precipitate of 1 was filtered, air dried, and used without further
purification. The appropriate aldehyde (3.30 mmol) was added to a suspension of 1 (500
mg, 2.80 mmol) in methanol (15.0 mL) and stirred at room temperature for 24 h. The
resulting precipitates of 2a-2d were filtered and refluxed twice in ethanol (15.0 mL) to
remove unreacted starting materials.

5.3. Spectroscopic Data

4-Nitrobenzohydrazide (1): Yield 65%. Mp. 210 °C. 'TH-NMR (DMSO-ds): 6 4.64 (s, 2H), 8.06
(d, ] =9.0 Hz, 2H), 8.30 (d, | = 9.0 Hz, 2H), 10.13 (s, 1H). 3C-NMR (DMSO-d¢): d 123.45,
128.35, 138.93, 148.82, 163.81. HRMS (ESI-TOF): m/z calcd for CzHsOsNs [M + H]* 182.0566;
found: 182.0073.

(E)-N'-(2,3,4-trihydroxybenzylidene)-4-nitrobenzohydrazide (2a): Yield 53%. Mp. 248 °C. 'H-
NMR (DMSO-ds): 8 6.42 (d, ] = 8.4 Hz, 1H), 6.85 (d, | = 8.4 Hz, 1H), 8.18 (d, ] =8.4 Hz, 2H),
8.39 (d, ] = 8.4 Hz, 2H), 8.51 (s, 1H), 8.54 (br. s, 1H), 9.55 (br. s, 1H), 11.43 (br. s, 1H), 12.24
(br. s, 1H). BC-NMR (DMSO-ds): d 107.68, 110.67, 121.13, 123.67, 129.01, 132.64, 138.53,
147.53, 148.52, 149.20, 150.92, 160.72. HRMS (ESI-TOF): m/z calcd for C1sH1oN30s [M - H]-
316.0575; found: 316.1483.

(E)-N'-(2,4-dihydroxybenzylidene)-4-nitrobenzohydrazide (2b): Yield: 42%. Mp. >250 °C. 'H-
NMR (DMSO-ds): 8 6.34 (d, J=2.4 Hz, 1H), 6.38 (dd, | =8.4, 2.4 Hz, 1H), 7.35 (d, ] = 8.4 Hz,
1H), 8.17 (d, ] = 8.4 Hz, 2H), 8.38 (d, ] = 8.4 Hz, 2H), 8.55 (s, 1H), 10.01 (br. s, 1H), 11.30 (br.
s, 1H), 12.18 (br. s, 1H). BC-NMR (DMSO-ds): d 102.55, 107.75, 110.36, 123.57, 128.98,
131.13, 138.62, 149.17, 149.79, 159.45, 160.70, 160.92. HRMS (ESI-TOF): m/z caled for
C14H10N:0s [M - H]- 300.0626; found: 300.1619.
(E)-N'-(2,3-dihydroxybenzylidene)-4-nitrobenzohydrazide (2c): Yield 76%. Mp. >250 °C. 'H-
NMR (DMSO-ds): 8 6.76 (t, ] = 7.8 Hz, 1H), 6.89 (dd, ] = 8.4, 2.4 Hz, 1H), 7.03 (dd, ] = 8.4,
2.4 Hz, 1H), 8.19 (d, ] = 8.4 Hz, 2H), 8.39 (d, ] = 8.4 Hz, 2H), 8.66 (s, 1H), 9.30 (br. s, 1H),
10.92 (br. s). 12.38 (br. s, 1H) *C-NMR (DMSO-ds): d 117.50, 118.70, 119.13, 119.77, 123.60,
129.10, 138.40, 145.56, 146.10, 149.28, 149.64, 161.06. HRMS (ESI-TOF): m/z calcd for
C14sH10N30s [M - H]- 300.0626; found: 300.1625.
(E)-N’-(3,4-dihydroxybenzylidene)-4-nitrobenzohydrazide (2d): Yield 50%. Mp. >250 °C. 'H-
NMR (DMSO-ds): 8 6.81 (d, J=7.8 Hz, 1H), 6.97 (dd, | = 8.4, 1.8 Hz, 1H), 7.28 (d, ] = 1.8 Hz,
1H), 8.15 (d, ] = 8.4 Hz, 2H), 8.30 (s, 1H), 8.37 (d, ] = 8.4 Hz, 2H), 9.38 (br. s, 2H), 11.90 (br.
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s, 1H). BC-NMR (DMSO-ds): 0 112.68, 115.50, 120.81, 123.51, 125.39, 128.97, 139.27, 145.67,
148.19, 149.05, 149.36, 161.02. HRMS (ESI-TOF): m/z caled for CisHioNsOs [M - H]-
300.0626; found: 300.0625.

