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Herein, we report the synthesis and evaluation of four aminoguanidine hydrazone derivatives
with different aromatic moieties. This class of compounds presents a series of biological
applications. Derivative AGH-3 with an indole nucleus offered the highest antioxidant
capacity with results comparable to Trolox in 2,2-diphenyl-2-picrylhydrazyl radical (DPPH"),
2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS**), Fe' reduction assay (FRAP),
and nitric oxide ("NO) radical scavenging assays. Furthermore, AGH-3 showed the highest
antiproliferative activity against human kidney cancer cells (786-0) with concentration necessary
to inhibit 50% cell growth (Glj,) = 6.3 uM; additionally, in biophysical studies, AGH-3 interacted
with ctDNA (biological target model) forming a fluorescent supramolecular complex with a
binding constant (K;) of 2.89 x 10° M"! with preferentially an intercalator mechanism. The tested
compounds revealed the potential of aminoguanidine hydrazones as a strategic class of compounds
with multitarget biological activity.
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Introduction the 1970s,” attracting much attention. Among other properties

reported are photoreceptor neuroprotective agent,'® an

Aminoguanidine hydrazones (AGHs) present a
wide spectrum of applications, as a result of their mixed
characteristics, in terms of electronic properties and ability
to form hydrogen bonds with different systems.! Among
the many biological activities reported for this class of
compounds mentioned are: anticancer,? antioxidant,?
antimicrobial,* inducible nitric oxide synthase (iNOS)
inhibition,”> antimalarial, and antitubercular activity.®®
Guanabenz (1) (Figure 1a) is an AGH o2-adrenergic receptor
agonist that has been used as an antihypertensive agent since
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adjuvant in the treatment of chronic toxoplasmosis,'!'? as
an acid-sensing ion channel modulator (ASICs) helping
to control the pain of inflammatory diseases such as
rheumatoid arthritis,'* mitigating hepatotoxicity induced
by acetaminophen,'* and promotes glioblastoma cell
sensitization under the action of the sunitinib antineoplastic
agent.” Therefore, this compound may serve as a basis
for developing active substances for an array of biological
models. A good example is a monochlorinated derivative
of guanabenz, called sephin-1 (2) (Figure la), which has
attracted interest as a neuroprotective agent, especially since
the compound presents no adrenergic effects.!® Moreover,
compound 2 has demonstrated other activities associated
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with antivirals,'” promoting modulation of acid-sensing
ion channels and blocking acid-induced pain, a useful
mechanism for pain control in inflammatory diseases."

AGHs can block estrogen receptors, as compound 3
(Figure 1a), an estrogen receptor blocker capable of
reversing breast cancer resistance to tamoxiphen.'
Furthermore, compound 4 was tested against Trypanosoma
cruzi (T. cruzi), with an LCs, (concentration necessary to
kill 50% of the parasites) of 573 uM, considered moderate
to low activity. Qualitative analysis of structure-activity
relationships showed that the highest activity occurred
with compounds carrying aromatic regions with ortho
substitution and less exchangeable hydrogens.!” The
potential of compound 4 was featured by the ability to inhibit
both the lipase from Candida rugosa and, for pest control,
the crude intestinal lipase of Rhynchophorus palmarum
larvae, a pest in agriculture.?

Franca et al.*' demonstrated that AGH’s 5, 6, 7 and 8
(Figure la) are active against strains of colon carcinoma
(HCT-8), melanoma (MDA-MB-435), and glioblastoma
(SF-295) with concentration necessary to inhibit 50% cell
growth (GLs;) < 100 uM. Compound 5 was considered
the least toxic compound when assessed against J774
macrophages. Compound 9 has demonstrated anti-
inflammatory and analgesic activity via reduced release
of proinflammatory cytokines, increased interleukin
10 (IL10) production, and reduced neuronal activity in
mice.”? Compound 9 can also reduce oxidative stress and
presented anti-inflammatory action in a neonatal sepsis
rodent model.” Finally, aminoguanidine derivatives were
evaluated in different aromatic scaffolds against 7. cruzi
to demonstrate an LCy, from 17 to 876 uM. Compound 10
(Figure 1a) was the most active.

Based on the potentialities of aminoguanidine
hydrazone and the interest in exploring the activities of
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the hydrazinoimidazoline group due to the wide range
of biological activities, which include antimicrobial,
antiproliferative,?* antinociceptive,” anti-7. cruzi,”® among
others, AGHs contained that nucleus were designed and
assessed. Besides, some compounds with five five-membered
rings are described by their activity against some diseases,
such as compound 11, which presented LCs, from 0.1 to
1 uM,¥28 about 500 more active than compound 4. Thus, in
this work, compounds incorporating aromatic or heterocyclic
groups to the hydrazinoimidazoline nucleus were synthesized
(Figure 1b), and antiproliferative and antioxidant activities
were reported, as well as biophysical studies in modified
analogs exploring deoxyribonucleic acid (DNA) model were
carried out to establish a potential target.

Experimental
Reagents and solutions

All reagents and solvents used in this work presented
an analytical degree of purity (> 95%), being used
directly without further purification. In the antioxidant
assays, compounds 2,2-azinobis(3-ethylbenzothiazoline-
6-sulfonic acid (ABTS), 2,2-diphenyl-2-picrylhydrazyl
radical (DPPH"), quercetin, and Trolox were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). In the
antiproliferative tests, bovine serum albumin (BSA),
streptomycin-penicillin, dimethyl sulfoxide (DMSO),
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT), fetal bovine serum, trichloroacetic acid
(TCA), H,PO, and sulforhodamine B were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). In the biophysical
interaction studies, Tris-HCI, ethidium bromide (EB),
Hoechst 33258 (HO), and ctDNA (Calfthimus) type I fibers
were used from Sigma-Aldrich (Missouri, USA). At the
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Figure 1. (a) Some examples of bioactive AGHs in the literature. (b) Proposed modification in the aminoguanidine nucleus system.

2of 14

J. Braz. Chem. Soc. 2024, 35, 5, e-20230177



Aminoguanidine Hydrazone Derivatives

same time, potassium persulfate (K,S,0q4) was purchased
from Merck (Darmstadt, Germany).

