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Twenty-five piperidines were studied as potential radical scavengers and antitumor agents. Quantitative
interaction of compounds with ctDNA using spectroscopic techniques was also evaluated. Our results
demonstrate that the evaluated piperidines possesses different abilities to scavenge the radical
2,2-diphenyl-1-picrylhydrazyl (DPPH) and the anion radical superoxide (�O2

�). The piperidine 19 was
the most potent radical DPPH scavenger, while the most effective to �O2

� scavenger was piperidine 10.
In general, U251, MCF7, NCI/ADR-RES, NCI-H460 and HT29 cells were least sensitive to the tested com-
pounds and all compounds were considerably more toxic to the studied cancer cell lines than to the
normal cell line HaCaT. The binding mode of the compounds and ctDNA was preferably via intercalation.
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Anticancer activity
DNA interaction
Fig. 1. E
In addition, these results were confirmed based on theoretical studies. Finally, a linear and exponential
correlation between interaction constant (Kb) and GI50 for several human cancer cell was observed.
� 2017 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Nitrogen-containing heterocyclic compounds are widely found
in natural products and pharmaceuticals [1]. Many of them play
essential functions in the human organism and present significant
biological properties [2].

Piperidines and their derivatives comprise a major class of
N-heterocycles of biological interest. Compounds bearing the
piperidine moiety exhibit a broad range of biological properties,
including anti-hypertensive [3], antibacterial [4], antimalarial [5],
anti-inflammatory [6], analgesic [7,8], antioxidant [9], and
antiproliferative activities [10].

Currently, several compounds containing the piperidine nucleus
are employed in the current clinical as drug for treating diseases.
Donepezil (Fig. 1), a potent, specific, non-competitive and
reversible inhibitor of acetylcholinesterase is prescribed to treat
patients with Alzheimer’s disease [11]. Pipamperone (Fig. 1), other
1,4-substituted piperidine derivative, is indicated for patients with
schizophrenia [12]. Vinblastine (Fig. 1), a naturally occurring
alkaloid derived from Catharanthus roseus, is used as anticancer
agent for a wide variety of cancers including non-small cell lung
cancer, breast cancer, bladder cancer, lymphomas, and leukemia
[13].

Due to their pronounced biological properties, various synthetic
methods have been developed for the synthesis of piperidine
derivatives [14]. Recently, we described the synthesis of highly
functionalized piperidines from multicomponent reactions cat-
alyzed by bismuth nitrate [14]. Here, we report the evaluation of
the activity of the previously synthesized compounds as scav-
engers of reactive nitrogen and oxygen species (RNS and ROS,
xamples of piperidine derivatives
respectively) and cancer cell proliferation inhibitors. Additionally,
the interactions of selected compounds with the DNA were evalu-
ated, since several pathologies have DNA as the main biological
target.

Experimental

Scavenging of reactive nitrogen species

The ability of piperidine derivatives 1–25 to scavenge
2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma, MO, USA) radical, a
reactive nitrogen species (RNS), was determined according to
Gülçin [15], with modifications. Each compound-test (64 mM) in
an ethanolic medium containing DMSO 0.64 % (Sigma, MO, USA)
was incubated with DPPH (100 mM). The systems were maintained
under stirring and absence of light for 30 min and the absorbance
recorded at 517 nm. The experiments were performed in quadru-
plicate and resveratrol was used as positive control.

Scavenging of reactive oxygen species

The capacity of piperidine derivatives to scavenge superoxide
anions (�O2

�), was determined according to da Silva et al. [16], with
modifications. Test-compounds at a concentration of 80 lM (0.8%
DMSO/ethanol), were incubated in the presence of 60% (v/v)
ethanol, 100 lM EDTA (Sigma, MO, USA), 13.3 mM L-methionine
(Sigma, MO, USA), 200 lM nitroblue tetrazolium (NBT; Sigma,
MO, USA) and 40 lM riboflavin (Sigma, MO, USA). Reaction
mixtures were incubated for 10 min at 25 �C in the presence of
fluorescent light to induce �O2

� formation. Controls consisted of
with remarkable biological activities.
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reaction mixtures kept at 25 �C for 10 min in absence of light. The
percentage of �O2

� scavenged by each compound-test was deter-
mined through spectrophotometric analysis at 575 nm. The exper-
iments were performed in quadruplicate and resveratrol was used
as positive control.