5.4. Protein Expression and Purification of H6-hHK2

The human hexokinase 2 construct (hHK2, aa 17-917; based on Uniprot entry P52789)
was subcloned into pET-15b vector. The construct was transformed in E. coli BL21(DE3)
and cultured at 37 °C in 1.0 L TB media supplemented with ampicillin (100 pg/mL) until
an ODew of 1.0 was reached. Protein expression (bearing N-terminal His6-tag) was
induced by adding 1.0 mM isopropyl-B-D-thiogalactopyranoside (IPTG) and shaking the
cultures overnight at 16 °C. The following day, the cells were harvested (20 min, 4000 rpm)
and resuspended in ice-cold lysis buffer (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1.0 mM
DTT, 1.0 mM PMSF). The lysate was clarified by centrifugation (30 min, 15,000 rpm) and
soluble fraction of proteins was loaded onto DEAE weak anion exchanger column (GE
Healthcare, Chicago, IL, USA) connected to AKTA Pure System (GE Healthcare). The
protein was purified using a gradient of 200-800 mM NaCl over 10 cv. Fractions
containing hHK?2 were pooled and dialyzed against 2.0 | of binding buffer (50 mM Tris-
HCI pH 8.0, 500 mM NaCl, 25 mM imidazole) overnight. The following day, the protein
was loaded onto HiPrep IMAC pre-equilibrated with binding buffer (50 mM Tris-HCl pH
8.0, 500 mM NaCl, 25 mM imidazole). After removal of unbounded proteins, hHK2 was
eluted from the column using elution buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl, 200
mM imidazole). Fractions containing hHK?2 were pooled, concentrated, and loaded onto
a Superdex 5200 10/30 gel-filtration column equilibrated with gel filtration buffer (25 mM
phosphate, pH 8.0, 500 mM NacCl). Peak fractions containing hHK2 were pooled and
concentrated in Amicon Ultra-15 concentrator units (30,000 Da cut-off; Millipore,
Burlington, MA, USA) to final concentration of 1.0 mg/mL (10 uM).

5.5. Microscale Thermophoresis

The experiments were performed on Monolith NT.115 (NanoTemper Technologies,
Munich, Germany). Fluorescence labelling of H6-HK2 with the RED-Tris-NTA dye was
performed according to the manufacturer’s protocol of Monolith His-Tag Labeling Kit
RED-Tris-NTA 2nd Generation (NanoTemper Technologies). Prior to labelling, protein
was diluted to 200 nM in 25 mM phosphate, 500 mM NaCl and 0.05% Tween-20. An equal
volume of 100 nM dye was prepared, mixed with the H6-HK2 protein solution, and
incubated with for 30 min at room temperature. Next, the labelled protein was centrifuged
for 10 min at 16,900 rpm. After labelling, the protein was stored on ice. Compounds stocks
(2x concentrated, 400 uM) were prepared in 25 mM phosphate buffer, 500 mM NaCl, 1%
DMSO and 0.05% Tween-20 (v/v), pH 8.0. Sixteen 10 pL of two-fold serial dilutions of each
compound were prepared in two 8-well PCR strips. Next, 10 pL of 80 nM protein was
added to each well. This led to a final HK2 concentration of 40 nM. The highest
concentration of compound in the assay was 200 uM. Compound-protein solutions were
centrifuged for 10 min and then loaded into MST Premium capillaries. Measurements
were made at 80% IR laser power and medium LED intensity. Data were analyzed using
NanoTemper Analysis software, from which Frorm values (Frorm = Frot/Feold) as well as initial
fluorescence were exported to excel files and evaluated in GraphPad Prism software
(GraphPad Software, San Diego, CA, USA). Dissociation constants (Ka) values were also
calculated using the GraphPad Prism software.

5.6. Cell Culture

All studies were performed on two well-differentiated liver cancer cell lines, HepG2
(ATCC, Manassas, VA, USA) and HUH? (ECACC, Salisbury, UK). Both cell lines were
cultured as monolayers in Dulbecco’s modified Eagle’s medium (DMEM,; Lonza, Bornem,
Belgium), supplemented with 10% (v/v) fetal bovine serum (Gibco, Waltham, MA, USA)
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and 1% (v/v) penicillin/streptomycin mixture (10,000 U/mL penicillin and 10 mg/mL
streptomycin; Lonza) in a 100% humidified atmosphere of 5% CO: and 95% air at 37 °C.
The cell cultures were periodically screened for Mycoplasma contamination. The cell
cultures were kept in the exponential growth phase by regular passaging of the cells three
times a week with a 0.25% trypsin/EDTA mixture (Lonza, Bornem, Belgium).

5.7. Cell Morphology

Changes in morphology of cells treated with the tested compounds were assessed as
described elsewhere [55]. The day before the experiments, cells were seeded at the
appropriate density onto 35 mm diameter dishes. The next day, the tested compounds
were added at ICso concentrations and cells were incubated for 72 h. At the end of
incubation, the medium was aspirated, the cell monolayers were washed twice with pre-
warmed PBS, and finally HBSS solution was added. Qualitative analysis of morphological
changes was performed using an IX70 fluorescence microscope (Olympus, Tokyo, Japan)
at 150x magnification.