DPPH" stock solution was prepared by dissolving 12 mg
of the commercial radical in 50 mL of methanol. The
ABTS** stock solution (1 mmol L) radical was prepared
by directly dissolving 26 mg of ABTS in water, then 3.0 mL
of 1 mmol L' K,S,0, were added, completing the volume
of 10 mL with deionized water. After 16 h of incubation
protected from light, the solution was diluted to 25 mL with
0.05 mol L' phosphate buffer (pH = 7.2).23°

The ctDNA stock solution was prepared by dissolving
an appropriate amount of solid nucleic acid in Tris-HCI
buffer solution overnight and storing it at 4 °C in the
dark. The concentration of the stock ctDNA solution
was determined using UV absorption at 260 nm and an
extinction coefficient (€) of 6600 L mol! at 25 °C. The
purity of the ctDNA solution was evaluated by monitoring
the absorbance ratio from 260 to 280 nm. If the solution
gave a ratio of A,q/A,g > 1.8, the ctDNA was considered
sufficiently free from protein contamination.*!

Apparatus

Analytical thin layer chromatography (TLC) was
performed using silica gel plates Merck (Darmstadt,
Germany) 60F 254, and plates were visualized by exposure
to ultraviolet light. Compounds were purified on reverse
phase column: adsorption via hydrophobic interaction
(AIT) 50 g (C18). Yields refer to isolated compounds
estimated to be > 95% pure as determined by 'H nuclear
magnetic resonance (NMR) or high performance liquid
chromatography (HPLC). The 'H and '*C NMR spectra
were recorded on Bruker Advanced DPX Spectrometer
(Bruker Corporation, Billerica, USA) operating at 400
and 100 MHz, respectively. For retention time (ty) and
purity degree (%) of all compounds, a Shimadzu HPLC
chromatograph (model SIL-20AHT, Kyoto, Japan) was
used with a Luna® (5 um C,4(2) 100 A) column (250 x
4.6 mm) and wavelength (1) of 254 nm (photodiode array
(PDA) detector). During all HPLC analyses, a mixture
of methanol/trifluoroacetic acid with HPLC degrees
(2 99%) was used as a mobile phase (v/v 99.9:0.1%).
Moreover, some parameters were established as (i) sample
concentration of 1 mg mL", (ii) the flow rate of 1 mL
min’', (iii) run time of 10 min, and (iv) injection volume
of 5 uL. Lastly, t; and absorbance values were computed
in minutes (min) and milliabsorbance unities (mAU). All
spectral and chemical characterization data are described
in the Supplementary Information section.

The pH measurements were performed using a
Gehaka pH meter (PG1800 model, Brazil). Molecular
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absorption measurements were performed in a scanning
spectrophotometer Micronal (AJX-6100PC model, Sao
Paulo, Brazil) with a double-beam and equipped with
1 cm optical path quartz cuvettes. The spectrofluorimetric
titrations were performed on a Shimadzu spectrofluorimeter
(model RF-5301PC, Kyoto, Japan) equipped with a Xe
lamp (150 W) and using 1 cm optical path quartz cuvettes.

Synthesis and characterization

Synthesis of 2-hydrazinyl-4,5-dihydro-1H-imidazole
iodide (14)

2-Hydrazine-4,5-dihydro- 1 H-imidazole iodide (14)
was prepared by dissolving 4 mmol (976.4 mg of
methylthioimidazole iodate (12, 244.1 g mol') in 8 mL
ethanol, followed by the addition of 4.4 mmol (344.2 mg)
hydrazine hydrate (13, 50.6 g mol') (Scheme 1). The
mixture was stirred under reflux for 7 h and monitored
using TLC. The reaction was then cooled and evaporated
until dry, followed by the addition of ethyl ether and
filtration of the white precipitate formed,* 2-hydrazine-
4,5-dihydro-1H-imidazole iodide (14).3*3*228.03 g mol™;
yield 778 mg (3.4 mmol, 85%); t; 4.84 min; purity: 54.35%;
'H NMR (400 MHz, DMSO-d,) d 3.56 (s, 4H, 2 x CH,CH,),
6.70-8.50 (brs, 4H, 4 x NH, NH,); “C NMR (100 MHz,
DMSO-dy) 6 162.25 (C), 43.00 (CH,CH,), (Figures S1, S2,
and S11, Supplementary Information section).

Synthesis of AGH derivates (AGH-1 to AGH-4)

An appropriate aldehyde 0.4385 mmol (1.0 eq.)
was added to a mixture of 0.4385 mmol (1.0 eq.)
of compound 14 dissolved in ethanol. The resulting
mixture was refluxed (6 h) until consumption of the
aromatic aldehyde (15-18) (Scheme 1), indicated by
the disappearance of its corresponding line in the TLC
analysis.* The compounds were purified by reversed-phase
flash column chromatography. Finally, the hydrochloride
salts were obtained after salification with 2 M HCl in Et,0.
The resulting solids were washed twice with Et,O and dried
at room temperature under reduced pressure. The final
compounds were characterized using NMR spectroscopy
("H and ¥C NMR). The purity of each compound was over
95%, as determined by HPLC.

4-((2-(4,5-Dihydro-1H-imidazol-2-yl)hydrazinylidene)
methyl)-benzoic acid hydro-chloride (AGH-1)%

Yellow solid; multi-plane light conversion (MPLC)
inverse (MeOH 40%); 268.7 g mol’'; yield 110 mg (0.41
mmol, 93%); t; 2.38 min; purity: 100%; 'H NMR (400 MHz,
DMSO-d,) 6 3.76 (s, 4H, CH,CH,), 7.87-8.08 (m, J 8.0 Hz, 4
aromatic H), 8.26 (s, 1H, ArCH=N), 8.79 (s, 1H, NH), 10.90
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Scheme 1. Synthesis of AGH derivates AGH-1 to AGH-4. (a) Methylthioimidazole iodate (12, 244.1 g mol") and hydrazine hydrate (13, 50.6 g mol™') in
8 mL ethanol were stirred under reflux for 7 h forming 2-hydrazine-4,5-dihydro- 1 H-imidazole iodide (14, 228.03 g mol™) (yield 85%); (b) The mixture of
4-formylbenzoic acid (15, 150.13 g mol') and 14 was refluxed (6 h) forming AGH-1 (yield 93%); (c) mixture 4-formylbenzonitrile (16, 131.13 g mol™")
and 14 was refluxed (6 h) forming AGH-2 (yield 64%); (d) mixture 1H-indole-3-carbaldehyde (17, 145.16 g mol™') and 14 was refluxed (6 h) forming
AGH-3 (yield 64%); (e) mixture quinoline-3-carbaldehyde (18, 157.17 g mol') and 14 was refluxed (6 h) forming AGH-4 (yield 65%).