Antiproliferative assay

Human tumor cell lines U251 (glioma), MCF7 (breast),
NCI/ADR-RES (ovarian expressing the resistance phenotype for
adryamycin), 786-0 (kidney), NCI-H460 (lung, non-small cells),
PC-3 (prostate), HT29 (colon), and normal cell line HaCaT were
kindly provided by Frederick Cancer Research & Development
Center - National Cancer Institute - Frederick, MA, USA. Stock
cultures were grown in RPMI 1640 (GIBCO BRL, Life Technologies)
supplemented with 5% fetal bovine serum, penicillin (final concen-
tration of 1 mg�mL�1) and streptomycin (final concentration of 200
U�mL�1) [17–19]. Cells in 96-well plates (100 lL cells/well) were
exposed to piperidines synthesized (0.25–250 lg�mL�1) for 48 h
at 37 �C and 5% CO2. The cells were then fixed with 50% trichloroa-
cetic acid and submitted to sulforhodamine B assay for cell prolif-
eration quantitation at 540 nm [20]. The compound concentration
that inhibits cell growth by 50% (GI50) was determined through
non-linear regression analysis using the software ORIGIN 7.5
(OriginLab Corporation). Doxorubicin was used as a reference drug.
Results presented are from two independent experiments, each
done in triplicate.

DNA interaction

Apparatus
Molecular fluorescence measurements were performed on Shi-

madzu spectrofluorimeter (model 5301PC, Japan) equipped with a
xenon lamp (150 W) and using quartz cuvettes of 10 mm optical
path. The molecular absorption measurements were performed
in a scanning spectrophotometer Micronal (AJX-6100PC model,
Brazil) with double-beam equipped with quartz cuvettes of 10
mm optical path.

Chemicals and solutions
All reagents used were of high analytical purity. The stock solu-

tion of Calf thymus DNA (ctDNA; Sigma, MO, USA) was prepared in
Tris-HCl buffer (10 mM, pH = 7.4 ± 0.10; Sigma, MO, USA) with 0.1
M of NaCl for the ionic strength adjustment. To evaluate nucleic
acid purity, the absorbance at 260 and 280 nm was measured,
and when A260/A280 = 1.8–1.9 indicates that the macromolecule is
free from protein contamination. In addition, to calculate the
DNA concentration the A260 was used, with a molar extinction
coefficient of 6600 L mol�1 [21].

The piperidine derivatives were initially solubilized in DMSO
(Sigma, MO, USA) and then, diluted in buffer solution. In the fluo-
rimetric titration studies the concentration of each compound was
maintained fixed at 10 lM, and increments concentration of DNA
ranging from 10 to 200 lM were added. In the assays to evaluate
the preferential binding mode with the ctDNA, it was used a stock
solution of potassium iodide at 0.2 M, and a solution of ethidium
bromide at 0.5 mM, using as instrumental parameters kex = 525
nm/kem = 590 nm.

Dynamics simulation
The coordinates for building the molecular model were

extracted from the X-ray crystal structure of the DNA dodecamer
d(CGCGAATTCGCG) (PDB ID: 1BNA), available at doi 10.2210/
pdb1bna/pdb. All molecular dynamic proceeds were performed
in agreement with Silva et al. [22].
Molecular docking
Computational methodologies, such as molecular docking, have

been employed to providing new scaffolds with high potency and
good tolerance [23]. After molecular dynamic completion, the opti-
mized ct-DNA structure with the lowest RMSD value was used in
this study [24]. Molecular docking was performed in tentative to
observe some aspects in the formation of complexes, such as
nitrogenous bases involvement, binding mode, type of interaction,
and best conformation. All methods were performed as described
by Silva et al. [24].
Results and discussion

Scavenging of free radical species

It is well documented that free radicals, which are generated in
many bioorganic redox processes, are able to oxidize nucleic acids,
proteins, lipids and/or DNA and can then initiate degenerative dis-
eases, including cancer, arthritis, hemorrhagic shock, age-related
degenerative brain diseases [25–27]. In 2012, Prashanth et al.
[27] reported that piperamides bearing piperidine or piperazine
groups possesses substantial scavenging properties with potencies
ranging from 8.3 ± 0.02 to 36.9 ± 0.17 mg�mL�1 (against DPPH radi-
cal) and 12.8 ± 0.08 to 55.3 ± 0.17 mg�mL�1 (against �O2

�). Taking
these information in account, the previously synthesized piperi-
dine derivatives 1–25 (Fig. 2) [14] were then evaluated for their
ability to capture reactive nitrogen species (RNS) and reactive oxy-
gen species (ROS).

The radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used as
source of RNS and the anion radical superoxide (�O2

�) was used as
source of ROS. Resveratrol (Resv), a known antioxidant derived
from plants, was used as a positive control. The percentages of
DPPH and �O2

� scavenged by piperidine derivatives are shown,
respectively, in Figs. 3 and 4.

In general, the tested compounds were more effective in scav-
enging reactive nitrogen species. The capture percentages ranged
from 18 to 44%, versus 62% observed for resveratrol. Among the
twenty-five compounds evaluated fourteen showed captures
higher than 25 % at a concentration of 64 mM. Compound 9 was
the most active, with 44% capture in concentration evaluated
(Fig. 3).

In reactive oxygen species (�O2
�) tests, five of the compounds, at

a concentration of 80 mM, evaluated showed capture percentages
higher than 25%, while resveratrol captured only 11% (Fig. 4). Com-
pound 10 proved to be the most active, capturing 42% of the radical
species. Piperidine derivatives 7, 9, 21, and 22 were also promising
scavengers, since they removed 34, 29, 33, and 36% of ROS present
in the reaction medium, respectively. To our best acknowledgment,
this is the first study on the potential of piperidine derivatives to
scavenge ROS and RNS.
Antiproliferative activities

Since the piperidine nucleus is present in many biologically
active compounds, we investigated the effect of compounds 1–25
on proliferation of eight cancer cells lines from various histological
origins, including U251 (glioma), MCF7 (breast), NCI/ADR-RES
(ovarian expressing the resistance phenotype for adryamycin),
786-0 (kidney), NCI-H460 (lung, non-small cells), PC-3 (prostate)
and HT29 (colon). The antiproliferative effect of these piperidines
derivatives was also evaluated against HaCaT (human ker-
atinocyte) in order to verify their toxicity to normal cells. Cell pro-
liferation was determined by spectrophotometric measurements
using sulforhodamine B as a protein-binding dye and doxorubicin
(DOX; 0.025–25 lg�mL�1) as a reference drug. The concentrations

https://doi.org/10.2210/pdb1bna/pdb
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Fig. 3. Percentages of reactive nitrogen species scavenged by piperidine derivatives 1–25. The reaction medium consisted of compound-test (64 lM) and DPPH radical
(100 lM). Resveratrol (Resv) was employed as a positive control. Data are the means ± SD of three independent experiments, each done in triplicate. SD deviations were lower
than 0.015%.
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Fig. 4. Percentages of reactive oxygen species scavenged by piperidine derivatives 1–25. The production of �O2
� was induced as described in experimental section. Each

compound-test was employed at a concentration of 80 lM. Resveratrol (Resv) was employed as a positive control. Data are the means ± SD of three independent experiments,
each done in triplicate. SD deviations were lower than 0.05%.

Fig. 2. Structures of previously synthesized piperidine derivatives.
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of compounds that elicited the inhibition of cell growth by 50%
(GI50) and their selective indexes (SI) are summarized in Table 1.
The SI is herein defined as the ratio of the GI50 of pure compound
in a normal cell line (i.e. HaCat cell line) to the GI50 of the same
pure compound in a cancer cell line.

PC-3 was the most sensitive cancer cell line. Among all com-
pounds evaluated, piperidine derivatives 1, 2, 3, 7, 10, 16, 21, 22,
and 25 were the most active against this line, with GI50 values �
25 lg�mL�1, highlighting the compounds 1 and 25, which exhib-
ited GI50 values of 6.3 and 6.4 lg mL�1, respectively (Table 1). As
the value of SI indicates a differential activity of a compound-
test, it is noteworthy to mention that compounds 1 and 25 also
presented the highest SI values (�39.0; Table 1) for PC-3 cancer
cell line. These SI values are, at least, 10-fold higher than the value
expected for a high selective candidate compound in in vitro pre-
clinical trials [28,29]. Besides these interesting results, compounds



Table 1
Cytotoxicity activity (GI50a values, in lg�mL�1) and selective index (SIb; given in parentheses) of functionalized piperidines and doxorubicin (DOX)c against cancer cell lines.