5.8. Cytotoxicity Assay

The cytotoxic activity of tested compounds was examined by the standard MTT
spectrophotometric method described elsewhere [56]. Briefly, exponentially growing cells
were seeded into each well of a 96-well microplate (5 x 10%/well). After 24 h, tested
compounds were added to the appropriate wells in a series of concentrations, and the cells
were incubated for 72 h. After treatment with the tested compounds, the medium was
removed and a solution of MTT (3-[4,5-dimethylthiazol-2-yl]-2,3-diphenyltetrazolium
bromide) was added at a final concentration of 0.5 mg/mL. After 4 h of incubation, the
MTT solution was replaced with DMSO to dissolve the formed violet formazan crystals
in metabolically viable cells. The plates were gently shaken at room temperature to allow
complete dissolution of the formazan and read at 540 nm with a microplate reader. The
experiment was repeated at least three times under the same conditions. The cytotoxicity
of the tested compounds was assessed on the basis of their ICso values, ie., the
concentration causing a 50% reduction in cell viability as compared to untreated (control)
cells which were arbitrary taken as 100%. ICso values were calculated using the GraphPad
Prism software.

5.9. Hexokinase Activity Assays

Hexokinase activity in cells was measured using the Hexokinase Colorimetric Assay
Kit (Cat. No. MAK091-1KT; Merck). Briefly, at appropriate time points, control and
treated cells were released from monolayers by trypsinization, resuspended in PBS, and
washed twice. Subsequent steps of the enzymatic activity analysis were carried out
according to the manufacturer’s instructions. In vitro hexokinase activity was measured
using the Human Hexokinase 2 (HK2) Inhibitor Screening Kit (Cat. No. K713; BioVision,
Milpitas, CA, USA) according to the manufacturer’s instructions. No direct activation of
the probe was observed, nor its indirect activation caused by the reduction of NAD to
NADH by tested compounds. Aqueous solutions for in vitro studies were prepared by
stirring the tested compounds for 16 h in screening kit buffer containing 0.05% Tween 20
followed by incubation for 8 h at 37 °C. The resulting solutions were then filtered through
0.22 um syringe filters. Concentrated stocks of 2a—2d were prepared at 0.5 and 5 mM
concentrations in DMSO; after their dilution, no more than 1% DMSO was present in any
assay; enzyme activity was monitored for the presence of Tween 20 and DMSO.

5.10. Cell Cycle Distribution

The distribution of cells in the major phases of the cell cycle was measured by flow
cytometry, which allowed both the identification of DNA stained with the fluorescent dye
propidium iodide and accurate analysis of the DNA histogram in the cell population. The
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cell monolayer at specific time points was washed with PBS and trypsinised. The resulting
cell suspension was then centrifuged for 5 min at 1000 rpm, after which the supernatant
was removed. The resulting cell pellet was washed twice with PBS. Cells were
resuspended in PBS and then mixed with 70% cold ethanol. Immediately before
measurement, the cell suspension in ethanol was centrifuged for 5 min at 2000 rpm, then
the cell pellet was washed with PBS, and after centrifugation for 5 min at 1000 rpm,
resuspended in PBS containing propidium iodide and RNAse A at final concentrations of
75 uM and 20 pg/mL, respectively. This was followed by a 30 min incubation in complete
darkness at 37 °C. Stained cells were analyzed with a flow cytometer (Becton-Dickinson,
East Rutherford, NJ, USA) and data analysis was performed with the FlowJo cytology
software.

5.11. Clonogenicity Assay

To determine the effect of tested compounds on the clonogenicity of cancer cells,
HepG2 and HUHY cells were split into single cells and plated at 500 cells/mL in DMEM
complete medium onto regular cell culture dishes. Cells were cultured for 72 h in the
presence of tested compounds at a concentration of 25 uM, then the growth medium was
replaced with another fresh medium and the cells were cultured for another 14 days.
Briefly, after washing with PBS, cells were fixed with methanol for 1h. Cells were then
stained with 0.1% crystal violet in 35% ethanol for 20 min at room temperature. The plates
were rinsed 5 to 10 times with water until no dye was detected during rinsing. After air
drying, colonies were photographed and counted for comparison of the number of
colonies as described elsewhere [57].

5.12. ROS Measurement

The non-fluorescent form of the dye H2DCF-DA (reduced form of fluorescein)
penetrates into the cell and after hydrolysis of the acetate groups by intracellular esterases
and oxidation by ROS present in the cell, transforms into a highly fluorescent product,
DCEF (2',7'-dichlorofluorescein) [58]. To analyze the kinetics of ROS generation by tested
compounds, cells were incubated with them for 2 h. After incubation, the cell monolayer
was washed with HBSS solution, cells were incubated with a fluorescent probe (at a final
concentration of 5 uM), then the kinetics of ROS generation in the culture was monitored
for 3 h by measuring the fluorescence of the oxidized probe every 15 min at Aex = 485
nm/Aem = 538 nm (fluorescence was measured on a Fluoroscan Ascent FL microplate
reader, Labsystem, Vantaa, Finland). The results are presented as a percentage; the control
value was taken as 100%.