(s, 1H, NH), 12.44 (s, IH, COOH); *C NMR (100 MHz,
DMSO-d;) 6 43.30 (CH,CH,), 128.04, 130.07 (aromatic
CH), 132.70, 137.72 (aromatic C), 147.50 (ArCH=N),
158.32 (C=N, imidazole), 167.29 (C=0) (Figures S3, S4
and S12, Supplementary Information section).

4-((2-(4,5-Dihydro-1H-imidazol-2-yl)hydrazineylidene)
methyl)benzonitrile hydro-chloride (AGH-2)

White solid; column chromatography (MeOH:CH,Cl,
1:9); 249.7 g mol''; yield 70 mg (0.28 mmol, 64%); 'H NMR
(400 MHz, DMSO-dy) 6 3.77 (s, 4H, CH,CH,), 7.96 (d,
J 8.5 Hz, 2 aromatic H), 8.05 (d, J 8.5 Hz, 2 aromatic H),
8.23 (s, 1H, ArCH=N), 8.79 (brs, 1H, NH), 12.47 (s, 1H,
NH); *C NMR (100 MHz, DMSO-d,) 6 43.30 (CH,CH,),
112.95, 119.04 (aromatic CH), 128.57, 133.14 (aromatic C),
138.16 (cyano group), 146.69 (ArCH=N), 158.38 (C=N)
(Figures S5 and S6, Supplementary Information section).

2-((2-(4,5-Dihydro-1H-imidazol-2-yl)hydrazineylidene)
methyl)-1H-indole hydro-chloride (AGH-3)

Brown solid; column chromatography (MeOH:CH,Cl,
1:9); 263.73 g mol”'; yield 0.50 g (2.65 mmol, 72%);
'H NMR (400 MHz, DMSO-d,) 6 3.74 (s, 4H, CH,CH,),
7.15 (t, 1H, J 7.9 Hz), 7.22 (t, 1H, J 7.5 Hz), 7.45 (d, 1H,
J 8.0 Hz), 7.89 (d, 2H, J 2.8 Hz), 8.34 (d, J 7.8 Hz, 1H),
8.45 (s, 1H, ArCH=N), 11.86 (brs, 1H, NH), 12.46 (s, 1H,
NH imidazole); *C NMR (100 MHz, DMSO-d;) 6 43.26
(CH,CH,), 112.31, 121.12, 123.00, 123.26 and 132.48
(aromatic CH), 146.43 (ArCH=N), 110.98, 124.31 and
137.57 (aromatic C), 157.75 (imidazole C) (Figures S7
and S8, Supplementary Information section).
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4-((2-(4,5-Dihydro-1H-imidazol-2-yl)hydrazineylidene)
methyl)quinoline hydro- chloride (AGH-4)%

Yellow solid; column chromatography (dichloromethane
(DCM):MeOH 5%); 275.74 g mol™'; yield 79 mg (0.29 mmol,
65%); tx 2.38 min; purity: 95.26%; 'H NMR (400 MHz,
DMSO-d,) 6 3.81 (s,4H, CH,CH,), 7.96 (t, 1H,J 7.7 Hz), 8.10
(t, 1H, J 7.7 Hz), 8.40 (d, 1H, J 8.5 Hz), 8.49-8.50 (m, 1H,
J5.3Hz),8.57 (s, IH, ArCH=N), 9.27 (d, J 5.3 Hz, 1H), 9.31
(s, IH,imidazole NH), 13.61 (s, 1H, hydrazine NH); *C NMR
(100 MHz, DMSO-dy) 6 43.42 (CH,CH,), 119.12, 124.75,
129.79, 133.22, 143.02 (aromatic CH), 146.64 (ArCH=N),
125.79 (aromatic C), 158.23 (imidazole C) (Figures S9, S10,
and S13, Supplementary Information section).

Antioxidant activity assays

DPPH- radical scavenging assay

In order to evaluate the DPPH" radical scavenger
capacity, 0.20 mL of DPPH" radical (608 umol L) was
mixed incrementally with the sample or reference solution
(1-50 mg L"), and the final volume was adjusted to 4.0 mL
using 30% (v/v) hydroethanolic solution. After 30 min of
incubation without light, the spectrophotometric measurement
was made at 527 nm. The concentration required to reduce
50% of the radical specie (ICs,) value was determined using
a linear regression between the concentration in mg L
(abscissa axis) and the percentage inhibition (I) (ordinal
axis), using the equation I/ % = [1 — (A o/ A,;) X 100], where
A o corresponds to sample absorbance and A,;the negative
control absorbance (0.20 mL of DPPH" solution and 3.8 mL
hydroethanolic solution 30% (v/v)).2
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ABTS** radical scavenging assay

To perform the ABTS** radical assay, we proceeded
as follows: 0.22 mL of the ABTS** radical solution was
added incrementally to the sample or standard solution
(1-50 mg L"), and 2.80 mL of deionized water. After
15 min, the spectrophotometric measurement was done
734 nm. The reference signal was obtained from a similar
solution; thus, the sample was replaced with water. The
ICs, value was determined using a linear regression
between the concentration in mg L' (abscissa axis) and the
percentage inhibition (I) (ordinal axis), using the equation
I/ % =11 - (Ayo/A,p) % 100]; with A,y as the sample
absorbance and A, as the negative control absorbance
(0.20 mL of ABTS** solution and 3.8 mL of deionized
water).?*30

Fe''reduction assay (FRAP)

Evaluation of Fe™ reduction capacity was performed
by adding 0.75 mL of sample or standard solutions,
1.25 mL of K;[Fe(CN),] at 1.0% (m/v) previously diluted
in phosphate buffer pH 6.0, and 1.25 mL of ultrapure water.
The mixture was incubated for 20 min at 50 °C. Then,
1.25 mL of trichloroacetic acid 10% (v/v) and 0.5 mL of
FeCl; 0.1% (m/v) were added to form the Prussian Blue
complex (chromophore), which presents a maximum
absorbance at 700 nm. The reference solution (analytical
blank) was prepared by replacing the standard or sample
with ultrapure water.’

