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ABSTRACT: Pharmacologically active salicylanilides (2-hydroxy-N-phenylbenzamides) have been a promising area of interest in
medicinal chemistry-related research for quite some time. This group of compounds has shown a wide spectrum of biological
activities, including but not limited to anticancer effects. In this study, substituted salicylanilides were chosen to evaluate the in vitro
activity on U87 human glioblastoma (GBM) cells. The parent salicylanilide, salicylanilide 5-chloropyrazinoates, a 4-aminosalicylic
acid derivative, and the new salicylanilide 4-formylbenzoates were chemically and in vitro characterized. To enhance the
internalization of the compounds, they were conjugated to delivery peptides with the formation of oxime bonds. Oligotuftsins
([TKPKG]n, n = 1−4), the ligands of neuropilin receptors, were used as GBM-targeting carrier peptides. The in vitro cellular uptake,
intracellular localization, and penetration ability on tissue-mimicking models of the fluorescent peptide derivatives were determined.
The compounds and their peptide conjugates significantly decreased the viability of U87 glioma cells. Salicylanilide compound-
induced GBM cell death was associated with activation of autophagy, as characterized by immunodetection of autophagy-related
processing of light chain 3 protein.

■ INTRODUCTION
Glioblastoma (GBM) is the most aggressive and most
prevalent form of malignant gliomas with a poor prognosis.1−6

GBM is WHO grade IV glioma and is characterized by
histopathological features such as cellular and nuclear atypia,
poorly differentiated neoplastic astrocytes, brisk mitotic
activity, diminished apoptosis, pseudopallisading necrosis,
neo-angiogenesis, and vascular thrombosis. To distinguish
GBM from lower-grade gliomas, vascular hyperproliferation
and necrosis are essential diagnostic features.2,3 Currently the
Stupp protocol is applied to treat high-grade gliomas.5−8 After
surgical resection, 6 weeks of combined radio- and chemo-
therapy is applied, followed by chemotherapy alone.
Temozolomide (TMZ), a DNA alkylating agent, is used for
chemotherapy.7

Despite the progress in cancer treatments, almost no
advancement in the therapy of gliomas has been introduced;

those brain tumors display stemness signatures, and new
strategies against the highly proliferative activity of glioma cells
have been studied and new compounds acting against them are
needed.5,6 These new agents need to penetrate the blood−
brain barrier, then also penetrate through the tissue of the
whole brain, and selectively eliminate cancer cells without
harming the normal brain tissue.2,3 The malignant glioma
resistance to chemotherapy9,10 suggests that cancer therapy
should include agents that target residual cells to prevent the
regrowth of neoplastic cells.11 Numerous molecular and
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cellular targets are described as a possibility in GBM
treatment,12,13 and modulation of the autophagic flux is one
of them.14−19

Autophagy is a complex process that is responsible for the
intracellular delivery and degradation of cellular components.
The three main autophagic routes, macroautophagy, micro-
autophagy, and chaperone-mediated autophagy (CMA), are
depicted in (Figure 1A).20−23 Macroautophagy (from here,
“autophagy”) is mediated by the characteristic double-
membraned organelles, autophagosomes.20,21 Cellular stress,
starvation, or tumor suppressors are activating the autophagy-
related (Atg) protein cascade while suppressing the autophagy-
inhibiting mammalian target of the rapamycin pathway. Thus,
vesicles derived from the endoplasmatic reticulum are forming
the phagophore membrane.24 During the elongation of the
phagophore, phosphatidylethanolamine is conjugated to the
microtubule-associated protein 1A/1B-light chain 3 (LC3)
LC3-I protein, forming LC3-II, which is built into the
phagophore membrane. LC3-II is the most common
autophagy marker.25,26 As the phagophore grows, it engulfs
cytoplasmic content which contains proteins or damaged
organelles. The sequestration of the phagophore forms the
autophagosome that delivers the cytoplasmic content to the
lysosomes, and the coalescence of the two forms the
autophagolysosomes, where the degradation happens (Figure

1B). After the degradation, the monomers and building blocks
are recycled to the cytoplasm for further use.20,21,26,27