5.13. RNS Measurement

For the measurement of intracellular RNS, we used a simple and fast method
involving flow cytometry and nitric oxide-specific probe, DAF-FM-DA (4-amino-5-
methylamino-2’,7'-difluorofluorescein diacetate). After cell penetration and hydrolysis by
intracellular esterases, DAF-FM is released and reacts with nitric oxide to form a highly
fluorescent triazolo-fluorescein analog, DAF-FM-T [59]. To analyze the kinetics of RNS
production by tested compounds, cells were incubated with them for 2 h. After
incubation, the cell monolayer was washed with HBSS solution, cells were incubated with
the fluorescent probe (at a final concentration of 5 pM), then the kinetics of RNS
production in the culture was monitored for 3 h by measuring the fluorescence of the
oxidized probe every 15 min (fluorescence was measured on a Fluoroscan Ascent FL
microplate reader at Aex = 485 nm/Aem = 538 nm). Results are presented in %; the control
value was taken as 100%.
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5.14. Fast Halo Assay

Assessment of DNA damage in hepatocellular cancer cells was performed by fast
halo assay (FHA) according to the procedure of Sestili et al. [60]. Briefly, at appropriate
time points, control and treated cells were released from monolayers by trypsinization,
resuspended in PBS, and washed twice. The cell suspension was added to the low-
melting-point agarose solution and a small amount of the suspension was applied to a
glass slide precoated with standard agarose and then covered with a coverslip. After the
agarose had solidified, the coverslip was removed, and the slides were incubated for 15
min in 0.3 M NaOH at room temperature. During the last 5 min of incubation ethidium
bromide was added. After incubation, slides were washed and destained for 5 min in
distilled water and immediately examined under a fluorescence microscope (Olympus
IX70). Images were analysed using Image] software and Halo] plugin [61]. The results are
expressed after calculating the nuclear diffusion factor (NDF), which represents the ratio
between the total area of the halo plus the nucleus and that of the nucleus.

5.15. Autophagy Assessment

Autophagy induction was determined by measuring monodansylcadaverine (MDC)
fluorescence according to a modified method described by Vazquez and Colombo [62].
Cells were seeded into black 96-well microplates. After 24 h, tested compounds were
added and cells were incubated for another 24 h, 48 h or 72 h. At the end of incubation,
cells were incubated with MDC at a final concentration of 50 pM for 15 min at 37 °C. After
this time, the probe was removed and cells were lysed by adding lysis buffer (10.0 mM
Tris-HCl, pH 8.0, 0.1% Triton X-100). Intracellular fluorescence intensity of MDC was
measured with a Fluoroscan Ascent FL. microplate reader at Aex =335 nm/Aem =512 nm. To
normalize the number of cells per sample, the amount of DNA was determined by adding
ethidium bromide (EB) at a final concentration of 0.2 mM to each well after measuring the
MDC fluorescence. EB fluorescence was measured at Aex = 530 nm/Aem = 590 nm. The
results were finally shown as the ratio of MCD/EB fluorescence.

5.16. Statistical Analysis

All data are expressed as mean + SD and presented as a percentage of control
(untreated cells) taken as 100%, n = 3 (or more). The sample size was estimated for type I
and type II statistical errors of 0.05 and 0.8, respectively. The normality of the data was
tested with the Shapiro-Wilk test and the homogeneity of variance was verified with the
Levene’s or Brown-Forsythe tests. The significance of differences between pairs of means
was estimated using one-way ANOVA and Tukey’s post-hoc test. The significance of
differences between data received from the clonogenic assay was analyzed with the Chi-
square test. Survival curves for 2a-2d compounds and their ICso values were obtained
with using Graph-Pad Prism program. The post-hoc power of the used tests was checked
for each analysis. A statistical power below 80% was considered an invalid outcome, and
constructive conclusions were not formulated. All statistics were calculated using the
statistical software package STATISTICA (StatSoft, Tulsa, OK, USA) or GraphPad Prism.

Author Contributions: Conceptualization and methodology, K.M. and M.D.T.; chemical synthesis,
K. investigation, A.K., R K., S.Z., G.D., K. M. and M.D.T.; writing —original draft preparation, A.K,,
RK., KM. and M.D.T.; writing—review and editing, M.L.-W. and M.D.T.; statistics, M.L.-W.;
supervision, KW., AM., M.L.-W. and M.D.T.; project administration and funding acquisition,
M.D.T. All authors have read and agreed to the published version of the manuscript.

Funding: The research was financially supported by the National Science Center, Poland, grant no.
2017/27/N/NZ7/01513 except for chemical synthesis supported by BKM-521/RCH-2/2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. ]. Mol. Sci. 2022, 23, 2616 22 of 24

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mookerijee, S.A.; Gerencser, A.A.; Nicholls, D.G.; Brand, M.D. Quantifying intracellular rates of glycolytic and oxidative ATP
production and consumption using extracellular flux measurements. ]. Biol. Chem. 2017, 292, 7189-7207.
https://doi.org/10.1074/jbc.M116.774471.