Nitric oxide (°NO) scavenger

To evaluate *NO radical scavenging, 0.5 mL of
5.0 mmol L' sodium nitroprusside solution diluted in
phosphate buffer (0.1 mol L', pH 7.0) and 2.5 mL of the
samples or standards were used. The final volume was
adjusted to 5.0 mL with ultrapure water, and the resulting
solution was incubated at room temperature for 150 min.*
The reference signal (blank) was obtained from a solution
similar to the one above; however, the sample or standard
was replaced by ultrapure water. At 30 min intervals,
1.0 mL aliquots of the incubated samples were collected
and mixed with 1.0 mL of Griess reagent. The chromophore
was generated from the sulfanilamide-sodium nitrite
diazonization reaction in an acidic medium, followed by
coupling with naphthyl ethylenediamine and measured
spectrophotometrically at 546 nm.

Antiproliferative activity
Cell lines

Nine human cancer cell lines were used: U251
(glioblastoma); MCF-7 (adenocarcinoma of the breast); NCI-
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ADR/RES (multidrug-resistant ovarian adenocarcinoma);
786-0 (adenocarcinoma of the kidney); NCI-H460 (non-
small cell carcinoma of the lung); PC-3 (adenocarcinoma
of the prostate); OVCAR-03 (adenocarcinoma of the
ovary); HT-29 (colorectal adenocarcinoma); K562
(chronic myelogenous leukemia) and one immortalized
cell line (HaCat, human keratinocyte). Stock cultures were
grown in the complete medium Roswell Park Memorial
Institute (RPMI)-1640 supplemented with 5% fetal
bovine serum (FBS, Nutricell, Rio de Janeiro, Brazil) and
penicillin:streptomycin (1000 mg mL*:1000 U mL") at
37 °C and 5% of CO,. All experiments were done with the
cell at 5 to 12 passages.

Sample preparation

Aliquots of AGH-1-AGH-4 were diluted in DMSO
(100 mg mL") followed by serial dilution in a complete
medium affording the final concentrations of 0.25, 2.5,
25, and 250 pg mL"!. Doxorubicin was diluted in the same
way affording the final concentrations (0.025, 0.25, 2.5,
and 25 pg mL").

Treatment and evaluation

Each cell line was plated in 96-well plates
(100 uL per well, cell density from 3 to 6 x 10° cell per well)
for 24 h before samples addition (100 pL per well,
AGH-1-AGH-4; 0.25 to 250 pg mL") in triplicate and
incubated for 48 h. Doxorubicin (0.025 to 25 ug mL") was
used as a positive control. Before (T,) and after (T,) sample
addition, the cells were fixed with trichloroacetic acid
(TCA, 50% (v/v), 50 puL per well), and cell proliferation
quantification was determined by sulforhodamine B (SRB)
protocol at 540 nm. The difference between T, and T,
absorbance values represented 100% of cell proliferation,
and each cell line’s proliferation (%) in the presence of
each sample concentration was calculated. The results were
plotted as cell growth versus sample concentration. Thus,
using these curves, the sample concentration required to
promote 50% of growth inhibition (GIj,) of each cell line
was calculated by sigmoidal regression using Origin 9.0
software.* The selectivity index (SI) was calculated as
SI = Glsypracary/Glso wmor et 104

DNA interaction studies

Evaluation of ctDNA-ligand interaction using UV-Vis and
molecular fluorescence

Absorbance measurement was performed for AGH-3
(10 uM), ctDNA (0-120 uM), and the respective mixture to
evaluate the complex formation. The UV-Vis spectra were
recorded in the 220-330 nm range. The spectrofluorometric
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titrations were performed, keeping AGH-3 concentration
constant (10 uM) and varying the ctDNA in incremental
additions. The excitation wavelength was 310 nm,
respectively using 5 and 10 nm slits (for excitation and
emission), with the spectra recorded from 320 to 500 nm.

Competition study with ethidium bromide (EB) and
Hoechst (HO)

To evaluate the preferential binding mode with the
ctDNA, the final concentration of the fluorescent probes
and the ctDNA was fixed ([EB] = [HO] = 1.0 uM and
[ctDNA] = 10 uM) and incrementally increasing AGH-3
(1 to 340 uM). Each system was used in a specific excitation
wavelength for the molecular fluorescence measurements:
EB-ctDNA (A, =525 nm) and HO-ctDNA (A, =353 nm).

DNA melting point (T,,)

In the denaturation temperature (T,,) assay, the ctDNA
was slowly heated in a range of 24 to 95 °C in the absence
and presence of AGH-3 (20 uM). The differing system
absorbance values were monitored at 260 nm. The variation
equation of T, [AT,, = T, giganay = Tin @onay] Was adopted to
assess the binding mode. The T,, values were determined
based on the mid-point on a graphic representation of f; vs.
temperature, which is defined as f, = [(A — Ay)/(A;— Ay)],
f,, corresponds to the ctDNA single strand fraction, A; and
A, respectively represent the maximum (single-stranded
DNA) and minimum (DNA double-strand) absorbance
values at 260 nm.*

