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A B S T R A C T

Piperazine is a promising scaffold for drug development due to its broad spectrum of biological activities. Based
on this, the new piperazine-containing compound LQFM018 (2) [ethyl 4-((1-(4-chlorophenyl)-1H-pyrazol-4-yl)
methyl)piperazine-1-carboxylate] was synthetized and some biological activities investigated. In this work, we
described its ability to bind aminergic receptors, antiproliferative effects as well as the LQFM018 (2)-triggered
cell death mechanisms, in K562 leukemic cells, by flow cytometric analyses. Furthermore, acute oral systemic
toxicity and potential myelotoxicity assessments of LQFM018 (2) were carried out. LQFM018 (2) was originally
obtained by molecular simplification from LASSBio579 (1), an analogue compound of clozapine, with 33% of
global yield. Binding profile assay to aminergic receptors showed that LQFM018 (2) has affinity for the dopa-
mine D4 receptor (Ki = 0.26 μM). Moreover, it showed cytotoxicity in K562 cells, in a concentration and time-
dependent manner; IC50 values obtained were 399, 242 and 119 μM for trypan blue assay and 427, 259 and
50 μM for MTT method at 24, 48 or 72 h, respectively. This compound (427 μM) also promoted increase in LDH
release and cell cycle arrest in G2/M phase. Furthermore, it triggered necrotic morphologies in K562 cells
associated with intense cell membrane rupture as confirmed by Annexin V/propidium iodide double-staining.
LQFM018 (2) also triggered mitochondrial disturb through loss of ΔΨm associated with increase of ROS pro-
duction. No significant accumulation of cytosolic cytochrome c was verified in treated cells. Furthermore, it was
verified an increase of expression of TNF-R1 and mRNA levels of CYLD with no involviment in caspase-3 and -8
activation and NF-κB in K562 cells. LQFM018 (2) showed in vitro myelotoxicity potential, but it was orally well
tolerated and classified as UN GHS category 5 (LD50 > 2000–5000mg/Kg). Thus, LQFM018 (2) seems to have a
non-selective action considering hematopoietic cells. In conclusion, it is suggested LQFM018 (2) promotes cell
death in K562 cells via necroptotic signaling, probably with involvement of dopamine D4 receptor. These
findings open new perspectives in cancer therapy by use of necroptosis inducing agents as a strategy of reverse
cancer cell chemoresistance.
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1. Introduction

Piperazine is a promising scaffold for drug development [1] due to
its broad spectrum of biological activities [2]. It is present in a large
variety of commercially available anticancer drugs such as imatinib
mesylate, a tyrosine kinase inhibitor (TKI) that acts by inhibiting spe-
cific tyrosine kinases, such as BCR-ABL fusion oncoprotein in chronic
myeloid leukemia [3–5].

Chronic myeloid leukemia is a myeloproliferative disorder char-
acterized by the neoplastic transformation of hematopoietic stem cells
in the bone marrow and their accumulation in the bloodstream. Its
molecular hallmark is the Philadelphia chromosome (Ph), an aberrant
fusion gene originated by translocation between chromosomes 9 and 22
which results in a chimeric gene product BCR-ABL [6–8]. The mutations
of Ph and overexpression of BCR-ABL oncoprotein can promote re-
sistance to apoptosis induced by conventional chemotherapy, and make
chronic myeloid leukemia stem cells capable of escaping from imatinib
and other TKI agents [9–12]. Therefore, compounds which also pro-
mote other or additional cellular death mechanisms, such as regulated
necrosis, could be a new therapeutic option.

In accordance with the Nomenclature Committee on Cell Death
(NCCD), regulated cell death occurs as part of physiological programs
or can be activated once adaptive responses to perturbations of the
extracellular or intracellular microenvironment fail [13,14]. Regulated
necrosis, in turn, plays a major role in both physiological scenarios (e.g.
embryonic development) and pathological settings (e.g. ischemic dis-
orders); various types have been characterized, including necroptosis,
mitochondrial permeability transition (MPT)-dependent regulated ne-
crosis and parthanatos ([15–18]).

Currently, studies show that necrosis is a regulated process invol-
ving a set of transduction pathways and degradative mechanisms
[19–21]. In view of that, the term “necroptosis” can be defined as a
receptor interacting protein kinase 3 (RIPK3)-dependent molecular
cascade promoting regulated necrosis [13]. Necrosis can be character-
ized by cell volume gain, organelle swelling, plasma membrane rupture
and loss of intracellular content, which can lead to inflammation
[22,23]. The cellular signaling that triggers necrosis is complex and
requires different molecules working in concert. This process can be
initiated by death receptors such as the tumor necrosis factor (TNF)
receptor family, including TNF, Fas and TNF-related apoptosis-inducing
ligand (TRAIL) [24].

Considering this background, this study describes the synthesis of
the new piperazine-containing compound LQFM018 (2) [ethyl 4-((1-(4-
chlorophenyl)-1H-pyrazol-4-yl)methyl)piperazine-1-carboxylate], a
closely related analogue of LASSBio579 (1), a compound obtained by
molecular simplification of atypical antipsychotic clozapine [25].
Moreover, the LQFM018 (2)-triggered cell death mechanisms in K562
cells as well as acute oral systemic toxicity and potential myelotoxicity
assessments of LQFM018 (2) were carried out.