Vaupel, P.; Multhoff, G. Revisiting the Warburg effect: Historical dogma versus current understanding. J. Physiol. 2021, 599,
1745-1757. https://doi.org/10.1113/JP278810.

Hay, N. Reprogramming glucose metabolism in cancer: Can it be exploited for cancer therapy? Nat. Rev. Cancer 2016, 16, 635
649. https://doi.org/10.1038/nrc.2016.77.

Wu, J; Hu, L.; Wu, F; Zou, L.; He, T. Poor prognosis of hexokinase 2 overexpression in solid tumors of digestive system: A
meta-analysis. Oncotarget 2017, 8, 32332-32344. https://doi.org/10.18632/oncotarget.15974.

Xi, F.; Ye, ]. Inhibition of lung carcinoma A549 cell growth by knockdown of hexokinase 2 in situ and in vivo. Oncol. Res. 2016,
23, 53-59. https://doi.org/10.3727/096504015X14459480491740.

Zhang, Z.F.; Feng, X.S.; Chen, H.; Duan, Z.J.; Wang, L.X,; Yang, D.; Liu, P.X.; Zhang, Q.P; Jin, Y.L.; Sun, Z.G.; et al. Prognostic
significance of synergistic hexokinase-2 and beta2-adrenergic receptor expression in human hepatocellular carcinoma after
curative resection. BMC Gastroenterol. 2016, 16, 1-10, doi:10.1186/s12876-016-0474-8..

Palmieri, D.; Fitzgerald, D.; Shreeve, S.M.; Hua, E.; Bronder, J.L.; Weil, R.].; Davis, S.; Stark, A.M.; Merino, M.].; Kurek, R.; et al.
Analyses of resected human brain metastases of breast cancer reveal the association between up-regulation of hexokinase 2 and
poor prognosis. Mol. Cancer Res. 2009, 7, 1438-1445. https://doi.org/10.1158/1541-7786.MCR-09-0234.

Peng, Q.P.; Zhou, ].M.; Zhou, Q.; Pan, F.; Zhong, D.P.; Liang, H.]. Downregulation of the hexokinase II gene sensitizes human
colon cancer cells to 5-fluorouracil. Chemotherapy 2008, 54, 357-363. https://doi.org/10.1159/000153655.

Yang, T.; Ren, C,; Qiao, P.; Han, X.,; Wang, L.; Lv, S;; Sun, Y.; Liu, Z;; Du, Y.; Yu, Z. PIM2-mediated phosphorylation of
hexokinase 2 is critical for tumor growth and paclitaxel resistance in breast cancer. Omncogene 2018, 37, 5997-6009.
https://doi.org/10.1038/s41388-018-0386-x.

Zhang, D.; Wang, H.; Yu, W.; Qiao, F.; Su, X.; Hu, H. Downregulation of hexokinase 2 improves radiosensitivity of breast cancer.
Transl. Cancer Res. 2019, 8, 291-297. https://doi.org/10.21037/tcr.2019.01.37.

Liu, Y.; Murray-Stewart, T.; Casero, R.A.; Kagiampakis, I; Jin, L.; iawen, Z.; Huihui, W.; Che, Q.; Huan, T.; Ke, ] ; et al. Targeting
hexokinase 2 inhibition promotes radiosensitization in HPV16 E7-induced cervical cancer and suppresses tumor growth. Int. J.
Oncol. 2017, 50, 2011-2023. https://doi.org/10.3892/ijo.2017.3979.

Da-Silva, W.S.; Gomez-Puyou, A.; De Gomez-Puyou, M.T.; Moreno-Sanchez, R.; De Felice, F.G.; De Meis, L.; Oliveira, M.F,;
Galina, A. Mitochondrial bound hexokinase activity as a preventive antioxidant defense. Steady-state ADP formation as a
regulatory mechanism of membrane potential and reactive oxygen species generation in mitochondria. J. Biol. Chem. 2004, 279,
39846-39855. https://doi.org/10.1074/jbc.M403835200.

Mathupala, S.P.; Ko, Y.H.; Pedersen, P.L. Hexokinase-2 bound to mitochondria: Cancer’s stygian link to the “Warburg effect”
and a pivotal target for effective therapy. Semin. Cancer Biol. 2009, 19, 17-24. https://doi.org/10.1016/j.semcancer.2008.11.006.
Li, W.; Zheng, M.; Wu, S.; Gao, S.; Yang, M,; Li, Z.; Min, Q.; Sun, W.; Chen, L.; Xiang, G.; et al. Benserazide, a dopadecarboxylase
inhibitor, suppresses tumor growth by targeting hexokinase 2. | Exp. Clin. Cancer Res. 2017, 36, 1-12.
https://doi.org/10.1186/s13046-017-0530-4.

Liu, Y,; Li, M,; Zhang, Y.; Wu, C.; Yang, K;; Gao, S.; Zheng, M.; Li, X; Li, H.; Chen, L. Structure based discovery of novel
hexokinase 2 inhibitors. Bioorg. Chem. 2020, 96, 103609. https://doi.org/10.1016/j.bioorg.2020.103609.