Molecular docking

The structures of the compounds were drawn and
converted into three-dimensional MDL Molfile (.mol) files
from ChemDraw 15.1 software (Massachusetts, USA).*
Afterwards, the compounds were optimized using the Austin
Model 1 (AM1) method from MOPAC software (Colorado,
USA),* generating the input in the Mercury 4.3.1 graphical
user interface.* The final structures were converted into pdbqt
format in AUTODOCK TOOLS v. 1.5.6 (California, USA).4
DNA macromolecule structure (PDB ID: 1BNA) was
obtained from the Protein Data Bank (PDB). Subsequently,
all ligands, ions and water molecules that were present in
the original structure of the biomolecule referring to the
PDB file were manually removed, polar hydrogen atoms
added, partial atomic charges were calculated as well as the
AD4 designation of the atoms and the final structures were
converted into pdbqt format using the AUTODOCK TOOLS
v. 1.5.6.%¢ Auto Grid was used to set the coordinates and for
DNA (PDB ID: 1BNA) blind docking was performed.*’ All
docking calculations were performed using Autodock vina
software* and the output results were rendered in Discovery
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Studio Visualizer (San Diego, California, USA) software*®
and UCSF Chimera (San Francisco, California, USA).*

Statistical analysis

Data were expressed as mean + standard deviation (SD)
considering triplicate measurements (n = 3). Analysis of
variance (ANOVA) was employed as a hypothesis test, and
when necessary, Tukey’s test was used (p = 0.05). Statistical
evaluations were performed using OriginPro 9.0 software
(OriginLab Corporation, Northampton, Massachusetts,
USA).*

Results and Discussion
Synthesis

The compounds evaluated in this study were synthesized
in two steps (Scheme 1). First, the key hydrazinyl-
imidazole intermediate 14 was synthesized by condensation
of the commercially available 2-(methylmercapto)-
2-imidazoline (12) with hydrazine hydrate 13. The
intermediate 14 was then condensed with the appropriate
aldehyde (compounds 15-18), resulting in AGH-1 to AGH-4
derivatives with yields ranging from 64 to 93%. The final
compounds were characterized using NMR spectroscopy
(H and *C NMR). The purity of each compound was
over 95%, as determined by HPLC (Figures S11 to S13,
Supplementary Information section). The spectroscopic
data of compounds 14, AGH-1 and AGH-4 were identical
to those reported in the literature.’>343 The 'H NMR data
demonstrated the formation of intermediate 14 by the
disappearance of the signal corresponding to the methylene
hydrogens of the methylmercapto function of compound
12 at approximately 6 3.0 ppm and the appearance of the
signals corresponding to the hydrogens of the added amine
groups, between 0 6.65-9.03 ppm. For the compounds
AGH-1-AGH-4, the presence of a singlet between § 8.23-
8.31 ppm corresponding to the imine hydrogen was observed.

Antioxidant activity

Evaluation of antioxidant capacity for the
aminoguanidine derivatives AGH-1-AGH-4 was performed
using DPPH*, ABTS**, and *NO radical scavenging assays,
and FRAP assay (Table 1 and Figure 2). In this evaluation,
the positive controls gallic acid (phenolic acid), Trolox
(vitamin E mimetic), quercetin (flavonoid) and caffeic
acid (conjugated phenolic acid), antioxidant compounds
of different classes and degrees of lipophilicity, were used.

For the DPPH" radical assay, the AGH-3 derivative was
the most active of the compounds evaluated, with an ICs,
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value lower than that of Trolox (Table 1). Nevertheless,
the AGH-2 was 2-3 times less effective than positive
controls. Sztanke et al.>® observed similar results for
various hydrazinoimidazoline derivatives using the DPPH*
radical assay. Baldisserotto et al.’' obtained ICs, values
between 10.9 to 7113 pmol TE (Trolox equivalent) g
for indole derivatives. Similarly, in the ABTS** assay,
AGH-3 presented the lowest ICy, of the series of
compounds evaluated, with higher efficacy compared to
Trolox, presenting an ICs, of 2-7 times more elevated than
the phenolic acids and quercetin. Faillace er al.> found
differing results for sulfur and oxygenated imidazolines, in
which 500 uM of the compounds were needed for ABTS**
radical inhibition percentages of 22 to 99%.

As for the iron reduction method (FRAP), AGH-3
was the most efficient compound (0.496 + 0.010) of
the evaluated series, reaching an activity comparable to
the Trolox standard (0.515 + 0.030). Furthermore, after
normalizing the values (A, /uM), AGH-3 exhibited
activity similar to caffeic acid and gallic acid standards.

Guimaraes et al.

Baldisserotto et al.>' evaluating compounds with the indole
nucleus, achieved values of 15.1 at 12049 umol TE g of
iron reduction. Mihailovi ef al.® achieved results similar
to AGH-1-AGH-4 for diacylhydrazine derivatives and
1,3,4-oxadiazoes in absorbance units (0.173 to 0.478).
Because of its crucial role in the inflammatory process,
in addition to carcinogenic processes, the *NO radical is a
pro-oxidant species that demands attention since inhibitors
of this species represent a significant therapeutic advance,
especially in controlling inflammatory diseases.** Thus, the
*NO radical scavenging capacity of AGH-3 (more active in
previous assays) was evaluated using Trolox as a standard
(Figure 2). The antioxidant capacity was analyzed for
150 min. Initially (time zero), AGH-3 and Trolox inhibited
approximately 38% of the generated radical; however, the
inhibition of AGH-3 was 22.3% lower than the standard.
The difference in radical scavenging activity among the
four compounds evaluated could have a relationship to the
presence of different substituents in the aminoguanidine
moiety. Notably, the presence of an indole aromatic

Table 1. Antioxidant capacity of aminoguanidine derivatives and standards, measured by DPPH*, ABTS** and FRAP methods

Antioxidant capacity
Compound 1C,5y/ UM
FRAP (A, 10 mg mL") FRAP* (normalized)
DPPH* ABTS**

AGH-1 1160 + 37* 334 +11.9* 0.375 = 0.050° 2.02+0.27*
AGH-2 273 +3° 473 4% 0.367 = 0.010° 1.83 +0.05°
AGH-3 489 + 1.5¢ 323 +3.% 0.496 + 0.010° 2.62 +0.05°
AGH-4 181.4 £ 0.4¢ 124 + 1¢ 0.351 £0.030° 1.94 +0.05°
Gallic acid 153 7.8 9.90 + 5.82¢ 0.854 = 0.020¢ 291 +0.07>
Trolox 66.3 +4.8" 419 +2.0° 0.515 +0.030° 2.58 +0.02°
Quercetin 19.2 +7.4¢ 4.63 +£3.28: 0.496 + 0.030° 2.99 +0.18¢
Caffeic acid 26.6 £4.2¢ 21.1 £ 6.4% 0.768 = 0.010¢ 2.77 £ 0.04%¢

“Normalized absorbance (A, per concentration in ptM). Values are presented as mean + standard deviation (n = 3). Values followed by different superscript
letters (a-f) in the same column correspond to significant differences by Tukey’s test (p < 0.05). ICs,: concentration required to reduce 50% of the radical
species; FRAP: Fe'' reduction assay; DPPH": 2,2-diphenyl-2-picrylhydrazyl radical; ABTS™: 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid.