2. Materials and methods

2.1. Chemicals

An In Vitro Lactate Dehydrogenase Activity Assay kit, a Caspase-3
Colorimetric Assay kit, Dulbecco’s modified Eagle’s medium (DMEM),
Roswell Park Memorial Institute (RPMI)-1640 medium, gentamycin,
amphotericin B, propidium iodide (PI), RNAse, acetate 2,7-dichloro-
fluorescein (DCFH-DA), EDTA, bovine serum albumin (BSA), phos-
phatidylcholine, sodium taurodeoxycholate hydrate, rhodamine 123,
granulocyte-macrophage colony-stimulating factor (GM-CSF), 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and
ethidium bromide were purchased from Sigma-Aldrich (St. Louis, MO,
USA). A CaspaTagTM Caspases-8 In Situ Assay kit was obtained from
MilliporeTM (Temecula, CA, USA). Fetal bovine serum (FBS) and acetic
acid were acquired from Gibco (Grand Island, NY, USA) and Cromoline

(Diadema, SP, Brazil), respectively. Trypan blue dye, dimethyl sulfoxide
(DMSO), ethanol, methanol and Triton X-100 were obtained from Vetec
(Rio de Janeiro, RJ, Brazil), while May-Grünwald-Giemsa dye was
purchased from Merck (Darmstadt, HE, Germany). Hoechst 33342 dye
was acquired from Invitrogen (GrandIsland, NY, USA). Xylasine and
ketamine hydrochloride were obtained from Syntec (Cotia, SP, Brazil)
and König (Embu-Guaçu, SP. Brazil), respectively. Agar and an FITC
Annexin V Apoptosis Detection kit were purchased from BD Bioscience
(Franklin Lakes, NJ, USA). The mouse monoclonal anti-human cyto-
chrome c (6H2, sc-13561 PE) and anti-human tumor necrosis factor
receptor 1 (TNF-R1) (6A658, sc-73195 FITC) antibodies were acquired
from Santa Cruz Biotechnology (Dallas, TX, USA). RNeasy mini,
QuantiTect Reverse Transcription, Rotor-Gene SYBR Green PCR and
QuantiTect Reverse Transcription kits were purchased from Qiagen
(Hilden, Germany). The sunflower oil was obtained from Bunge
Alimentos (Gaspar, SC, Brazil).

2.2. Cell cultures

Balb/c 3T3-A31 fibroblasts were kindly donated by Dr. Mari Cleide
Sogayar (Chemistry Institute, University of São Paulo, SP, Brazil); while
K562 chronic myelogenous leukemia cells were obtained from the Rio
de Janeiro Cell Bank (Rio de Janeiro, RJ, Brazil). The 3T3 and K562
cells were cultured in DMEM or RPMI-1640 medium, respectively,
supplemented with 10% (v/v) heat-inactivated FBS, 2mM L-glutamine,
4.5 mM HEPES, 0.17M sodium bicarbonate, 100 IU/mL penicillin and
100 μg/mL streptomycin in a humidified atmosphere of 5% CO2 in air
at 37 °C.

2.3. Animals

Female Swiss mice, weighing between 30 and 35 g, obtained from
the Bioterium at the Federal University of Goiás (Goiânia, GO, Brazil)
were used in this study. All efforts were realized to ensure the welfare of
mice. Parameters as loss of body weight, food/water consumption and
changes in activity and behavior of the animals were daily checked as
clinical conditions of animal suffering to determine when the animals
must be humanely sacrificed [26]. In addition, mice were acclimatized
for a week before beginning the experiments.

The animals were kept under constant environmental conditions
with a light-dark (12:12 h) cycle, controlled temperature (23 ± 2 °C),
water and food provided ad libitum. All procedures and protocols were
reviewed and approved by the Research Ethics Committee of the
Federal University of Goiás (UFG no. 137/2009). At the end of each
experiment, the mice were previously anesthetized with xylazine
(10mg/kg) and ketamine hydrochloride (100mg/kg) administered in-
traperitoneally and then euthanized by cervical dislocation [26].

2.4. General

NMR experiments were acquired at room temperature on a
BrukerAvance III 500 (11.75 T) spectrometer, using a 5mm inverse-
detection probehead with z-gradient. To acquire 1H and 13C experi-
ments, samples containing 20mg of LQFM018 (2) in CDCl3 and tetra-
methylsilane (TMS) as internal standard were used. 1D and 2D pulse
sequences from the Bruker user library were used for all experiments.
Infrared (IR) spectra were obtained on a Nicolet-55a Magna spectro-
meter using KBr plates. Mass spectra (MS) were obtained with a
microTOF III (Brucker Daltonics Bremen, Germany). The sample pre-
paration for MS analysis consisted of diluting 1 μg of sample in 1mL of
methanol. To perform the analysis in positive mode, 1 μl of formic acid
was added to the sample. The solution obtained was directly infused at
a flow rate of 3 μL/min into the ESI source. ESI(+) source conditions
were as follows: nebulizer nitrogen gas temperature and pressure of
2.0 bar and 200 °C, capillary voltage of −4,5 kV, transfer capillary
temperature of 200 °C; drying gas of 4 Lmin−1; end plate offset of
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−500 V; skimmer of 35 V and collision voltage of −1.5 V. Each spec-
trum was acquired using 2 microscans. The resolving power (m/
Δm50% 16.500,00, where Δm50% is the peak full width at half-max-
imum peak height). Mass spectra were acquired and processed with
Data Analysis software (BruckerDaltonics, Bremen, Germany). The
progress of all reactions was monitored by aluminum flexible plates for
thin-layer chromatography (TLC), using a 0.25mm layer of silica gel
760 (Merck). The compounds were revealed by UV254, UV265 and io-
dine vapor.