Autophagy modulators have a different effect on cancer
progression depending on the type and status of the
disease.15,16,28−30 Autophagy can serve as an adaptive survival
mechanism, and high-level autophagy can cause autophagy-
mediated type II programmed cell death.31,32 Supporting
Information Table S1 summarizes the effect of autophagy
modulators on brain cancer cell cultures. TMZ and
bevacizumab, two clinically used antiglioblastoma agents,
induce autophagy; however, blocking autophagy enhances
the cytotoxic activity of these compounds.33−35 Treatment of
GBM stem cells with an oncogenic adenovirus (delta-24-
RGD) resulted in autophagic cell death in vitro and in vivo.36

The bioactive alkaloid of Sinomenium acutum, sinomenine
hydrochloride, possesses its cytostatic, epithelial-to-mesenchy-
mal transformation (EMT), and metastasis-suppressing effect
via autophagy induction.37 In the case of neuroblastoma cell
cultures with 18α-glycyrrhetinic acid, a bioactive triterpenoid,
autophagy activation has a pro-survival effect: autophagy
inhibition enhanced apoptotic pathways.38 Gambogic acid, a
product derived from Garcinia hanburyi, induced protective
autophagy in GBM cells.39,40 Gintonin induced strong
autophagy upregulation in primary cortical astrocytes.41 The
Src tyrosine kinase inhibitors, such as Si306 and pro-Si306,

Figure 1. Autophagy is an intracellular degradation system. (A) Types of autophagic pathways. Microautophagy engulfs cytoplasmic cargo in the
lysosome or vacuole membrane itself. CMA is the recognition, delivery, and translocation of target proteins from the cytoplasm to the lysosome
lumen. Autophagosome formation is the hallmark of macroautophagy. (B) Process of macroautophagy. Vesicles derived from the endoplasmic
reticulum form phagophore membranes. The phagophore elongation and sequestration are mediated by the phosphatidylethanolamine conjugate of
LC3-I, LC3-II. The autophagosome is a double-membraned organelle. The autophagosome with the lysosome forms autophagolysosomes, where
the degradation happens.
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induce autophagy in GBM cells. Bafilomycin A1 enhances the
cytotoxic effect of the compounds while inhibiting autophagic
flux within the cell, suggesting the cytoprotective role of
autophagy after the treatment with Si306 or pro-Si306.42

Salicylanilides (2-hydroxy-N-phenylbenzamides) exhibit a wide
spectrum of activities; therefore, they are a subject of interest
in medicinal chemistry.43−59 They have antitumor,60 anti-
bacterial,61−64 antifungal,65 antiviral,66,67 and anthelmintic68

activities. Table 1 summarizes the autophagy-modulating
salicylanilide derivatives with antitumor activity. The trivial
and IUPAC names, CAS numbers, and structures of these
compounds are summarized in Supporting Information Table
S2. Niclosamide, an orally administered broad-spectrum
anthelmintic salicylanilide,68 has an anticancer effect against
several malignancies.69−74 Niclosamide induces autophagy in
cancer cells75−77 which have pro-survival roles in lung
adenocarcinoma cells.78 In contrast, niclosamide-induced
autophagy resulted in cell death of cervical carcinoma,79

GBM,80 colorectal cancer,81,82 and pancreatic cancer83 cells.
Niclosamide selectively inhibited GBM cells; it has pro-
apoptotic, antiproliferative, and antimigratory effects in
primary human glioblastoma cells (pGBMs). Survival of
xenografted mice after exposure to pGBMs significantly
increased due to niclosamide. Analysis of the mechanism
revealed that niclosamide inhibited intracellular WNT/
CTNNB1-, NOTCH-, mTOR-, and NF-kB signaling cascades
simultaneously.84 Niclosamide in combination with TMZ (the
first-line drug for GBM) showed a synergistic anticancer effect
on glioma cells with NFKBIA deletion.84 The inhibition of NF-
kB activity could be utilized to overcome the resistance to
TMZ,85 at least in NFKBIA ± GBM genotypes.84 In a recent
study Mito et al. designed and synthesized niclosamide
derivatives to define structure−activity relations on U87
human GBM cells.86