[ ]JAGH-3 (a)

[ ]Trolox

Cinie / mol L

% -NO inhibition

90
AGH-3 (b)
—#— Trolox I

80

70

60 -

50

40 A

304

T T
0 30 60 90 120 150

Time / min

T T T T

T T
0 30 60 90 120 150

Time / min

Figure 2. Graphs expressing the capacity of the aminoguanidine derivative AGH-3 and the standard Trolox in sequestering the *NO radical. (a) Nitrite
concentration formed as a function of reaction time. (b) Percentage of inhibition as a function of time.

J. Braz. Chem. Soc. 2024, 35, 5, e-20230177

7 of 14



Guimaraes et al.

heterocyclic, associated with the 3-hydrogen bonding
centers, significantly increased the antioxidant activity
of AGH-3 with a relationship to the other compounds
evaluated. Thus, a noteworthy observation is that having
hydrogen bonds in compounds in the neutral form does not
increase antioxidant activity; nevertheless, after hydrogen
abstraction, radical stabilization becomes easier.”> AGH-2,
which also demonstrated efficacy against some of the
evaluated radicals, has a strong electron-removal group
(—CN), which might help stabilize the radical species
formed.

In general, our studies indicated that the evaluated
compounds present two mechanisms of antioxidant
action: hydrogen atom transfer (HAT), i.e., activity via
the ABTS** and DPPH* method, and electron transfer, i.e.,
antioxidant activity via FRAP.> Thus, considering the
excellent antioxidant activity in the methods evaluated,
further antiproliferative activity against different human
cancer cell strains was investigated.

Antiproliferative activity

According to the NCI-60 model to evaluate in vitro
antiproliferative activity, the aminoguanidine derivatives
were tested against a panel of tumor and non-tumor
human cell lines (Table 2). The average activity against
tumor cell lines evidenced that AGH-3, expressed as
mean log(Gly,), was the most active aminoguanidine
derivative, followed by AGH-2 and AGH-4 (mean
log(Gly,) = 2). The AGH-1 was inactive (GI5,> 900 uM

Aminoguanidine Hydrazone Derivatives

for all cell lines). The most active compound was AGH-3,
showing promising cytostatic effect against renal (786-0,
G, = 6.3 uM), ovarian (OVCAR-03, GI;, = 11.0 uM),
colorectal (HT-29, G, = 13.5 uM) adenocarcinomas and
leukemia (K562, Gl;, = 16.0 uM). Moreover, compounds
AGH-2-AGH-4 showed selectivity indexes (SI) lower
than 3 for several cell lines.’”8 Exceptions were AGH-2
against 786-0 (SI = 8.9) and OVCAR-03 (SI = 2.8) cell
lines (Table 2). The selectivity index refers to on-target
toxicity,” suggesting that the aminoguanidine derivatives
evaluated might induce in vivo some adverse effects related
to cell growth inhibition in normal tissues, such as mucosa
and bone marrow. Complementary in vivo evaluation is
necessary to evaluate this hypothesis.

Data produced herein (Table 2) permit to rationalize the
antiproliferative activity of AGH-1-AGH-4 as associated,
at least, with two factors: (i) the presence of hydrogen bond
donor and acceptor centers and (ii) the electronic property
associated with the presence of electron-withdrawing
and electron acceptor groups. The compounds with
antiproliferative activity maintained a 3/2 or 2/3 ratio
between the centers of hydrogen bond donor and acceptor
bonds. Moreover, electron-removal substituents in AGH-1
and AGH-2 derivatives reduced the cytostatic effect. In
addition, similar results were described for caffeic acid
ester derivatives.*

The annealing process led to an increase in the
antiproliferative activity of AGH-3 and AGH-4, being
the indole derivative the most active. This result may
have a relationship with the increased lipophilicity of the

Table 2. Antiproliferative profile of compounds AGH-1-AGH-4 and doxorubicin (positive control)

Parameter AGH-1 AGH-2 AGH-3 AGH-4 Doxorubicin
Gls, / uM SI Gls, / tM SI Gls, / uM SI Gls, / pM SI Gls, / uM SI
U251 > 900 n.c 164.0 L5 204 0.6 96.3 0.9 0.48 1.0
MCE-7 > 900 n.c 239.0 1.0 30.7 0.4 99.8 0.9 0.31 1.5
NCI-ADR/RES > 900 n.c 90.9 2.8 85.3 0.1 94.3 1.0 0.57 0.8
786-0 > 900 n.c. 28.0 8.9 6.3 2.0 91.2 1.0 0.09 53
NCI-H460 > 900 n.c. 289.0 0.9 15.1 0.8 99.0 0.9 0.18 2.7
PC-3 > 900 n.c. 314.0 0.8 28.1 0.5 98.4 0.9 1.43 0.3
OVCAR-03 > 900 n.c. 59.8 42 11.0 1.2 92.0 1.0 1.99 0.2
HT-29 > 900 n.c. 273.0 0.9 13.5 0.9 96.2 0.9 221 0.2
K562 > 900 n.c. 191.0 1.3 16.0 0.8 113.0 0.8 0.69 0.7
Mean log(Gl,) n.c. n.c. 2.2 - 1.3 - 2.0 - -0.2 -
HaCaT > 900 - 250 - 12.7 - 90.1 - 0.48 -

GI;: concentration required to elicit 50% of cell inhibition; SI: selectivity index: calculated as SI = (Gl g,car)/(Glsg wumor cen); l0g Glsy: average antiproliferative
activity expressed in logarithmic scale; n.c.: not calculated (Gls, values higher and/or lower than the experimental concentrations (0.25 to 250 pg mL"! for
AGH-1-AGH-4; 0.025 to 25 pg mL' for doxorubicin). Exposure time = 48 h. After the assays, G5, values in pg mL"' were normalized to pM. Human tumor
cell lines: U251: glioblastoma; MCF-7: adenocarcinoma of the breast; NCI-ADR/RES: multidrug resistant ovarian adenocarcinoma; 786-0: adenocarcinoma
of the kidney; NCI-H460: non-small cell carcinoma of the lung; PC-3: adenocarcinoma of the prostate; OVCAR-03: adenocarcinoma of the ovary;
HT-29: colorectal adenocarcinoma; K562: chronic myelogenous leukemia; HaCaT: human non-tumor cell line immortalized keratinocyte.
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compounds, allowing a greater penetration into the lipid
bilayer of the cells.