2.5. Synthesis of LQFM018 (2)

To a 50mL bottom flask, 1.00mmol of 1-(4-chlorophenyl)-1H-pyr-
azole-4-carbaldehyde (6),1.00 mmol of ethyl N-piperazinecarboxylate
(7), 0.5 mmol of ZnCl2, 0.5 mmol, 5 mL of methanol and NaCNBH3 were
added. The reaction was carried out at room temperature for 2 h. The
solvent was evaporated and the residue partitioned between NaOH (1N)
and CH2Cl2. The combined organic layers were dried with Na2SO4 and
concentrated by vacuum. Flash column was used to afford LQFM018
(2) as a beige solid, in 47% of yield, mp 41 °C, Rf= 0.72
(CH2Cl2:MeOH, 95:5).1H NMR (500MHz) CDCl3/TMS (δ): 7.85 (1H, s,
H5); 7.63 (1H, s, H3); 7.62 (2H, d, J =9.0 Hz, H2′ and 6′); 7.40 (2H, d,
J=9.0 Hz, H3′ and 5′); 4.13 (2H, q, J=7.2 Hz, H14); 3.52–3.46 (4H, s,
H9 and 11); 3.49 (2H, s, H6); 2.46–2.41 (4H, m, H8 and 12); 1.25 (3H,
t, J =7.2 Hz, H15); RMN 13C (125MHz) CDCl3/TMS (δ): 155.4 (C-13);
142.0 (C-3); 138.6 (C-4′); 131.9 (C-1′); 129.5 (C-3′ and 5′); 126.5 (C-5);
120.0 (C-2 and 6′); 119.7 (C-4); 61.3 (C-14); 52.5 (C-8 and 12); 52.3 (C-
6); 43.5 (C-9 and 11); 14.6 (C-15); I.R.max (KBr) cm−1: 3107 (ν CeH);
2983 (ν CeH); 1690 (ν C]O);1501 (ν C]C); 1092 (ν CeCl); MS:
[M+H]+ m/z of 349.1392; [M+Na]+ m/z of 371.1197; purity >
98% (Supplementary Figs. 1–6).

2.6. Preparation of LQFM018 (2)-containing formulation

For the in vitro assays, an emulsion containing LQFM018 (2) was
prepared as follows to allow dissolution in water: 5 mg of LQFM018 (2)
were diluted in 200 μL ethanol, to which 5mg phosphatidylcholine and
800 μL sodium taurodeoxycholate hydrate solution (1.25 mg/mL) were
added in water. For the in vivo assay, LQFM018 (2) was dissolved in
sunflower oil for administration to mice.

2.7. Binding assays

Binding assays were carried out as described elsewhere [27]. In
brief, membrane preparations of cells transfected with human receptors
(Chemiscreen, Millipore) were used with 0.1 nM [3H]-YM-09151-2 as
radioligand for the dopamine D4 receptors. For binding to the D2-like
receptors, striatal membranes from rat brain were used with the same
radioligand. For serotonin 5-HT1A and 5-HT2A receptors, hippocampal
and cortical membranes from rat brain were used with 1 nM [3H]-8-OH-
DPAT and 1 nM [3H]-ketanserin, respectively.

2.8. Cytotoxicity assays

Trypan blue exclusion, MTT reduction and lactate dehydrogenase
(LDH) release assays were carried out to evalute the cytotoxicity of
LQFM018 (2). In brief, K562 cells (1× 106 cells/mL) were seeded into
96-well flat plates in RPMI medium supplemented with 10% (v/v) FBS
and incubated with or without eight concentrations of LQFM018 (2)
(10–1430 μM) in sextuplicate for 24, 48 or 72 h.

After the treatment, an aliquot of cell suspension was mixed with
trypan blue solution (0.2% in phosphate buffered saline, PBS) (1:10)
and the viability of the cells was estimated using a hemocytometer
(Reichert, USA). Those cells which incorporated the dye and turned
blue were quantified as dead [28].

For the MTT assay [29], 10 μL/well MTT (5mg/mL) were added

and plate incubated for additional 4 h. Posteriorly, cells were cen-
trifuged at 800 rpm for 10min, the supernatant removed and 100 μL of
DMSO added in each well to solubilize the formed formazan. Absor-
bance was measured at 545 nm using a spectrophotometer (Stat Fax
2100, Awareness Technology, Dusseldorf, Germany). The IC25 or IC50

values (concentration that inhibited cell growth by 25 or 50% in
comparison to untreated group) obtained in the MTT assay over 24 h of
treatment was used for subsequent studies.

The levels of LDH released by K562 cells after the treatment with
and without LQFM018 (2) for 24 h were estimated using the Lactate
Dehydrogenase Activity Assay kit (Sigma-Aldrich) in accordance with
the manufacturer’s instructions.

2.9. Cell morphology examination

After 24 h of treatment with LQFM018 (2) (427 μM), cells
(1× 105 cells/mL) were placed on glass slides and stained by May-
Grünwald-Giemsa dye [76] at room temperature for 10min. After
staining, the slides were examined by light microscopy (AxioZeiss,
Zeiss, Germany) and images were analyzed at 400× magnification. In
addition, nuclear changes were assessed using the DNA binding dye
Hoechst 33342 as follows: cells were fixed in a solution of acetic acid
and methanol (1:3) for 10min and 100 μL of Hoechst 33342 dye
(10 μg/mL) were added and left to incubate for 10min. Posteriorly,
cells were washed in deionized water and the slides were analyzed by
fluorescence microscopy (DMI 4000 B Leica Microsystems, Bannock-
burn, IL, USA) using a 400× magnification and LAS-AF software, filter
A4.

2.10. Cell cycle analysis

K562 cells (1× 106 cells/mL) treated with or without LQFM018 (2)
(427 μM) were washed twice with ice-cold PBS at 1500 rpm for 10min
and fixed with 1mL ice-cold 70% ethanol at 4 °C. After 24 h, cells were
washed in PBS and incubated with 1mL PBS solution containing RNAse
(200 μg/mL) and PI (50 μg/mL) at room temperature in the dark for 2 h.
The red PI fluorescence was excited by a wavelength of 488 nm and
detected at 620–700 nm filter using a flow cytometer (BD FACSCanto II,
BD Biosciences, San Jose, CA, USA) recording 10,000 events for each
analysis in duplicate.