Compound Cell lined

U251 MCF7 NCI/ADR-RES 786–0 NCI-H460 PC-3 HT29 HaCaT

1 >250 >250 >250 113.9 (>2.2) >250 6.3 (>39.7) >250 >250
2 >250 >250 >250 20.0 (>12.5) >250 17.2 (>14.5) >250 >250
3 >250 >250 >250 23.0 (>10.9) >250 7.8 (>32.0) >250 >250
4 >250 >250 >250 160.7 (>1.5) >250 56.9 (>4.4) >250 >250
5 >250 >250 >250 71.8 (>3.5) >250 >250 >250 >250
6 >250 >250 >250 >250 >250 >250 >250 >250
7 181.8 (0.5) 48.9 (2.0) 38.7 (2.5) 62.1 (1.5) 94.7 (1.0) 14.4 (6.7) 111.0 (0.9) 95.9
8 >250 >250 >250 >250 >250 >250 >250 >250
9 >250 >250 >250 74.7 (>3.3) >250 >250 >250 >250
10 >250 39.4 (>6.3) >250 14.2 (>17.6) >250 25.0 (>10.0) 83.5 (>3.0) >250
11 >250 >250 194.8 (>1.3) 241.9 (>1.0) >250 >250 >250 >250
12 >250 >250 >250 >250 >250 >250 >250 >250
13 >250 189.8 (>1.3) 48.7 (>5.1) >250 >250 39.0 (>6.4) 69.1 (>3.6) >250
14 >250 >250 >250 >250 >250 >250 >250 >250
15 >250 >250 90.5 (>2.7) 166.8 (>1.5) >250 >250 >250 >250
16 208.5 (0.3) 26.2 (2.4) 17.5 (3.6) 0.4 (156.0) 57.3 (1.9) 10.2 (6.1) 4.1 (15.2) 62.4
17 193.8 (0.1) >250 >250 12.1 (10.8) 207.2 (0.6) >250 >250 130.8
18 >250 >250 >250 63.2 (>4.0) >250 >250 >250 >250
19 >250 71.5 (>3.5) >250 46.9 (>5.3) >250 134.2 (>1.9) 106.2 (>2.3) >250
20 >250 >250 >250 >250 >250 >250 >250 >250
21 96.7 (0.4) 45.5 (0.8) 71.7 (0.5) 82.5 (0.5) 112.6 (0.3) 16.0 (0.4) 188.3 (0.2) 38.6
22 58.2 (1.1) 67.6 (0.9) 19.8 (3.1) 54.4 (1.1) 26.3 (2.3) 10.6 (5.8) 90.0 (0.7) 62.0
23 >250 >250 >250 >250 >250 >250 >250 >250
24 >250 146.0 (>1.7) >250 >250 >250 45.5 (>5.5) >250 >250
25 >250 >250 23.3 (>10.9) >250 >250 6.4 (>39.1) >250 >250
DOXb 0.03 (1.0) 0.07 (0.4) 0.3 (0.1) 0.03 (1.0) 0.01 (3.0) 0.1 (0.3) 0.2 (0.1) 0.03

a GI50 is the concentration of compound (lg�mL�1) that inhibits cancer cell growth by 50%.
b Selectivity index was determined as the ratio of the GI50 value for HaCat to the GI50 value obtained for the cancer cell line.
c DOX is the reference drug doxorubicin.
d U251, glioma cells; MCF7, breast cancer cells; NCI/ADR-RES, multiple drug-resistant ovarian cancer cells; 786-0, renal cancer cells; NCI-H460, non-small lung cancer cells;

PC-3, prostate cancer cells; HT29, colon cancer cells; HaCat, human keratinocyte cells.
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3, 2, and 10 also showed high degree of selectivity (�10.0) for the
PC-3 prostate cancer cells (Table 1). In fact, Ogbole et al. [30] clas-
sifies as non-cytotoxic compounds any substance that its SI values
is higher than 20, while those which presents SI � 10 is considered
as a weak cytotoxic compound. Interestingly, some of these piper-
idine derivatives were also the most active as ROS scavengers
(Fig. 4). Reactive oxygen species and the coupled oxidative stress
have been associated with tumor formation [31]. Previous studies
show that PC-3 prostate cancer cells generate high levels of ROS
and inherent oxidative stress present in these cells is, in part,
responsible for their proliferation and survival [31]. Thus, the neu-
tralization of reactive oxygen species by these compounds can be
directly related to their antiproliferative activities against PC-3
cells.