Doxorubicin, the positive experimental control, is a
nonselective anthracycline. The compound is described
as a multitarget drug binding to topoisomerase enzyme II,
intercalating DNA and inhibiting RNA polymerase I, thus,
inducing cell death.®! Based on the long-time evaluation of
potential anticancer drugs, the NCI-60 model proposed that
the antiproliferative profile might reflect the mechanism of
action of a compound.*' The differences observed among
AGH-1-AGH-4 and doxorubicin suggested that the new
aminoguanidine derivatives may show various action
mechanisms from doxorubicin. Different compounds with
indole substituents have been reported as affecting cell
proliferation by binding to DNA.%2% Thus, the interaction
of the aminoguanidine derivative with an indole substituent
(AGH-3) with a nucleic acid model was evaluated.

Interaction of AGH-3 with ctDNA

UV-Vis studies

UV-Vis analysis of ctDNA in the absence and presence
of potential ligands allows determining the formation of
supramolecular complexes and possible structural changes
in the macromolecule through spectral changes.®*% Thus,
using this strategy, the uptake of free AGH-3 at 310 nm
(Axgrs = 0.5193), of ctDNA (A pna = 0.0491), and the
AGH-3-ctDNA complex (A, = 0.5566) were recorded
(Figure 3a). These results suggested a complex formation
between AGH-3 and DNA, as the sum of the absorbance
values of the ligand, and free ctDNA (A g5 + Aqpns) Was
different than the absorbance values of the AGH-3-ctDNA
complex (A )1

Moreover, the development of the DNA-small
molecules complex changes the magnitude of the
absorbance band at 260 nm. This effect can be correlated

Guimaraes et al.

with the strength of the interaction process and reflects
structural variations in the ctDNA double helix when
binding with ligand.®’*® The observed hyperchromic
effect during the spectrophotometric titration of AGH-3
(Figure 3b) corroborates the occurrence of non-covalent
interactions between the aminoguanidine derivative and
the nucleic acid.®

Evaluation of AGH-3-ctDNA interaction by molecular
fluorescence

The binding parameters for the AGH-3 with ctDNA
interaction were determined by fluorimetric titration.
By adding increasing amounts of ctDNA to the AGH-3
solution, a concentration-dependent in the fluorescent
intensity was observed (Figure 4a). The data permitted us
to rationalize that, due to the AGH-3-ctDNA interaction
process, the rotation of the AGH-3 was restricted and
became more planar, increasing the overlap of the w orbitals
and, thus, intensifying the fluorescent emission.””!

Under physiological pH conditions, compound AGH-3
(pK,, = 1.93 (iminic group), pK,, = 7.56 (imidazoline
group), and pK,; = 14.16 (indole group)) is distributed in
the form of neutral (41%) and protonated (59%) species.
The latter could bind to the DNA through electrostatic
interactions and hydrogen bonding, contributing to the
observed spectroscopic properties of the supramolecular
complex. The binding constant (K,) for the AGH-3-ctDNA
complex was calculated from the linearization of a modified
Benesi-Hildebrand equation:

1 1 1
= 4+
AF K, x AF x[ctDNA]  AF

ey

where F and F, are the respective fluorescent intensities in
the presence and absence of the species, thus AF=F—F,. K,
refers to the binding constant, and [ctDNA] to the

0.8 1.00
— — ctDNA (a) ——0uM
e ——1ouM
C¢IDNA + AGH-3 —20puM
——40 uM
o 064 075 ey
o 3 —80 uM
E = ——100 pM
2 3 —— 120 M
< 04 = 0.50 4
2 £
2 g
< <
0.2 0.254
(b)
0.0 T T T 0.00 T T T
235 275 315 355 395 235 275 315 355 395
A/nm A/ nm

Figure 3. UV-Vis absorption spectra of the different systems. (a) ctDNA and AGH-3 at 10 uM. (b) Spectrophotometric titration of AGH-3 (10 uM) with
different concentrations of ctDNA. Condition: pH = 7.4 in Tris-HCI 50 mM with NaCl 100 mM at 30 °C.
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concentration of the macromolecule. The binding constant
K, was calculated as 2.89 (£ 0.11) x 10> M"' from
linearization 1/AF vs. 1/[ctDNA] (Figure 4b). Compounds
with an indole nucleus and different structural patterns
presented K, magnitudes from 3.80 x 10°to 4.17 x 10" M"!
when interacting with nucleic acid (ctDNA) under
physiological conditions (Table S1, Supplementary
Information section).

Fluorescence competition studies
Using classical probes Hoechst (HO, minor groove)
and ethidium bromide (EB, intercalation), the mode of
interaction between AGH-3 and ctDNA was determined
using a competition assay.”>’ In the free form, both EB
and HO present low fluorescence intensity in aqueous
media. The interaction of both probes with the DNA double
helix base pair results in increased fluorescence emission
intensity.”> Thus, reducing the fluorescence intensity of
the DNA-probe complex induced by rising amounts of
AGH-3 in the solution would suggest that the evaluated
compound has the same binding mode as the displaced
probe (HO or EB). The magnitude of the fluorescence
intensity suppression in the presence of AGH-3 was
calculated from the Stern-Volmer constant (Kgy):
F
— =1+K, x[AGH-3]

0

2

where F, and F are, respectively, the fluorescence
intensities in the absence and presence of AGH-3. The
Stern-Volmer constant (Kg,) was determined from the
slope obtained by linearization of the relationship (F/F)
vs. [AGH-3]. Independent of the probe (HO or EB) used,
the addition of AGH-3 led to the suppression of fluorescent
intensity in both probe-ctDNA systems (Figures 5a-5b).
This indirectly affected the magnitude of the interaction

1000

(@)

[~
(=3
(=}

600

Fluorescence intensity / a.u.