2.11. Phosphatidylserine externalization

Phosphatidylserine externalization assessment was carried out using
a FITC Annexin V Apoptosis Detection kit (BD Bioscience), in ac-
cordance with manufacturer’s instructions. Briefly, K562 cells
(1× 106 cells/mL) were incubated with and without LQFM018 (2)
(427 μM) for 24 h and washed with ice-cold PBS at 1500 rpm for
10min. After that, the cells were rewashed in 100 μL of binding buffer
(10mmol/L HEPES/NaOH, 140mmol/L NaCl, 2.5mmol/L CaCl2) at
1500 rpm for 10min. Then 5 μL of FITC-conjugated Annexin V (A) were
added and the cells incubated at room temperature for 15min. They
were then washed with binding buffer, and 200 μL of binding buffer
containing PI solution (5 μg/mL) were added. The stained cells were
analyzed by flow cytometer to determine four cell populations: necrotic
(A−/PI+), early apoptotic (A+/PI−), late apoptotic (A+/PI+) and
viable (A−/PI−) cells.

2.12. Evaluation of mitochondrial membrane potential (ΔΨm) and reactive
oxygen species (ROS) generation

After treatment with LQFM018 (2) (427 μM) for 6, 12 or 24 h, K562
cells (1× 106 cells/mL) were washed with 1mL PBS at 1500 rpm for
10min. The supernatant was then removed and 1mL of rhodamine 123
(1 μg/mL) or DCFH-DA (10 μM) solution were added to evaluate loss of
ΔΨm and ROS production, respectively. After incubation of 1 h, cells
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were washed, resuspended in 400 μL of PBS and evaluated by flow
cytometer.

2.13. Analysis of cytochrome c release and expression of TNF-R1

K562 cells (1× 106 cells/mL) were washed twice in ice-cold PBS-
BSA soon after the treatment with and without LQFM018 (2) (427 μM)
for 24 h. After that, 5 μL anti-TNF-R1 or anti-cytochrome c antibodies
were added and incubated at room temperature protected from light for
20min. Cells were then washed twice with PBS and resuspended with
400 μL of PBS for analysis by flow cytometer.

2.14. Determination of caspase-3 and -8 activities

K562 cells (1× 106 cells/mL) were treated with and without
LQFM018 (2) (427 μM) for 24 h and cell lysate was used to determine
caspase activity using a Caspase-3 Colorimetric Assay kit (Sigma-

Aldrich), according to the manufacturer's guidelines. Caspase-8 activity
assessment was carried out using the CaspaTag Caspase In Situ Assay
Fluorescein kit (MilliporeTM) following the manufacturer’s instructions.

2.15. Quantitative RT-PCR

The transcriptional profiles of caspase-3 and-8, factor nuclear kappa
B (NF-κB) and cylindromatosis (CYLD) were analyzed after treatment of
K562 cells with LQFM018 (2) (213 μM). Total RNA from K562 cells was
obtained using the RNeasy mini kit (Qiagen), following the manu-
facturer’s instructions. The concentration and purity of the isolated
RNA were determined by measuring the optical density at 260 and
280 nm using NanoDrop 8000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). RNA integrity was verified by electro-
phoresis through 1.5% agarose gel stained with ethidium bromide.
QuantiTect Reverse Transcription Kit (Qiagen) was used for cDNA
synthesis with 1 μg of RNA, in accordance with the manufacturer’s in-
structions. Real-time PCR was performed with 2.5 μL cDNA diluted 1/2
and 300 nM of primers using Rotor-Gene SYBR Green PCR kit (Qiagen).
DNase I treatment for gDNA digestion was done with an RNeasy mini
and QuantiTect Reverse Transcription kits (Qiagen) following the
manufacturers’ instructions. PCR specificity was determined using both

Fig. 1. Design (A) and synthetic route (B) of the LQFM018 (2) from the LASSBio 579 (1).

Fig. 2. Competition curves for the binding of LQFM018 (2) to the dopamine (D2 and D4)
and serotonin (5-HT1A and 5-HT2A) receptors. The mean data of three independent ex-
periments were fitted assuming a single population of binding sites.

Table 1
Ki values (μM) for LQFM018 (2) at dopamine (D2 and D4) and serotonin (5-HT1A and 5-
HT2A) receptors.

Compound D2 D4 5-HT1A 5-HT2A

Clozapinea 0.14 0.060 0.26 0.021
LASSBio579a 0.39 0.18 0.22 6.91
LQFM018 10.2 0.26 ≈ 17 ≈ 73

≈ low precision (about or less than 50% inhibition at 50 μM, the higher concentration
tested due to solubility limitation).
Ki values were calculated by the Cheng-Prusoff equation using IC50 values estimated from
Fig. 2.
Kd values estimated in saturation experiments: 0.42, 2.74, 0.70 and 2.69 nM for D2, D4, 5-
HT1A and 5-HT2A receptors, respectively.

a From Pompeu et al. [27].
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Fig. 3. Cytotoxicity evaluation of LQFM018 (2) in K562 leukemic cells. Cells were treated with different concentrations of LQFM018 (2) (10–1430 μM) for 24, 48 or 72 h. After that,
cytotoxicity evaluation was carried out using trypan blue exclusion (A) and MTT reduction (B) assays. LDH release assay (C) was also conducted in K562 cells treated with LQFM018 (2)
(427 μM) for 24 h. (D) Aspect of K562 cells treated with or without of LQFM018 (2) (427 μM) for 24 h. The images were taken using a 200x objective. (***p < 0.001 vs. control). Each
point represents mean ± SD of three independent experiments.

Fig. 4. Morphological analysis of K562 leukemic cells treated with or without LQFM018 (2) (427 μM) for 24 h using DNA binding dye Hoechst 33342 and May-Grünwald-Giemsa dyes
(magnification ×400).
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a melting curve analysis and gel electrophoresis. The sequences of
primers used were described elsewhere: CYLD [30], caspase-3 and
caspase-8 [31], NF-κB [32] and beta-2-microglobulin (B2M) [33]. The
following PCR conditions were used: 95 °C for 5min followed by 40
cycles of 5 s at 95 °C and 10 s at 60 °C using Rotor-Gene Q (Qiagen,
Hilden, Germany). The endogenous gene used for normalization was
B2M. The relative expression was calculated using the REST 2009
method [34]. The results were obtained through three independent
experiments in duplicate.