Novel salicylanilide derivatives were identified with anti-
proliferative effects against human cancer cell lines (pulmonary
carcinoma cell line A549 and squamous cell carcinoma cell line
A431) that overexpress EGFR.87 A salicylanilide derivative [N-
(4-ethoxyphenyl)-2-hydroxybenzoic-acid amide, SUCI02, efua-
mide] reportedly inhibits phosphorylation and signaling of
erbB-2 tyrosine kinase receptor, resulting in cell cycle blockage
in breast cancer cells.88 Salicylanilide derivatives can also
induce autophagy (Table 1), which resulted in cell death of
gastric cancer,89 GBM,90 and castration-resistant prostate
cancer91 cell cultures. (R)-5-Chloro-N-{1-[(4-chlorophenyl)-
amino]-1-oxo-3-phenylpropan-2-yl}-2-hydroxybenzamide, 6k,
a substituted 2-hydroxy-N-(arylalkyl)benzamide, promoted
cell death via autophagy in chronic myelogenous leukemia,
breast adenocarcinoma, and GBM cells;92 however, in
melanoma cell lines, the pro-survival role of 6k-induced
autophagy was determined.93

The selectivity of the compounds can be increased by
applying different targeting systems. As a molecular target,
neuropilin receptors (NRPs) can be used in different types of
cancer,95−99 including GBM.100−107 NRPs are involved in
many biological processes including axonal guidance, angio-
genesis, and lymphangiogenesis.108 In cancer biology, NRPs
are associated with tumor angiogenesis,97,99 cell proliferation,
migration, metastasis,109 EMT, and maintaining immature
phenotype.96 NRP expression is upregulated in glioma tissue,
and increased expression is concurrent with the elevation of
the glioma grade and is linked with poor prognosis.100 The role
of NRP signaling in tumor aggressiveness has been also

described.106 Thus, targeting NRPs in GBM is a possible way
to increase compound selectivity. Several carrier peptides have
been applied to target moieties against GBM.60,107 Tuftsin
(human: TKPR, canine: TKPK) is a natural peptide ligand of
NRPs110 with several biological effects including immunosti-
mulatory and anticancer activities.111−115 In this study,
oligotuftsin derivatives (OT5, OT10, OT15, OT20 =
[TKPKG]1−4)116 were used as a peptide carrier. To compare
the internalization of the tuftsin derivatives, the UC50 values
(this is the interpolated concentration which is required for the
fluorescence signal coming from 50% of the measured cells)
were calculated.117

In this paper, we describe promising and effective
substituted salicylanilide derivatives against GBM. Temporarily
masking the hydroxy group of salicylanilides can result in
improved physicochemical properties, which leads to better
internalization ability, bioavailability, and higher activ-
ity.62,118−120 Therefore, in this study, salicylanilide derivatives
and their tuftsin conjugates were chosen to evaluate the in vitro
activity on a GBM cell culture.

■ MATERIALS AND METHODS
Materials. All materials (commercial-grade; all reagents

and solvents were of analytical grade or the highest available
purity and were used without further purification) for the
synthesis of salicylanilide compounds were purchased from
Sigma-Aldrich and Merck (Darmstadt, Germany).

For peptide synthesis, Fmoc-Rink Amide MBHA resin,
amino acid derivatives, and Boc-aminooxyacetic acid (Boc-
Aoa−OH) were produced by Iris Biotech GmBH (Mark-
tredwitz, Germany). N,N-diisopropylethylamine (DIEA) was
from Fluka (Charlotte, NC, USA). 1-Methyl-2-pyrrolidone
(NMP), piperidine, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), 1-hydroxybenzotriazole (HOBt), N,N′-diisopropylcar-
bodiimide (DIC), triisopropylsilane (TIS), acetic anhydride,
ethylene glycol monoethyl ether, 5(6)-carboxyfluorescein (Cf),
and methanol were from Sigma-Aldrich (Budapest, Hungary).
Trifluoroacetic acid (TFA), N,N-dimethylformamide (DMF),
diethyl ether, and acetonitrile were from VWR (VWR
International, Debrecen, Hungary). Ninhydrin, isatin, acetic
acid, and dimethyl sulfoxide (DMSO) were from Reanal
Laboratory Chemicals (Budapest, Hungary).