Compounds 2, 3, 10, 16, and 17 were also promising against
786-0 cells by exhibiting GI50 values lower than 25 lg�mL�1 and
SI values higher than 10.0. Piperidine derivative 16, with GI50 of
0.4 lg�mL�1, was themost active of series for this cell line (Table 1).
The SI of 16 was 156.0, which means that this derivative is much
more active against this renal cell line (786-0 cells) than to ker-
atinocyte cells (HaCaT cells). Compared to other cancers,
chemotherapy is rather ineffective for renal cell carcinoma. Many
anticancer agents have been tested against renal cell carcinoma
with most showing response rates of less than 10% [32–34]. Addi-
tionally to these lower efficacies, the toxicity profiles of the lead
compounds to treat renal cell carcinoma seems to still be problem-
atic issue that make a chemotherapy per si inefficient approach
[35]. Taken all the above consideration, our results shows that
piperidine derivative 16 is a lead compound for further studies in
the in vivo models.

In general, U251, MCF7, NCI/ADR-RES, NCI-H460 and HT29 cells
were least sensitive to the tested compounds. The most active
compound against U251 cells was the derivative 22 (GI50 of 58.2
lg�mL�1) (Table 1). NCI/ADR-RES was resistant to most piperidine
derivatives, except for compounds 16, 22 and 25, which showed
GI50 values of 17.5, 19.8, and 23.3 lg�mL�1, respectively (Table 1).
Compound 22 was also active against NCI-H460 cells (GI50 of 26.3
lg�mL�1) (Table 1). Finally, compound 16 was the most active
against MCF7 (GI50 of 26.2 lg�mL�1) and HT29 (GI50 of 4.1
lg�mL�1) (Table 1). Interestingly, all compounds were considerably
more toxic to the studied cancer cell lines than to the normal cell
line HaCaT and the SI values of piperidine derivatives are, in gen-
eral, higher than those presented by doxorubicin (DOX), a refer-
ence anticancer used in our studies (Table 1).

DNA-piperidines interaction studies

Interaction of piperidine derivatives with ctDNA by molecular
fluorescence

The interaction between piperidine derivatives and ctDNA was
evaluated by spectrofluorimetry technique, because it presents
characteristics such as rapidity, high sensitivity, and provides
information on the binding mode of the ligand in the macro-
molecule [36,37]. Therefore, the piperidine derivatives 7, 8, 9, 10,
16, 21, 22, and 25 were selected, which present varied activity
(low to high) against different human tumor cell lines. The com-
pound 8 presented GI50 > 250 lg�mL�1 for all the cell lines evalu-
ated and was considered the negative control. The piperidine 16
was considered the most active and selective compound, especially
for 786-0 (renal cancer cells) with GI50 = 0.4 lg�mL�1 and selectiv-
ity index of 156.0. This way the compound 16 was used as the
model for the presentation of the results.

The evaluated compounds have intrinsic fluorescence, thus
were titrated with the ctDNA maintaining the concentration of
the ligand fixed and varying the concentration of the macro-
molecule. In this assay, the compounds showed maximum
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emission in the range from 350 to 442 nm, when excited between
246 and 278 nm, decreasing the analytical signal by increasing
amounts of ctDNA to the system (Fig. 5a). The spectral changes
represent a strong indication of that interaction process between
the ctDNA and the evaluated ligands [38]. According to Mukherjee
and Sing [39], this phenomenon is called quenching, and can occur
by different mechanisms, generally classified by dynamic quench-
ing, which occurs when the fluorophores (piperidines) in the
excited state (F⁄) are deactivated upon contact with a quencher
molecule (Q = ctDNA) during the existence of the excited state. Sta-
tic quenching refers to the formation of a non-fluorescent
supramolecular complex (F-Q) in the ground state, being indepen-
dent of diffusion processes or molecular collisions [40]. The equa-
tion that describing this process is represented below:

F0
F
¼ 1þ Kqs0½Q � or F0

F
¼ 1þ KSV½Q � ð1Þ

where F0 and F represent the fluorescence intensities in the
absence and presence of the piperidine derivative, respectively;
Kq is the diffusional bimolecular quenching rate constant
(2.0 � 1010 L�mol�1�s�1), s0 is the average life time, typically
10�8 s, [36,41] [Q] is the concentration of the quencher, in this case
the ctDNA and KSV is the Stern-Volmer constant, calculated by the
linearization of Eq. (1) (Fig. 5b). The interaction constant (Kb), to
analyze the strength of the ctDNA-ligand binding was calculated,
beyond of the parameter n, related to the number of binding sites
in macromolecule (Fig. 5c) according to the equation below [42]:

log
F0 � F

F

� �
¼ logKb þ nlog½Q � ð2Þ

The values of the binding constant and number of sites are
obtained through the slope and intercept of the logarithmic curve
log[(F0 � F)/F] vs log [ctDNA].