Zheng, M.; Wu, C,; Yang, K.; Yang, Y.; Liu, Y.; Gao, S.; Wang, Q.; Li, C.; Chen, L.; Li, H. Novel selective hexokinase 2 inhibitor
Benitrobenrazide blocks cancer cells growth by targeting glycolysis. Pharmacol. Res. 2021, 164, 105367.
https://doi.org/10.1016/j.phrs.2020.105367.

Bertoni, ].M.; Competitive Inhibition of Rat Brain Hexokinase by 2-Deoxyglucose, Glucosamine, and Metrizamide. ]. Neurochem.
1981, 37, 1523-1528. https://doi.org/10.1111/j.1471-4159.1981.tb06322.x.

Wang, H.; Wang, L.; Zhang, Y.; Wang, J.; Deng, Y.; Lin, D. Inhibition of glycolytic enzyme hexokinase II (HK2) suppresses lung
tumor growth. Cancer Cell Int. 2016, 16, 1-11. https://doi.org/10.1186/s12935-016-0280-y.

Pedersen, P.L. 3-Bromopyruvate (3BP) a fast acting, promising, powerful, specific, and effective “small molecule” anti-cancer
agent taken from labside to bedside: Introduction to a special issue. ]. Bioenerg. Biomembr. 2012, 44, 1-6.
https://doi.org/10.1007/s10863-012-9425-4.

Chen, Z.; Zhang, H.; Lu, W.; Huang, P. Role of mitochondria-associated hexokinase II in cancer cell death induced by 3-
bromopyruvate. Biochim. Biophys. Acta— Bioenerg. 2009, 1787, 553-560. https://doi.org/10.1016/j.bbabio.2009.03.003.

Zhang, Q.; Zhang, Y.; Zhang, P.; Chao, Z.; Xia, F.; Jiang, C.; Zhang, X,; Jiang, Z.; Liu, H. Hexokinase II inhibitor, 3-BrPA induced
autophagy by stimulating ROS formation in human breast cancer «cells. Genes Cancer 2014, 5, 100-112.
https://doi.org/10.18632/genesandcancer.9.



Int. ]. Mol. Sci. 2022, 23, 2616 23 of 24

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

Coan, K.E.D.; Shoichet, B.K. Stability and equilibria of promiscuous aggregates in high protein milieus. Mol. Biosyst. 2007, 3,
208-213. https://doi.org/10.1039/b616314a.

McGovern, S.L.; Helfand, B.T.; Feng, B.; Shoichet, B.K. A specific mechanism of nonspecific inhibition. . Med. Chem. 2003, 46,
4265-4272. https://doi.org/10.1021/jm030266r.

Coan, K.E.D.; Shoichet, B.K. Stoichiometry and physical chemistry of promiscuous aggregate-based inhibitors. J. Am. Chem. Soc.
2008, 130, 9606-9612. https://doi.org/10.1021/ja802977h.

McGovern, S.L.; Caselli, E.; Grigorieff, N.; Shoichet, B.K. A Common Mechanism Underlying Promiscuous Inhibitors from
Virtual and High-Throughput Screening. J. Med. Chem. 2002, 45, 1712-1722. https://doi.org/10.1021/jm010533y.

Auld, D.S,; Inglese, ].; Dahlin, J.L. Assay Interference by Aggregation Flowchart Abbreviations Introduction and Background
Introduction. Assay Guid. Man. 2017, 1-28.

Tang, D.; Kang, R.; Berghe, T. Vanden; Vandenabeele, P.; Kroemer, G. The molecular machinery of regulated cell death. Cell
Res. 2019, 29, 347-364. https://doi.org/10.1038/s41422-019-0164-5.

Kroemer, G.; El-Deiry, W.S.; Golstein, P.; Peter, M.E.; Vaux, D.; Vandenabeele, P.; Zhivotovsky, B.; Blagosklonny, M.V.; Malorni,
W.; Knight, R.A ; et al. Classification of cell death: Recommendations of the nomenclature committee on cell death. Cell Death
Differ. 2005, 12, 1463-1467. https://doi.org/10.1038/sj.cdd.4401724.

Rushmore, T.H.; Morton, M.R.; Pickett, C.B. The antioxidant responsive element: Activation by oxidative stress and
identification of the DNA consensus sequence required for functional activity. J. Biol. Chem. 1991, 266, 11632-11639.
https://doi.org/10.1016/s0021-9258(18)99004-6.

Hodnick, W.F.; Duval, D.L.; Pardini, R.S. Inhibition of mitochondrial respiration and cyanide-stimulated generation of reactive
oxygen species by selected flavonoids. Biochem. Pharmacol. 1994, 47, 573-580. https://doi.org/10.1016/0006-2952(94)90190-2.
Mati¢, S.; Stani¢, S.; Bogojevi¢, D.; Vidakovi¢, M.; Grdovi¢, N.; Arambasi¢, J.; Dini¢, S.; Uskokovié, A.; Poznanovi¢, G.; Soluji¢,
S.; et al. Extract of the plant cotinus coggygria scop. attenuates pyrogallol-induced hepatic oxidative stress in wistar rats. Can.
J. Physiol. Pharmacol. 2011, 89, 401-411. https://doi.org/10.1139/Y11-043.