For the in vitro experiments, nonessential amino acids, fetal
bovine serum (FBS), and penicillin/streptomycin (10 000
units penicillin/10 mg streptomycin/mL) were procured from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA).
Dulbecco’s modified Eagle’s medium (DMEM), EGM-2
endothelial cell growth medium (CC-3162), phosphate
buffered saline (PBS), L-glutamine, pyruvate, and trypsin
were procured from Lonza (Basel, Switzerland). 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), ethylenediaminetetraacetic acid (EDTA), paraformal-
dehyde (PFA), Mowiol 4−88, and HPMI buffer were prepared
in our laboratory using components [NaCl, N-(2-
hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid)�HEPES,
glucose, NaHCO3, KCl, MgCl2, CaCl2, and Na2HPO4 ×
2H2O); mounting medium (Prolong Glass Antifade Mountant
with NucBlue Stain, P36981), polyclonal anti-β-catenin
antibody (A31572, produced in rabbit), and ZO-1 (rabbit,
polyclonal, SAB3500301) were purchased from Sigma-Aldrich
(Budapest). Antirabbit Ig-Alexa555 (C2206, produced in
donkey) and antimouse-horseradish peroxidase (HRP) secon-
dary antibody (32430, produced in goat) were procured from
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Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). All
buffers used during the Western blot technique were made in-
house using components obtained from VWR or AppliChem
GmbH (Darmstadt, Germany). Acrylamide and N,N′-
methylenebis(acrylamide) were obtained from Serva Electro-
phoresis GmbH (Heidelberg, Germany). Anti-LC3I/II anti-
body (12471, rabbit) was purchased from Cell Signaling
Technology (Danvers, MA, USA). Antineuropilin-1 (sc-5307,
produced in mouse), antineuropilin-2 (sc-13117, produced in
mouse), and antiactin (sc-1616, produced in goat) primary
antibodies and antirabbit-horseradish peroxidase (HRP) (sc-
2004, produced in goat, 1:2000) and antigoat-HRP (sc-2354,
produced in mouse) secondary antibodies were procured from
Santa Cruz Biotechnology (Dallas, TA, USA). Antimouse-
HRP secondary antibody (32430, goat), LysoTracker Deep
Red (L12492), Hoechst 33342 (62249), and CellTracker
Green Dye (CMFDA, C7025, 5-chloromethylfluorescein
diacetate) were obtained from Invitrogen Biotechnology
(Thermo Fisher Scientific, Waltham, MA, USA).
Chemistry. General Methods. Reactions were monitored

using thin-layer chromatography. Plates coated with 0.2 mm
silica gel 60 F254 (Merck) were used, and the spots were
visualized using UV irradiation (λ = 254 nm). All melting
points were determined by a Melting Point apparatus B-540
(Büchi) using open capillaries, and the melting point values
were uncorrected. Infrared spectra (KBr pellets) were recorded
using an FT-IR spectrometer (Nicolet 6700 FT-IR; Thermo
Fisher Scientific, Waltham, MA, USA) using a range of 400−
4000 cm−1 with the ATR technique. The NMR spectra were
measured at ambient temperature on a Varian Mercury-Vxbb
300 (300 MHz for 1H and 75.5 MHz for 13C; Varian Comp.,
Palo Alto, CA, USA) or a Varian VNMR S500 instrument (500
MHz for 1H and 126 MHz for 13C; Varian Comp., Palo Alto,
CA, USA) using deuterated dimethyl sulfoxide (DMSO-d6; for
salicylanilides) or CDCl3 (for esters) solutions of the samples.
The chemical shifts, δ, are given in ppm in relation to
tetramethylsilane as an internal standard. The coupling
constants (J) are presented in Hz. Elemental analysis (C, H,
N) was performed using an automatic microanalyzer (CHNS−
O CE; FISONS EA 1110, Milano, Italy). Monoisotopic
molecular mass was acquired by a Bruker Esquire 3000+ ESI-
MS (Bruker Corporation, Billercia, MA, USA). Samples were
dissolved in a solution of acetonitrile/water = 1/1 (v/v)
containing 0.1% acetic acid that was injected by a syringe
pump with a flow rate of 10 μL/min. Data was evaluated using
Bruker DataAnalysis software (Bruker Corporation). For high-
resolution mass spectrometry, a Q Exactive Focus Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific, Bremen, Germany) was used (flow rate: 3.0 μL/
min). Data was evaluated using Thermo Scientific Xcalibur
software (Thermo Fisher Scientific).