Additionally, from the Kb value, the thermodynamic parameter
relative to free Gibbs energy (DG) was calculated to evaluate the
spontaneity of the interaction process through the Eq. (3)
described below [43]:

DG ¼ �RTlnðKbÞ ð3Þ
where T represents the temperature in Kelvin (K) and R is the ideal
gas constant. Table 2 shows the results obtained for this evaluation.

The KSV values ranged from 4.29 to 21.9 � 103 M�1, indicating
the signal decreasing in the presence of the quencher molecule
(Table 2). In order to characterize the dominant quenching mech-
anism in the interaction process, the parameter Kq was evaluated.
According to Dehkhodaei et al. [41] when this velocity constant is
less than 2.0 � 1010 M�1 s�1, the preferential quenching
mechanism will be dynamic, whereas for higher Kq values it is
indicative of static quenching. The Kq values ranged from 4.29 to
21.9 � 1011 M�1 s�1, being higher than the limiting diffusional
constant. Thus, static quenching is the dominant mechanism,
characterized by the formation of supramolecular complex
non-fluorescent in the ground state.

The Kb values ranged from 0.10 to 8.0 � 104 M�1 (Table 2),
demonstrating the magnitude of the ctDNA-ligand interaction,
which for most ligands is considered to be of medium affinity,
except for compound 21 which showed constant in the order of
102, being classified as having low affinity [22]. Therefore, the val-
ues of binding constants with ctDNA followed the order: 16 > 22 >
10 > 25 > 9 > 7 > 8 > 21, being the most active and selective com-
pound (16), which showed the highest Kb value and consequently,
the less active ones (8 and 21) showed the lowest values of binding
constants.

The results obtained are in agreement with literature works,
which evaluated the interaction of different compounds with the
piperidine nucleus and DNA, such as: morphine (Kb = 0.39 � 104

M�1) [44], vincristine (Kb = 1.70 � 104 M�1) [45], vinblastine (Kb

= 0.17 � 104 M�1) [46] and berberine (Kb = 1.55 � 104 M�1) [47].
Additionally, the preferred mode of binding for all compounds
was by intercalation. Finally, the values of n were close to unity,
showing a 1:1 stoichiometric ratio (DNA:ligand), and the DG val-
ues were all negative, characterizing the interaction process as
spontaneous [48].

UV–visible spectroscopy studies
The UV–visible spectroscopy is a simple technique and has effi-

cacy for detecting the formation of complexes between different
ligands and macromolecules [36]. Thus, the Fig. S1 (Supplementary
materials) shows the absorption spectrum of compound 16 in the
absence and presence of DNA, and the free DNA.

The Fig. S1 shows that when ctDNA is added to the system,
occurs an increase in absorbance (hyperchromic effect), indicating
that there is interaction between the ligand and the biomolecule,
with possible complex formation [49].

To confirm the existence of this interaction, it was made a spec-
trum of the difference between the ctDNA-piperidine complex and



Table 2
Interaction parameters of calf thymus DNA (ctDNA) with piperidines derivatives at 25 �C.

Compounds Stern-Volmer constant Binding parametrs Thermodynamic parameter

Ksv (�103 M�1) r Kq (�1011 M�1 s�1) Kb (�104 M�1) n r DG (kJ mol�1)

7 5.80 ± 0.17 0.9959 5.80 1.67 ± 0.01 1.12 ± 0.04 0.9960 �24.1
8 4.29 ± 0.29 0.9862 4.29 0.92 ± 0.01 1.10 ± 0.01 0.9760 �22.6
9 10.4 ± 0.5 0.9897 10.4 2.19 ± 0.01 1.09 ± 0.06 0.9916 �24.8
10 8.98 ± 0.30 0.9954 8.98 4.26 ± 0.01 1.19 ± 0.02 0.9989 �26.4
16 9.58 ± 0.59 0.9852 9.58 8.00 ± 0.01 1.26 ± 0.04 0.9972 �27.9
21 6.08 ± 0.32 0.9917 6.08 0.10 ± 0.01 0.70 ± 0.02 0.9968 �6.47
22 21.9 ± 0.6 0.9978 21.9 6.02 ± 0.01 1.31 ± 0.04 0.9987 �27.3
25 9.68 ± 0.75 0.9796 9.68 2.88 ± 0.01 1.14 ± 0.09 0.9810 �25.4
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the free ctDNA, verifying that the absorption spectra of the piper-
idine derivatives are not overlapping. These spectral changes are
best observed from the absorbance values of the 16-ctDNAmixture
(Acomplex = 0.8626), and the sum of the absorbance values of the
free compound and ctDNA (A16 + ActDNA = 0.5407). Through the
equation DA = Acomplex � (Acompound + ActDNA), it is verified that
the value of DA – 0 (DA = 0.3219), which indicates that changes
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piperidine compounds, as shown in Table S1 (Supplementary
information).