Nutter, L.M.; Yu-Ying, W.; Ngo, E.O; Sierra, E.E.; Gutierrez, P.L.; Abul-Hajj, Y.J. An 0-Quinone Form of Estrogen Produces Free
Radicals in Human Breast Cancer Cells: Correlation with DNA Damage. Chem. Res. Toxicol. 1994, 7, 23-28,
do0i:10.1021/tx00037a004.

Saeki, K.; Hayakawa, S.; Isemura, M.; Miyase, T. Importance of a pyrogallol-type structure in catechin compounds for apoptosis-
inducing activity. Phytochemistry 2000, 53, 391-394. https://doi.org/10.1016/S0031-9422(99)00513-0.

Han, Y.H.; Kim, S.Z.; Kim, S.H.; Park, W.H. Pyrogallol inhibits the growth of human lung cancer Calu-6 cells via arresting the
cell cycle arrest. Toxicol. Vitr. 2008, 22, 1605-1609. https://doi.org/10.1016/j.tiv.2008.06.014.

Jung, S.; Jeong, H.; Yu, SW. Autophagy as a decisive process for cell death. Exp. Mol. Med. 2020, 52, 921-930.
https://doi.org/10.1038/s12276-020-0455-4.

Kapuy, O.; Holczer, M.; Marton, M.; Korcsmaros, T. Autophagy-dependent survival is controlled with a unique regulatory
network upon various cellular stress events. Cell Death Dis. 2021, 12, 1-11. https://doi.org/10.1038/s41419-021-03599-7.
Chmurska, A.; Matczak, K.; Marczak, A. Two faces of autophagy in the struggle against cancer. Int. J. Mol. Sci. 2021, 22, 1-29.
https://doi.org/10.3390/ijms22062981.

Yu, Y.; Cui, Y.; Niedernhofer, L.J.; Wang, Y. Occurrence, Biological Consequences, and Human Health Relevance of Oxidative
Stress-Induced DNA Damage. Chem. Res. Toxicol. 2016, 29, 2008-2039. https://doi.org/10.1021/acs.chemrestox.6b00265.
Gonzalez-Hunt, C.P.; Wadhwa, M.; Sanders, L.H. DNA damage by oxidative stress: Measurement strategies for two genomes.
Curr. Opin. Toxicol. 2018, 7, 87-94. https://doi.org/10.1016/j.cotox.2017.11.001.

Krasnov, G.S.; Dmitriev, A.A.; Lakunina, V.A,; Kirpiy, A.A.; Kudryavtseva, A.V. Targeting VDAC-bound hexokinase II: A
promising approach for concomitant anti-cancer therapy. Expert Opin. Ther. Targets 2013, 17, 1221-1233.
https://doi.org/10.1517/14728222.2013.833607.

Goldin, N.; Arzoine, L.; Heyfets, A.; Israelson, A.; Zaslavsky, Z.; Bravman, T.; Bronner, V.; Notcovich, A.; Shoshan-Barmatz, V.;
Plescher, E. Methyl jasmonate binds to and detaches mitochondria-bound hexokinase. Oncogene 2008, 27, 4636-4643.
https://doi.org/10.1038/onc.2008.108.

Galluzzi, L.; Kepp, O.; Tajeddine, N.; Kroemer, G. Disruption of the hexokinase-VDAC complex for tumor therapy. Oncogene
2008, 27, 46334635, doi.org/10.1038/onc.2008.114.

Shoshan-Barmatz, V.; Zakar, M.; Rosenthal, K.; Abu-Hamad, S. Key regions of VDAC] functioning in apoptosis induction and
regulation by hexokinase. Biochim. Biophys. Acta— Bioenerg. 2009, 1787, 421-430. https://doi.org/10.1016/j.bbabio.2008.11.009.
Kundu, M. Too Sweet for Autophagy: Hexokinase Inhibition of mTORC1 Activates Autophagy. Mol. Cell 2014, 53, 517-518.
https://doi.org/10.1016/j.molcel.2014.02.009.

Roberts, D.J.; Tan-Sah, V.P.; Ding, E.Y.; Smith, ].M.; Miyamoto, S. Hexokinase-II Positively Regulates Glucose Starvation-
Induced Autophagy through TORC1 Inhibition. Mol. Cell 2014, 53, 521-533. https://doi.org/10.1016/j.molcel.2013.12.019.

Yun, CW.; Lee, S.H. The roles of autophagy in cancer. Int. ]. Mol. Sci. 2018, 19, 3466. https://doi.org/10.3390/ijms19113466.

Xie, Q.; Liu, Y.; Li, X. The interaction mechanism between autophagy and apoptosis in colon cancer. Transl. Oncol. 2020, 13,
100871. https://doi.org/10.1016/j.tranon.2020.100871.