Synthesis of the Peptide Carriers and Conjugation with
Oxime Bond Formation. Carrier peptides (OT5: TKPKG,
OT10: [TKPKG]2, OT15: [TKPKG]3, and OT20:
[TKPKG]4) were synthesized using the Fmoc/tBu strategy
based on the work of Baranyai et al.121 Briefly, the peptides
were built manually on Fmoc-Rink Amide MBHA resin
(loading: 0.69 mmol/g). One cycle of the synthesis followed
this protocol: (i) Fmoc cleavage: 2% piperidine and 2% DBU
in DMF (v/v), 2, 2, 5, and 10 min, (ii) washing the resin with
DMF, 5 × 1 min, (iii) ninhydrin or isatin test, (iv) coupling: 3
equiv Fmoc-amino acid derivative/DIC/HOBt dissolved in
NMP, 60 min, (v) washing the resin with DMF, 5 × 1 min,

(vi) ninhydrin or isatin test, and (vii) recoupling if necessary.
After the completion of the sequence, peptide resin was
divided for the synthesis of acetylated (Ac-), 5(6)-carboxy-
fluorescein (Cf-), and (aminooxy)acetylated (Aoa-) deriva-
tives. Peptide derivatives were cleaved from the resin using
TFA, with the addition of appropriate scavengers (H2O, TIS,
2.5 h). After filtration, the peptide content was precipitated in
ice-cold diethyl-ether, centrifuged, freeze-dried in water, and
stored at 4 °C. Crude products were purified using a RP-
HPLC system (Knauer, Bad Homburg, Germany) on a
Phenomenex Jupiter C18 column (10 μm, 90 Å, 10 × 250
mm, Torrance, CA, USA).

An oxime bond was formed between the carbonyl group of
SalBenz-1 or ASA1 and the Aoa-peptide derivatives based on
Baranyai et al.121 SalBenz-1 was dissolved in DMF, ASA1 was
dissolved in ethylene glycol monoethyl ether, and Aoa-peptides
were dissolved in 0.2 M sodium acetate−acetic acid buffer (pH
∼ 4.9). After the two solutions were mixed in a molar ratio of
1:1, the reaction mixtures were acidified using acetic acid.
Conjugations were monitored using an Exformma analytical
RP-HPLC system (Exformma Technology, ASIA Co., Limited,
Hong Kong, China) with an Agilent Zorbax SB-C18 column (5
μm, 100 Å, 4,6 mm × 150 mm, Santa Clara, CA, USA) or a
YMC-Pack ODS-A C18 column (100 Å, 4.6 × 150 mm, Kyoto,
Japan). Eluent A was 0.1% (v/v) TFA in water and eluent B
was 0.1% (v/v) TFA in acetonitrile/water = 80:20 (v/v). The
gradient was 0−5 min 0% B, 5−15 min 0−60% B, and 15−25
min 60−100% B, with a flow rate of 1 mL/min and a detector
wavelength λ of 220 nm. Products were purified using a
Knauer semipreparative RP-HPLC system on a Phenomenex
Jupiter C18 column.

Chemical Characterization of the Conjugates. The
homogeneity of the compounds was checked by the system
described earlier in “Synthesis of the Peptide Carriers and
Conjugation with Oxime Bond Formation”. The column,
gradient, and composition of the eluents are also described
above.