Evaluation of the preferential DNA-ligand interaction mode
The binding mode of piperidine derivatives and ctDNA was

evaluated from two assays: KI quenching study and competition
with ethidium bromide. The results for this evaluation are summa-
rized in Fig. 6.

KI quenching study
Fluorescence quenching studies provide information on the

accessibility of the ligands to a fluorescence suppressor molecule,
in this case the iodide ion [52]. This way, the magnitude of the
Stern-Volmer constant in the presence and absence of ctDNA is
evaluated, according to Eq. (1), where [Q] is equivalent to [KI].
Fig. 6a shows the fluorescence quenching of derivative 16 in the
absence and presence of the macromolecule, and the KSV values
for all compounds evaluated are shown in Fig. 6b.

The KSV values in the presence of ctDNA were systematically
lower than in the absence of the macromolecule, indicating that
the anion iodide failed to have access to the ligands (Fig. 6b), sug-
gesting that they are protected by DNA base pairs, preventing the
access of the anionic suppressor [53]. Thus, the main mode of bind-
ing these compounds to ctDNA occurs via intercalation.

Ethidium bromide (EB) competition assay
To confirm the results suggested by the KI assay, a competition

study was performed with ethidium bromide, a classical probe that
binds to DNA via intercalation. In aqueous solution, this competitor
presents low fluorescence while free; however, when it binds to
DNA the signal increases significantly due to its location between
the nitrogenous base pairs [54]. Thus, any small molecule that
replaces EB in the macromolecule will interact with the same bind-
ing mode [55]. In this sense, Fig. 6c shows that by adding increas-
ing amounts of compound 16 to the system, a gradual decrease in
the fluorescence signal occurs, evidencing that the EB is being dis-
placed from the ctDNA.

The percentage of signal decrease ranged from 42.9 to 61.9%
(Fig. 6d), using up to 30 times excess of the ligands over the initial
amount of ethidium bromide. Thus, suggesting that the evaluated
compounds interact preferentially by intercalation [56], confirm-
ing the previous results. Finally, the confirmation of the binding
mode by intercalation corroborates with works of the literature
that evaluated the interaction of compounds containing the piper-
idine nucleus with DNA [44–47].

Correlation of Kb values with IC50

In order to infer the mechanism of action of the evaluated com-
pounds, the correlation between the values of interaction con-
stants (Kb) of the piperidines with ctDNA (Table 2) and the
cytotoxic activity (GI50) for the human cancer cell lines (Table 1)
was stablished.

The correlation was performed only for the compounds with
GI50 < 250 lg�mL�1 values, which limited the number of points
used in the mathematical modeling for each system. The com-
pound 8 presented for all strains GI50 > 250 lg�mL�1 (negative con-
trol), and thus was not used. The Fig. 7 shows the correlation
coefficients obtained for the colon (HT-29), lung (NCI-H460), kid-
ney (786-0) and resistant ovary lineages (NCI-ADR/RES), for the
other lineages of tumor human cells and healthy cells, the correla-
tion was not significant, where r < - 0.30.

According to Fig. 7, the compound that showed the highest
interaction with ctDNA (piperidine derivative 16), in general, was
the most active against the cell lineages evaluated; while the less
active compounds (piperidine derivatives 8 and 21) were those
with the lowest ctDNA interaction constants. The values of the cor-
relation coefficients obtained by the graph GI50 vs Kb showed cor-
relation coefficient in the range of 0.8174 � |r| � 0.9868, with the
HT29, NCI-H460 and 786-0 lineages presenting a linear inverse
tendency, while for NCI/ADR-RES was observed an inverse expo-
nential relation. For these lineages, the GI50 value was inversely
proportional to Kb, indicating that the interaction with DNA may
be one of the possible mechanisms of action of these compounds.