2.16. Toxicity studies

2.16.1. 3D colony forming unit-granulocyte/macrophage (CFU-GM) assay
The analysis of potential myelotoxicity of LQFM018 (2) was per-

formed by 3D clonogenic assay of CFU-GM, proposed by [35] and
modified by Mota et al. [28]. Briefly, bone marrow cells were collected
from a mouse, transferred to a sterile tube containing RPMI medium
and washed at 1500 rpm for 10min. After that 1× 105 cells/mL were
seeded in Petri dishes (35×10mm), maintained in 2mL of 2× DMEM
containing 20% (v/v) FBS, 50% (v/v) agar (0.6%, p/v), GM-CSF
(0.5 ng/mL) with or without eight different concentrations of LQFM018
(2) (0.006–0.716mM). The dishes were incubated for 7 days in a hu-
midified atmosphere of 5% CO2 in air at 37 °C. After incubation, the
colony forming units were scored at 35× magnification using a dis-
section microscope (Leica, Wetzlar, Germany).

2.16.2. Neutral red uptake (NRU) assay
This assay was conducted according to the NICEATM standard

protocol [36]. In brief, 3T3 fibroblasts (3× 104 cells/mL) were seeded

into a 96-well flat plate in DMEM supplemented with 10% (v/v) FBS
and incubated for 24 h. The medium was removed and eight different
concentrations of LQFM018 (2) (11–1433 μM), diluted in complete
medium, were added in each well in sextuplicate. After 48 h of in-
cubation, the treatment medium was removed and all wells received a
solution containing 250 μL of neutral red dye (0.25mg/mL) diluted in
medium (DMEM+5% FBS) followed incubation of 3 h. The NR
medium was discarded and cells were washed once with PBS (250 μL/
well). The supernatant was removed and 100 μL/well of NR desorb (1%
acetic acid, 50% ethanol and 49% deionized water) solution were
added. The plate was shaken on a microplate shaker for 20min to ex-
tract NR from the cells forming a homogeneous solution. The absorp-
tion was measured at 545 nm in a spectrophotometer. The estimated
LD50 (dose that causes death in 50% of animals) was estimated based on
the equation previously established [37]: Log (LD50)= 0.545× log
(IC50)+ 0.757.

2.16.3. Analysis of acute oral systemic toxicity
Considering that animal experimentation still remains essential to

meet regulatory requirements, the in vivo analysis in this study were
performed focused on animal welfare. The experimental design con-
sidered the minimum number of animals without reducing the scientific
integrity of data generated [38]. Thus, in vivo confirmation of the es-
timated LD50 of LQFM018 (2), established as described in item 2.16.2,
was conducted according to the OECD Test Guideline No. 423 - Acute
Toxic Class Method [38]. Based on scientific progress, this validated
test uses a reduced number of animals to judge acute toxicity of a
substance and classify it according to the United Nations Globally
Harmonized System of Classification and Labelling of Chemicals (UN

Fig. 5. Cell cycle analysis of K562 leukemic cells treated without or with LQFM018 (2) (427 μM) for 24 h. (A) Representative histograms of cell cycle of untreated and treated K562 cells.
(B) Percentage of cells in sub-G1, G0/G1, S and G2/M phases. Each bar represents mean ± SD of two independent experiments. (*p < 0.05 and ***p < 0.0001 vs. control).
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GHS). In brief, two groups of three female Swiss mice were treated
orally (by gavage) with a single dose (0.2 mL/mice) of 500 and
2000mg/Kg of LQFM018 (2). The animals were observed for the first
10 min, 30min, 1 h, 2 h, 4 h, 6 h, 12 h and 24 h and daily until the 14th
day after treatment. A Hippocratic screening was performed to in-
vestigate the following signs: vocal tremor, irritability, touch response,
response to the tightening of tail, righting reflex, body tone, tremors,
convulsions, straub, piloerection, cyanosis, salivation and death. The
intensities of these events were tabulated from 0 to 4 (absent, rare,
little, moderate and intense, respectively). Behavioral changes were
recorded in a protocol according to Malone [39]. As recommended, the
safety of the estimated LD50 was subsequently confirmed in another
three animals. The abdominal cavity was opened to check for possible
macroscopic alterations.

2.17. Statistical analysis

For flow cytometer analysis, 10,000 events were collected per
sample of each assay using a FACSCanto II flow cytometer and
FACSDiva software version 6.0 (BD Biosciences, San Jose, CA, USA).
Statistical analysis was performed by two-way ANOVA followed by
Bonferroni post-test or Student’s t-test using GraphPad Prism version
5.0 software for Windows (San Diego, CA, USA). The data are expressed
as mean ± standard deviation (SD) of two or three independent assays.
Statistical significance was established as p < 0.05.

3. Results

3.1. Synthesis of LQFM018 (2)

LQFM018 (2) was designed as a new analogue from LASSBio579
(1), a compound obtained from the atypical antipsychotic clozapine. As
can be seen in Fig. 1A, the subunits A, B and C present in LASSBio579
(1) were preserved, whereas the phenyl subunit (D) was changed by
ethyl carbamate (E) to increase the metabolic stability of LQFM018 (2).
Furthermore, LQFM018 (2) presents the pharmacokinetic filters pre-
conized by Lipinsky. As shown in Fig. 1B, its synthetic route began by
synthesis of 1-(4-chlorophenyl)-1H-pyrazole (5) compound using the
classical method described by Finar and Godfrey [77], in 92% of yield.
On the other hand, compound 1-(4-chlorophenyl)-1H-pyrazole-4-car-
baldehyde (6) was produced in 78% of yield through chemospecific and
regiospecific formulation of 1-(4-chlorophenyl)-1H-pyrazole (5), which
was performed under Duff’s conditions. The last step was carried out
through reductive amination conditions in 47% of yield. After three
synthetic steps, LQFM018 (2) was obtained in 33% of global yield.