Baell, J.B.; Holloway, G.A. New Substructure Filters for Removal of Pan Assay Interference Compounds (PAINS) from
Screening Libraries and for Their Exclusion in Bioassays. J. Med. Chem. 2010, 53, 2719-2740. https://doi.org/10.1021/jm901137j.




Int. ]. Mol. Sci. 2022, 23, 2616 24 of 24

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 1-13. https://doi.org/10.1038/srep42717.

Ainscough, EW.; Brodie, AM.; Denny, W.A; Finlay, G.J.; Gothe, S.A.; Ranford, ].D. Cytotoxicity of salicylaldehyde
benzoylhydrazone analogs and their transition metal complexes: Quantitative structure-activity relationships. J. Inorg. Biochem.
1999, 77, 125-133. https://doi.org/10.1016/50162-0134(99)00131-2.

Ifa, D.R.; Rodrigues, C.R.; De Alencastro, R.B.; Fraga, C.A.M.; Barreiro, E.J. A possible molecular mechanism for the inhibition
of cysteine proteases by salicylaldehyde N-acylhydrazones and related compounds. J. Mol. Struct. Theochem. 2000, 505, 11-17.
https://doi.org/10.1016/50166-1280(99)00307-3.

Juneja, T.R.; Bala, A.; Kumar, P.; Gupta, R.L. Mutagenicity of nitrobenzyl derivatives: Potential bioreductive anticancer agents.
Mutat. Res. Lett. 1995, 348, 137-145. https://doi.org/10.1016/0165-7992(95)00058-5.

Zhang, L.; Liu, W.; Hu, T,; Du, L,; Luo, C.; Chen, K; Shen, X.; Jiang, H.; Structural Basis for Catalytic and Inhibitory Mechanisms
of pB-Hydroxyacyl-acyl Carrier Protein Dehydratase (FabZ). ]  Biol. = Chem. 2008, 283, 5370-5379.
https://doi.org/10.1074/jbc.M705566200.

He, L.; Zhang, L.; Liu, X,; Li, X.; Zheng, M.; Li, H.; Yu, K,; Chen, K,; Shen, X,; Jiang, H.; et al. Discovering Potent Inhibitors
Against the -Hydroxyacyl-Acyl Carrier Protein Dehydratase (FabZ) of Helicobacter pylori: Structure-Based Design, Synthesis,
Bioassay, and Crystal Structure Determination. ]. Med. Chem. 2009, 52, 2465-2481. https://doi.org/10.1021/jm8015602.

Jabtoniski, A.; Matczak, K.; Koceva-Chyta, A.; Durka, K; Steverding, D.; Jakubiec-Krzesniak, K.; Solecka, J.; Trzybinski, D.;
Wozniak, K.; Andreu, V.; et al. Cymantrenyl-nucleobases: Synthesis, anticancer, antitrypanosomal and antimicrobial activity
studies. Molecules 2017, 22, 2220. https://doi.org/10.3390/molecules22122220.

Carmichael, J.; Degraff, W.G.; Gazdar, A.F.; Minna, J.D.; Mitchell, ].B. Evaluation of a Tetrazolium-based of Semiautomated
Colorimetrie Assay: Assessment of Chemosensitivity Testing. Cancer Res. 1987, 47, 936-942.

Franken, N.A.P.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315-2319. https://doi.org/10.1038/nprot.2006.339.

Karlsson, M.; Kurz, T.; Brunk, U.T.; Nilsson, S.E.; Frennesson, C.I. What does the commonly used DCF test for oxidative stress
really show? Biochem. ]. 2010, 428, 183-190. https://doi.org/10.1042/B]J20100208.

Namin, S.M.; Nofallah, S.; Joshi, M.S.; Kavallieratos, K.; Tsoukias, N.M. Kinetic analysis of DAF-FM activation by NO: Toward
calibration of a NO-sensitive fluorescent dye. Nitric Oxide — Biol. Chem. 2013, 28, 39—-46. https://doi.org/10.1016/j.niox.2012.10.001.
Sestili, P.; Martinelli, C.; Stocchi, V. The fast halo assay: An improved method to quantify genomic DNA strand breakage at the
single-cell level. Mutat. Res— Genet. Toxicol. Environ. Mutagen. 2006, 607, 205-214. https://doi.org/10.1016/j.mrgentox.2006.04.018.
Maurya, D.K. HaloJ: An image] program for semiautomatic quantification of DNA damage at single-cell level. Int. J. Toxicol.
2014, 33, 362-366. https://doi.org/10.1177/1091581814549961.

Vazquez, C.L.; Colombo, M.I. Chapter 6 Assays to Assess Autophagy Induction and Fusion of Autophagic Vacuoles with a
Degradative Compartment, Using Monodansylcadaverine (MDC) and DQ-BSA. Methods Enzymol. 2009, 451, 85-95.
https://doi.org/10.1016/S0076-6879(08)03606-9.