The results are in agreement with same works in the literature
that evaluated the correlation between interaction with DNA (Kb)
and values of biological activity. Silva et al. [24] obtained a linear
relation from logKb between ctDNA and b-carboline derivatives
with IC50 values (lM) for six human tumor cell lineages, with
determination coefficients (r2) from 0.5360 to 0.9600. In a similar
evaluation, da Silva et al. [57] observed a linear relation from logKb

between ctDNA and Schiff bases with GI50 values (lg�mL�1) for
seven human tumor cell lines, with correlation coefficients (r) from
�0.9778 to +0.8693. Mckeever et al. [58] evaluated the interaction
of DNA and antiprotozoal activity to guanidine diaromatic deriva-
tives with r2 = 0.87. Finally, Silva et al. [59] observed an exponen-
tial correlation between Kb and IC50 values (lM) for copper(II)
ternary compounds with N-donor heterocyclic ligands and cyto-
toxic activity against chronic myeloid leukemia.
Molecular dynamics

Molecular dynamics associated with molecular docking
studies have been successfully utilized in recognition of



Fig. 8. Molecular docking poses (clustering) of the piperidine compounds in DNA generated by MD simulations. Schematic representation of compound 16, which binds via
intercalation. Green dots: H-bond; spheres: hydrophobic interactions.

Table 3
Comparative docking score, hydrophobic and H-bond interactions for each compound in this study.

Compound Interactions Docking score (kcal mol�1)

Hydrophobic H-bond (Å)

7 DA6, DC9, DG16, DA17, DT19 – �7.5
8 DG4, DA6, DC9, DA17, DT19 – �7.6
9 DA6, DT7, DC9, DG10, DC11, DG16(p-p), DA18 DT8 with carbonyl (1.98) �7.8
10 DA6, DT7, DC9, DG10, DC11, DG16(p-p), DT19 DT8 with carbonyl (2.04) �7.5
16 DT7, DT8, DC9, DT19 DA6 with carbonyl (1.78) �7.5
21 DA6, DC9(p-p), DG16(p-p), DA17(p-p), DT19(p-p) – �7.4
22 DC9, DG16, DA17, DT19 – �7.1
25 DA6, DT8, DC9, DG16, DA17, DT19 – �7.8
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ligand-macromolecule interactions [60]. Dynamics simulation was
performed to provide the native structure of the DNA in a physio-
logical medium, after 6 ns. It was verified that the X-ray crystal
DNA has a contracted conformation, which does not allow the
ligands adopt intercalation binding mode into the macromolecule.
Based on this, the molecular dynamics should be performed to
allow a reorganization of the DNA bases, improving the spacing
between them [61]. The molecular docking was performed to val-
idate the binding mode of piperidine derivatives. Fig. 8 shows that
the docked compounds bind the DNA via intercalation, and the
complexes were stabilized mostly by p-p and hydrophobic interac-
tions. The Figs. S2–S8 (supplementary information) present the
results of theoretical studies for the other assessed piperidines
derivatives.

Additionally, only the derivatives 9, 10, and 16 showed H-bond
interactions involving carbonyl group (Table 3). Docking scores
ranged of �7.1 to �7.8 kcal mol�1, which corroborates high affinity
towards DNA and are comparables with fluorescence spectroscopy
results.
Conclusions

In conclusion, a series of twenty-five piperidines derivatives
was evaluated as potential ROS and RNS scavengers and anticancer
agents. Our results demonstrate that the evaluated piperidines
possesses different abilities to scavenge the radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and the anion radical superoxide (�O2

�).
The piperidine 9was the most potent radical DPPD scavenger (cap-
tured 44% of this radical when used at 64 mmol�L�1), while the most
effective to �O2

� scavenger was piperidine 10 (captured 42% of �O2
�

when used at 80 mmol�L�1). The behavior of the evaluated piperidi-
nes was also different against the human cancer cell lines studied.
In general, U251, MCF7, NCI/ADR-RES, NCI-H460 and HT29 cells
were least sensitive to the tested compounds and all compounds
were considerably more toxic to the studied cancer cell lines than
to the normal cell line HaCaT. In the ctDNA interaction studies was
verified that the evaluated piperidine derivatives interact with the
DNA model lead to formation of supramolecular complex, where
Kb values ranged from 0.10 to 8.00 104 M�1. In addition, by
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correlating the binding constants with the GI50 values, it was
observed that the correlation coefficients varied in the range
of 0.8174 � |r| � 0.9868, for HT29, NCI-H460, 786-0 and
NCI/ADR-RES, suggesting that the preferential mechanism of action
of these compounds may be associated with DNA as a biological
target. The KI assay, competition with ethidium bromide and
theoretical studies have suggested that such piperidine derivatives
interact with DNA preferentially via intercalation. Finally, the
docking and molecular dynamic studies confirmed the spectro-
scopic results obtained.
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