3.2. Binding profile to aminergic receptors

It was determined the affinity of LQFM018 (2) for aminergic re-
ceptors that are involved in the therapeutic effect of atypical anti-
psychotics. Fig. 2 and Table 1 show that LQFM018 (2) has moderate

Fig. 6. Evaluation of phosphatidylserine externalization in K562 leukemic cells treated with or without LQFM018 (2) (427 μM) for 24 h using Annexin V (A)/propidium iodide (PI) double
staining assay. (A) Representative histograms of untreated and treated K562 cells showing the following populations: viable (A−/PI−, left lower quadrant), early apoptotic (A+/PI−,
right lower quadrant), late apoptotic (A+/PI+, right upper quadrant) and necrotic (A−/PI+, upper left quadrant) cells. (B) Percentage of viable, apoptotic and necrotic cells in
untreated and treated cells. Each bar represents mean ± SD of two independent experiments. (***p < 0.0001 vs. control).
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affinity for the dopamine D4 receptor (Ki = 0.26 μM), like LASSBio579
and clozapine, but much less affinity for the dopamine D2, serotonin 5-
HT1A and 5-HT2A receptors.

3.3. Cytotoxicity induced by LQFM018 (2) in K562 cells

The cytotoxicity of LQFM018 (2) in K562 cells was evaluated in 24,
48 and 72 h of treatment using trypan blue and MTT assays. Data
showed that this compound promoted a decrease in K562 cell viability
in a concentration and time-dependent manner. The IC50 values ob-
tained for each exposure time were 399, 242 and 119 μM for trypan
blue test (Fig. 3A) and 427, 259 and 50 μM for the MTT method
(Fig. 3B). In addition, cell membrane integrity of K562 cells treated
with LQFM018 (2) (427 μM) for 24 h was analyzed by LDH release
assay. It was observed that LQFM018 (2) promoted an increase of
179.17% in LDH release when compared to control cells (p < 0.0001)
(Fig. 3C). Morphological changes were also observed after treatment of
K562 with LQFM018 (2) (Fig. 3D).

3.4. Morphological analysis of K562 cells treated with LQFM018 (2)

To further explore the morphological changes after treatment with

LQFM018 (2) (427 μM), K562 cells were stained with Hoechst 33342
and May-Grünwald-Giemsa. Predominant necrotic morphologies were
observed, including gain in cell volume (oncosis), plasma membrane
rupture and subsequent loss of intracellular content (Fig. 4).

3.5. Effects of LQFM018 (2) on cell cycle of K562 cells

Fig. 5A shows a representative cell cycle of K562 cells treated with
or not LQFM018 (2) (427 μM) for 24 h. It was observed that LQFM018
(2) promoted a significant decrease of 20.60% in the proportion of cells
in the G0/G1 phase in comparison to control (p < 0.0001). In addi-
tion, it triggered a significant increase of 30.63% (p < 0.05) in G2/M
phase, which indicates a tendency of the cells to arrest in this phase of
the cell cycle. No change was observed in the S phase. In relation to sub-
G1 phase, characterized by DNA fragmentation due to apoptosis, it was
observed an increase of 13.30%, although not statistically significant
(Fig. 5B).

3.6. Evaluation of phosphatidylserine exposure induced by LQFM018 (2) in
K562 cells

Assessment of phosphatidylserine exposure induced by treatment of

Fig. 7. Effects of LQFM018 (2) on the ΔΨm, ROS generation and cytochrome c release in K562 leukemic cells. Cells were treated with or without LQFM018 (2) (427 μM) for 6, 12 or 24 h.
After that, ΔΨm (A and B) and ROS generation (C and D) assessments were carried out using rhodamine 123 and DCFH-DA staining, respectively. (E and F) Cytochrome c release analysis
in control and cells treated with LQFM018 (2) (427 μM) for 24 h. Flow cytometric histograms (B, D and F) are representative of each assay. Each bar represents mean ± SD of two
independent experiments. (*p < 0.05, **p < 0.001 and ***p < 0.0001 vs. control).
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LQFM018 (2) (427 μM) for 24 h in K562 cells was evaluated by A/PI
double staining flow cytometric assay. As show in Fig. 6A and B,
LQFM018 (2) promoted a significant decrease of 40.50% in cell viabi-
lity (A−/PI−) (p < 0.001) in contrast to the control cells. Moreover,
the percentage of early (A+/PI−) and late (A+/PI+) apoptotic cells
were 1.95 and 11.40% (p < 0.0001), respectively. Furthermore, this
compound significantly triggered necrosis (A−/PI+) in 47.60% of the
K562 cells (p < 0.0001) in relation to the control.

3.7. Effects of LQFM018 (2) on the ΔΨm, ROS generation and cytochrome
c release in K562 cells

The effects of LQFM018 (2) on ΔΨm and ROS generation using
K562 cells were assessed by rhodamine 123 and DCFH-DA staining,
respectively. It was verified that the treatment of the cells with
LQFM018 (2) (427 μM) for 6 and 12 h did not promote changes in
ΔΨm. On the other hand, the treatment for 24 h triggered a significant
loss of ΔΨm (p < 0.0001), in comparison to control (Fig. 7A and B).
LQFM018 (2) also promoted a significant increase in ROS production
after 6 h of treatment (p < 0.05), whereas the ROS levels were statis-
tically reduced after 12 h (p < 0.001) and 24 h (p < 0.0001) (Fig. 7C
and D). No significant accumulation of cytosolic cytochrome c was
verified in treated cells with LQFM018 (2) for 24 h (Fig. 7E and F).