The mass accuracy of the peptide derivatives and conjugates
was determined with the help of a Q Exactive Focus Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific). Distilled water and acetonitrile = 1:1 (v/v) with
0.1% formic acid solution was used to dissolve the samples.
Mass spectra were recorded in the positive mode and the target
mass range was 200−2000 m/z with a flow rate of 3.0 μL/min.
Thermo Scientific Xcalibur software was used to graph and
evaluate the mass spectra.

Synthesis of Salicylanilide Derivatives. Synthesis and
characterization of Sal, SalPyr-1, SalPyr-2, SalPyr-7, and
ASA1 were previously published.61,62,64,122 For detailed
information, see the Supporting Information section Synthesis
of salicylanilide derivatives (pages S15−16).

The synthesis of the new salicylanilide esters SalBenz-1 and
SalBenz-2 was carried out by using 4-formylbenzoic dissolved
in dry N,N-dimethylformamide (10 mL). Then the appropriate
salicylanilide (both 1 mmol) was added, and the solution was
then cooled to −20 °C, and a mild excess of N,N′-
dicyclohexylcarbodiimide (DCC, 1.2 mmol) was added in
three portions for 1 h. The solution was then stirred for 3 h
and maintained at the same temperature and then later stored
at +4 °C for 20 h. After the precipitated byproduct N,N′-
dicyclohexylurea was filtered off, the solvent was evaporated
using vacuum. The remainder was dissolved using a small
amount of ethyl acetate, with the insoluble portion being
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filtered off. To initiate crystallization, the filtrate was partially
evaporated. The mixture was then stored for 12 h at +4 °C. To
yield the crude benzoates, the precipitate was filtered out. By
crystallization from acetone-hexane, the product was purified.

4-Chloro-2-{[4-(trifluoromethyl)phenyl]carbamoyl}phenyl
4-Formylbenzoate (SalBenz-1). White solid; yield 71%; mp
201.0−203.0 °C. IR (ATR): 3384, 3105, 2848, 1740 (CO
ester), 1690 (CO), 1603, 1530, 1480, 1411, 1341, 1319, 1276,
1252, 1212, 1166, 1109, 1091, 1066, 1015, 852, 839, 819, 750,
679. 1H NMR (300 MHz, DMSO-d6): δ 10.90 (1H, s, NH),
10.11 (1H, s, CO−H), 8.25 (2H, d, J = 8.2 Hz, H2″, H6″),
8.05 (2H, d, J = 8.2 Hz, H3″, H5″), 7.89 (1H, d, J = 2.6 Hz,
H3), 7.83 (2H, d, J = 8.5 Hz, H3′, H5′), 7.75 (1H, dd, J = 8.7
Hz, J = 2.6 Hz, H5), 7.64 (2H, d, J = 8.5 Hz, H2′, H6′), 7.55
(1H, d, J = 8.7 Hz, H6). 13C NMR (75 MHz, DMSO-d6): δ
193.03, 163.68, 163.14, 146.98, 142.43, 139.79, 133.31, 131.97,
130.80, 130.68, 130.63, 129.90, 129.27, 126.22 (q, J = 3.7 Hz),
125.63, 124.50 (q, J = 270.9 Hz), 124.10 (q, J = 31.8 Hz),
122.64, 119.91. MSmonoizotopic (calc/meas): 447.0/447.1. Anal.
Calcd for C22H13BrClF3NO4 (447.79): C, 59.01; H, 2.93; N,
3.13. Found: C, 59.31; H, 2.64; N, 3.00.

4-Chloro-2-[(3,4-dichlorophenyl)carbamoyl]phenyl 4-For-
mylbenzoate (SalBenz-2). White solid; yield 59%; mp 228.5−
230.0 °C. IR (ATR): 3365, 3095, 2842, 1736 (CO ester), 1688
(CO), 1597, 1528, 1479, 1377, 1311, 1277, 1241, 1207, 1142,
1107, 1092, 1014, 843, 833, 819, 751, 682. 1H NMR (500
MHz, DMSO-d6): δ 10.80 (1H, s, NH), 10.12 (1H, s, CO−
H), 8.25 (2H, d, J = 7.9 Hz, H2″, H6″), 8.06 (2H, d, J = 8.0
Hz, H3″, H5″), 7.91 (1H, s, H2′), 7.88 (1H, d, J = 2.6 Hz,
H3), 7.75 (1H, dd, J = 8.7 Hz, J = 2.6 Hz, H5), 7.59−7.50
(3H, m, H6, H5′, H6′). 13C NMR (126 MHz, DMSO-d6): δ
193.04, 163.64, 162.95, 146.95, 139.80, 138.88, 133.27, 132.03,
131.83, 131.08, 130.85, 130.68, 130.63, 129.89, 129.23, 125.68,
125.63, 121.17, 120.03. MSmonoizotopic (calc/meas): 447.9/
447.2. Anal. Calcd for C21H12Cl3NO4 (448.68): C, 56.21; H,
2.70; N, 3.12. Found: C, 56.50; H, 3.02; N, 2.87.