400
200
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320 360 400 440
A/ nm

1/AF

480
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process (K,). The stoichiometries of the AGH-3-ctDNA
(n) complex were calculated from the linearization of
equation 3,”%"" based on the log[(F,— F)/F] vs. log[AGH-3]
(Figures 5c-5d).

log(FoF—Fj ~ log (K, )+ nlog [AGH-3] 3)

The Ky, values for the EB-ctDNA (3.97(+0.22) x 10*M™)
and HO-ctDNA (2.23 (£ 0.20) x 10°* M) systems, from
titration with AGH-3, indicated that the ligand was
able to displace both probes similarly, however with
a particular preference for the intercalation binding
mode (Table S2, Supplementary Information section).
This behavior was also verified for the indirect binding
constant, obtaining values of K, =2.59 (+ 0.65) x 10* M"!
(EB-ctDNA) and 1.22 (+ 0.72) x 10* M"' (HO-ctDNA)
(Table S2), indicating moderate ligand affinity for nucleic
acid.®® Santos-Junior et al.”® evaluated thiazol-quinoline
derivatives with the same probe-ctDNA systems used in
this work and obtained K values equal to 5.90 x 10° M"!
(EB-ctDNA) and 3.13 x 10* M"' (HO-ctDNA) and
K, of 2.30 x 10> M"' (EB-ctDNA) and 4.30 x 105 M
(HO-ctDNA), indicating greater ligand affinity for the
minor groove region. Whereas Alves et al.” obtained
Ky values in the order of 10* M for indole derivatives
when using both intercalated competition (EB-ctDNA)
and minor groove (4’,6-diamidino-2-phenylindole-
(DAPI)-ctDNA) systems. Thus, to determine the relative
affinity and confirm the preferred mode of interaction,
the intercalative probability of AGH-3 was calculated,®
which revealed a 62% preference for the intercalation
binding mode (Table S2), corroborating the values of
Ksv and Kb previously presented. Finally, the values of
n for the two systems evaluated were approximately 1,

0.040

(b)

0.032 4

0.024 ’

0.016 7

0.008 ’

0.000
0.00

T T
0.06 0.09

1/ctDNA (uM)

T
0.03 0.12

Figure 4. Evaluation of AGH-3-ctDNA interaction by molecular fluorescence (condition: pH = 7.4, Tris-HCI 50 mM, NaCl 100 mM) at 30 °C. (a) Spectra of
AGH-3 (10 uM) with increasing additions (1, 10, 25, 50, 100, 150, 200, and 250 pM) of ctDNA. (b) Graph of 1/AF vs. 1/[ctDNA] used for K, determination.
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Figure 5. Evaluation of the AGH-3-ctDNA interaction mode (condition: pH = 7.4, Tris-HC1 50 mM, NaCl 100 mM) at 30 °C. (a) Equilibrium competition
of AGH-3 with the EB-ctDNA complex. (b) Equilibrium competition of AGH-3 with the HO-ctDNA complex. (c¢) Stern-Volmer plot for AGH-3. (d) The
logarithmic curve for the calculation of the binding constant of AGH-3 with ctDNA.

demonstrating that the AGH-3-ctDNA interaction occurs
with a stoichiometric ratio of 1:1 (Table S2).

DNA thermal denaturation studies

The DNA double helix can be stabilized by hydrogen
bonds and stacking interactions between the purine
and pyrimidine bases that make up the macromolecule.
An increase in temperature leads to the weakening of
these forces that stabilize the helical structure of the
macromolecule, thus producing the base pairs separation
and the single-strand DNA formation. This process is
known as thermal DNA denaturation, and the temperature
value (T,) where 50% of the DNA is in single-stranded
form and 50% of the DNA is in double-stranded form is
used as a parameter to evaluate the binding mode.”®®! Thus,
when small molecules interact with DNA, variations in the
T,, value may occur, depending on the preferential binding
mode. The T,, value for free ctDNA and the AGH-3-ctDNA
complex were 76.2 and 82.2 °C (AT, = 6 °C), respectively
(Figure S14, Supplementary Information section).
Thus, since AT, > 5 °C, there is an indication that the
preferential binding mode of AGH-3-ctDNA would be

J. Braz. Chem. Soc. 2024, 35, 5, e-20230177

by intercalation,®” corroborating the spectroscopy studies
based on competition assays.

Docking molecular studies

Molecular docking results are often used to predict
or prove the interaction between a ligand and a target
molecule, as in the case of the ligand AGH-3 and DNA 3384
Although the accuracy of docking predictions depends on
the quality of the molecular structure models used, the
energy parameters, and the calculation methods used, these
predictions are often able to provide useful information
about the molecular interaction.

In this specific case, the molecular docking results
suggest that the AGH-3 ligand interacts with base pairs
in the major groove of the DNA, and also between these
base pairs, through a combination of van der Waals bonds,
hydrogen bonds, and m-anion interactions (Figure S15,
Supplementary Information section). Furthermore, the
interaction AG value of —7.7 KJ mol! suggests that the
affinity energy between the AGH-3-DNA complex is
favorable. Thus, since the experimental results also showed
that the AGH-3 ligand interacts with DNA at the positions
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predicted by the molecular docking model, it can be stated
that the theoretical results corroborated with experimental
results.

Conclusions

The synthesis and characterization of new
aminoguanidine derivatives were described with one
compound, AGH-3, presenting promisor biological
activities. It also showed antioxidant and antiproliferative
activities together with DNA binding affinity, and
these effects were attributed to indole substituent in the
aminoguanidine hydrazone skeleton. Finally, further pre-
clinical assays may confirm the in vitro evidence.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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