3.8. Effects of LQFM018 (2) on TNF-R1 expression and caspase-3 and -8
activities in K562 cells

The treatment of K562 cells with LQFM018 (2) (427 μM) for 24 h
significantly increased the expression of TNF-R1 protein (p < 0.001)
(Fig. 8A). In addition, no statistical difference was verified in caspase-3
activity (Fig. 8B), whereas caspase-8 activation failed, especially at 12 h
after treatment (p < 0.05) (Fig. 8C).

3.9. Effects of LQFM018 (2) on mRNA levels of caspase-3 and -8, NF-κB
and CYLD in K562 cells

Quantitative analysis of mRNA levels of caspase-3 and -8, NF-κB and
CYLD in K562 cells treated with LQFM018 (2) (213 μM) were carried
out using RT-PCR. As shown in Fig. 9, only the mRNA levels of CYLD
were increased after treatment with LQFM018 (2).

3.10. Toxicity evaluation of LQFM018 (2)

3.10.1. Effects of LQFM018 (2) in murine hematopoietic precursors
The assessment of potential myelotoxicity of LQFM018 (2) was

carried out in murine hematopoietic precursors using 3D CFU-GM
assay. As shown in Fig. 10, LQFM018 (2) did not significantly decrease
the CFU-GM number at concentrations of 6–22 μM, when compared to
the control. On the other hand, it promoted a concentration-dependent
reduction of these progenitor cells (p < 0.05) at higher concentrations
(45-716 μM), which suggests that LFQM018 could have an im-
munosuppressive effect at the concentration studied. The IC50 value
obtained was 300 μM.

3.10.2. Effect of LQFM018 (2) in 3T3 cells
The NRU assay in 3T3 fibroblasts revealed that the three highest

concentrations of the LQFM018 (2) (89, 179 and 358 μM) promoted a
concentration-dependent reduction in 3T3 cell viability after 48 h of
treatment (Fig. 11). The IC50 obtained was 76.5 μM. This value was
used to estimate the LD50, which resulted in a dose of 500mg/kg. Thus,
the compound was classified in category 4 (300 < LD50 < 2000mg/
kg), according to the United Nations Globally Harmonized System of
Classification and Labelling of Chemicals (UN GHS).

3.10.3. Evaluation of acute oral systemic toxicity in mice
In vivo confirmation of the LD50 estimated by the NRU assay was

carried out according to the OECD Test Guideline No. 423 [38]. A single
dose of 500mg/kg LQFM018 (2) was administered to mice (n= 3) and
it was observed no death and toxic effects during the study period (14
days of observation). Thus, other animals (n=3) were treated with a
higher dose of 2000mg/kg LQFM018 (2). After treatment, some
changes were observed according to the Hippocratic screening
(Table 2). In addition, this dose caused the death of one animal. The
necropsy showed no macroscopic alterations in the animals. Thus,
LQFM018 (2) showed low toxicity in vivo, since the LD50 was classified

Fig. 8. Effects of LQFM018 (2) on TNF-R1 expression and caspase-3 and -8 activities in
K562 leukemic cells. Cells were treated with or without LQFM018 (2) (427 μM) for 24 h
and expression of TNF-R1 (A) and caspase-3 activity (B) were carried out. (C) Caspase-8
activity of cells treated with or without LQFM018 (2) (427 μM) for 6, 12 or 24 h. Each bar
represents mean ± SD of two independent experiments. (*p < 0.05 and **p < 0.001 vs.
control).
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as UN GHS category 5 (LD50 > 2000–5000mg/Kg), in agreement with
OECD test guideline No. 423.

4. Discussion

As the resistance of cancer cells to apoptosis triggered by conven-
tional anticancer therapy is a major obstacle, new agents that promote

necroptosis represent a promising strategy for enhancing tumor cell
sensitivity and thus to overcome neoplastic self-renewal [40,41]. In this
sense, it was developed here a new piperazine-containing compound
LQFM018 (2), which triggered cytotoxicity associated with cell cycle
arrest at the G2/M stage in K562 cells with probable involvement of
necroptosis pathways in the cell death process as well as possible role in
dopamine D4 receptor binding.

In our first evaluation, it was verified that LQFM018 (2) has a
moderate affinity for the D4 receptor, differently from clozapine and
LASSBio579, which bind with different affinities to dopamine (D2 and
D4) and serotonin (5-HT1A and 5-HT2A) receptors. This finding suggests
that the D4 receptor could play a role in the necroptosis triggered by
LQFM018 (2). Dopamine, as well as drugs that bind to dopamine re-
ceptors, seems to play an important role against cancer cells. Different
studies have shown that dopamine or its analogs have demonstrated
antitumoral activities against HL60 promyelocytic leukemia [42],
L1210 and P388 lymphocytic leukemia [44], K562 chronic myelo-
genous leukemia [43] and B16 melanoma [44] cells. In addition, clo-
zapine has demonstrated immunomodulatory [45] and in vitro and in
vivo antitumoral effects [46]. Aripiprazole, an antipsychotic drug with
partial dopamine agonist activity, has also showed anticancer effects
through inhibition of cancer stem cells as well as sensitizing them to
chemotherapeutic agents [47].

Corroborating this, LQFM018 (2) triggered the following events
characteristic of necroptosis in K562 cells: mitochondrial impairment
through loss of ΔΨm associated with increase of ROS production, in-
crease of expression of TNF-R1 protein and mRNA levels of CYLD, with
no involviment in increased of cytosolic cytochrome c, caspase-3 and -8
activation and NF-κB. In agreement with these data, necroptosis path-
ways have been described via death receptors (e.g. TNF-R1 and FAS)
associated with independent of the activation of caspase as well as
RIPK3 and mixed lineage kinase domain-like (MLKL) activation
[14,48,49]. One of the most extensively investigated models of ne-
croptosis is that induced by the TNF-R1/tumor necrosis factor-α (TNFα)

Fig. 9. Effects of LQFM018 (2) (213 μM) on mRNA levels of caspase-3 and -8, NF-κB and CYLD in K562 leukemic cells. The normalize gene was B2M. The relative expression was
calculated using the REST 2009 method [29]. Each bar represents mean ± SD of three independent experiments.