Stability Study of the Salicylanilide Derivatives. Monitor-
ing the stability of the parent salicylanilide (Sal), a
salicylanilide 4-formylbenzoate (SalBenz-1), the 4-amino-
salicylic acid derivative (ASA1), and a salicylanilide 5-
chloropyrazinoate (SalPyr-1) was carried out using analytical
RP-HPLC by an Exformma HPLC system with a Nucleosil C18
HPLC Column (5 μm 4.6 mm × 150 mm, 100 Å, Sigma-
Aldrich, Budapest). The eluents, gradient, and flow rate are
described in the section “Synthesis of the Peptide Carriers and
Conjugation with Oxime Bond Formation”. The detection was
carried out at λ = 280 nm.

The purified fractions were freeze-dried and also charac-
terized using mass spectrometry with the help of ESI-MS (data
not shown). With the help of a Bruker Daltonics Esquire
3000+, positive and negative electrospray ionization mass
spectrometric analysis was performed. The samples were
dissolved in acetonitrile−water solution (50:50, v/v) contain-
ing 0.1% acetic acid.

Since DMSO stock solution was used in the in vitro studies,
the chemical stability of the compounds was studied in DMSO
(c = 0.5 mg/mL) and also in serum-free RPMI-1640 medium
containing 10% DMSO (c = 0.5 mg/mL). In the in vitro
experiments, serum-free RPMI-1640 medium containing 1%
DMSO was used, but the RP-HPLC studies required a higher
concentration and, because of the moderate solubility of the
compounds in the medium, the percentage of DMSO needed
to be increased to 10%.

Characterization of the Compounds Using the Chemic-
alize Online Platform. To determine whether the compounds
fulfill the criteria of Lipinski’s rule of five, a chemical
characterization using the Chemicalize (https://chemicalize.
com/) online platform was performed. The log P values,
solubility characteristics (including intrinsic solubility), molec-
ular weight, number of hydrogen bond donors and acceptors,
and molar refractivity data were calculated.

In Vitro Characterization. Cell Culturing and Main-
tenance. U87 human GBM cells (ATCC HTB-14, RRID
CVCL_0022)123 were maintained in DMEM [with 10% FBS,
2 mM L-glutamine, 1% nonessential amino acids, 1 mM
sodium pyruvate and 1% penicillin−streptomycin antibiotics
(complete medium, CM)]. Human umbilical vein endothelial
cells (HUVEC, CC-2519A, Lonza) were kept in EGM-2
endothelial cell growth medium (CC-3162, Lonza) containing
penicillin-streptomycin-amphotericinB (17−745E, Lonza).
Both cell cultures were maintained at 37 °C in a 5% CO2
atmosphere.