Fig. 10. Effects of LQFM018 (2) in murine hematopoietic precursors. Bone marrow cells
were collected from a mouse and treated with or without eight different concentrations of
LQFM018 (2) (6–716 μM) for 7 days. After incubation, colony forming units-granulocyte/
macrophage (CFU-GM) were scored. Each bar represents mean ± SD of three in-
dependent experiments (*p < 0.05 and ***p < 0.0001 vs. control).

Fig. 11. Cytotoxicity of LQFM018 (2) in 3T3 fibroblasts. Cells were treated with or
without different concentrations of LQFM018 (2) (11–1433 μM) for 48 h and the cell
viability evaluated using neutral red uptake (NRU) assay. Each point represents
mean ± SD of three independent experiments.

Table 2
Clinical signs found in mice (n=3) treated with a single oral dose of 2000mg/kg of
LQFM018 (2).

Animal No. Clinical signsa

A B C D E F G H I J K L M

1 0 0 4 4 4 4 0 0 0 0 0 0 0
2 0 0 4 4 4 4 0 0 0 0 0 0 0
3 0 0 0 0 4 4 0 0 0 0 0 3 4

a Abbreviations: A - vocal tremor; B - Irritability; C - touch response; D - response to tail
clamp; E - righting reflex; F - forces to grab; G - tremors; H - seizures; I - straub; J -
piloerection; K - cyanosis; L - salivation; M - death. The numbers represent the following:
0 - absent; 1 - rare; 2 - little; 3 - moderate; 4 - intense.
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receptor ligand system [50]. Moreover, caspase inhibition, especially
caspase-8, has been implicated as a negative regulator of programmed
necrosis through cleavage of RIPK and CYLD [51–53], as demonstrated
here.

TNF-R1 activation through TNFα can drive cells to diverse fates.
TNF-R1-mediated signaling can lead to cell survival, apoptosis or ne-
croptosis via different complex formations [51,54]. After TNF-R1 acti-
vation, the TNF receptor-associated death domain (TRADD) and RIPK1
are recruited to form TRADD- and RIPK1-dependent complex I [55].
According to signalization, complex I can trigger apoptosis via cano-
nical (TRADD-dependent complex IIa) and non-canonical (RIPK1-de-
pendent complex IIb/ripoptosome) NF-kB activation. This complex can
also form another macromolecular protein complex denominated
RIPK3/MLKL-dependent (necrosome), which in turn triggers regulated
necrosis cell death [48].

Furthermore, LQFM018 (2) did not alter the levels of NF-κB mRNA
in K562 cells. NF-κB transcription factor, constitutively expressed in
several hematologic malignancies, is critical regulator of immunity,
stress responses, apoptosis and cell differentiation [56–59]. In chronic
myeloid leukemia blasts, BCR-ABL protein induces constitutive activa-
tion of NF-κB [60], which inhibits TNF-induced ROS accumulation,
necrotic cell death [61] and INFγ-mediated necroptosis [62].

CYLD, a tumor suppressor and a deubiquitinating enzyme, is known
to be recruited by the TNFα receptor upon its activation; it has RIP1 as
a substrate that inhibits the NF-κB system, triggering necroptosis
[17,63]. After treatment of K562 cells with LQFM018 (2), mRNA levels
of CYLD showed increased, which suggests that the NF-κB abrogation
could be a result of CYLD activity and that RIPK1 and RIPK3 may be
involved. This data also corroborates the inhibition of caspase-8 activity
after LQFM018 (2) treatment since caspase-8 activation failure pre-
vented CYLD degradation, resulting in necrotic death [53].

Reports have demonstrated that mitochondrial ROS overgeneration
is a key-event to promote necroptosis in L929 and mouse embryonic
fibroblasts [64–66], whereas this condition seems to be not crucial in
HT29 human colon carcinoma and U937 human myeloid leukaemia
cells [64,67]. These data suggest that the mitochondrial dependency of
necroptosis may be in cell-specific context [68]. Similar results were
observed in necroptotic and apoptotic processes [69–72]. The me-
chanistic process is not well understood, but probably requires necro-
somes trafficking to mitochondria-associated membranes via RIPK3-
MLKL interaction [73].

As regards toxicity profile of LQFM018 (2), it showed in vitro
myelotoxicity potential in bone marrow cells. Similarly, clozapine,
olanzapine and quetiapine also promoted cytotoxicity in myeloid pro-
genitors [74]. Myeloid toxicity is also considered a common adverse
effect in patients receiving anticancer chemotherapy [75]. Thus,
LQFM018 (2) seems to have a non-selective action considering hema-
topoietic cells. Nevertheless, it was orally well tolerated, being classi-
fied as UN GHS category 5 (LD50 > 2000–5000mg/Kg). Chemicals
classified under this category have been considered with relative low
acute oral systemic toxicity hazard [38].

5. Conclusions

Given the above, our data suggest that piperazine compound
LQFM018 (2) promotes cell death in K562 cells via necroptotic sig-
naling probably with the involvement of dopamine D4 receptor, mi-
tochondrial damage, TNF-R1 and CYLD induction, in contrast to failure
of caspase-3 and -8 activation and NF-κB expression. These findings
open new perspectives in cancer therapy by use of necroptosis inducing
agents as a strategy of reverse cancer cell chemoresistance, for instance.
Although LQFM018 (2) showed myelotoxicity potential similarly to
some conventional anticancer agents, it seems to have low acute toxi-
city. Additional studies are necessary to further characterize tox-
icological profile of LQFM018 (2) as well as the mechanisms involved in
its anticancer effects.
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