In Vitro Internalization Studies. U87 or HUVEC cells were
plated (105 cells/1000 μL CM/well, 1 day before the assay, 24-
well plate). The treatment lasted for 90 min, 3 h, or 24 h with
the Cf-peptides dissolved in serum-free medium (ICM) (cDMSO
= 1.0 v/v %) at the 3.125−50 μM concentration range.
Treatment of the control cells was done with ICM only or with
DMSO containing ICM (c = 1.0%, v/v) at 37 °C. After
incubation and treatment, cells were washed using ICM and
with HPMI buffer (9 mM glucose, 10 mM NaHCO3, 119 mM
NaCl, 9 mM HEPES, 5 mM KCl, 0.85 mM MgCl2, 0.053 mM
CaCl2, and 5 mM Na2HPO4 × 2H2O, pH 7.4).124 Once the
washing steps were complete, 100 μL trypsin was added to the
cells for 5 min. Trypsin activity was stopped using HPMI
augmented with 10% FBS. Cells were then transferred into
FACS tubes (Sarstedt) and centrifuged (1000 rpm, 5 min)
and, after removing the supernatant, a further 250 μL of HPMI
was added to the cells. For the internalization studies, a BD
LSR II flow cytometer (BD Biosciences, San Jose, CA, USA)
was used. Cells were first gated on size and granularity (SSC vs
FSC), and then live cells were gated by using propidium iodide
(10 μg/mL) (PI) solution. Intracellular fluorescence intensity
was measured at λex = 488 nm (Coherent Sapphire laser
excitation, emission channel�LP 510, BP 530/30; FITC-
channel). To identify the internalization of Cf-peptides, live
cells were divided into FITC-positive (Cf-positive) and FITC-
negative (Cf-negative) subpopulations. To analyze the results,
FACSDiva 5.0 software was used. All measurements were
performed in duplicate.

Confocal Laser Scanning Microscopy. Imaging of Cf-
peptide derivatives was carried out using a Zeiss LSM 710
confocal laser scanning microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany). U87 cells were seeded onto
microscopy coverslips (#1, diameter: 13 mm, Thermo Fisher
Scientific) and placed in 24-well cell culture plates (85,000
cells/500 μL of medium/well) 1 day before the assay. Cf-
peptides (25 μM, in DMEM ICM) were added to the cells
using 3 h of incubation time. After washing with ICM, cells
were incubated with LysoTracker Deep Red (30 min, 80 nM,
in ICM) for visualization of lysosomes. Nuclei were labeled
with Hoechst 33342 (10 min, 0.2 μM). 4% PFA was used for
fixation (20 min, at 37 °C). After washing with PBS, coverslips
were mounted on slides using Mowiol 4−88. The imaging was
carried out using the Zeiss LSM 710 system with a 40× oil
objective with the following parameters: Cf-peptides λex = 488
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nm and λem = 541 nm, nuclei λex = 405 nm and λem = 467 nm
(Hoechst 33342), and lysosomes λex = 633 nm and λem = 720
nm (LysoTracker Deep Red). Images were processed using
Zeiss ZEN lite software (Carl Zeiss Microscopy GmbH).

Analysis of In Vitro Cytostatic Activity. Cells were plated
onto 96-well plates 1 day before treatment (5000 cells/100 μL
of medium/well). After 24 h of incubation at 37 °C, U87 cells
were treated for 20−24 h with the compounds dissolved in
ICM (cDMSO = 1.0%, v/v) at 8 × 10−2 to the 100 μM
concentration range. Control cells were treated with ICM only
or with DMSO containing ICM (c = 1.0%, v/v) at 37 °C. After
the treatment and incubation, cells were washed twice with
ICM (centrifugation: 1000 rpm, 5 min), and then the cells
were further incubated in ICM for 48 or 72 h. After incubation,
the cell viability was determined with MTT-assay. 45 μL of
MTT solution (2 mg/mL) was added to each well. Incubation
time was 3.5 h; after that, cells were centrifuged (5 min, 2000
rpm) and the supernatant was removed, the crystals were
dissolved in DMSO, and the optical density was determined at
λ = 540 and 620 nm (ELISA Reader, Labsystems MS reader,
Helsinki, Finland). OD620 was subtracted from OD540. The
percentage of cytostasis was calculated as (%) = 100 × (1 −
ODtreated/ODcontrol), where ODtreated and ODcontrol correspond
to the optical densities of treated and control cells, respectively.
Cytostasis (%) was plotted as a function of concentration
(logarithmic scale) and fitted to a sigmoidal curve, and the
50% inhibitory concentration (IC50) value was determined
from the curves using Microcal Origin (version 2018) software.
Each experiment was repeated 2−3 times with 4−8 parallel
measurements.

Western Blot Analysis. We applied Western blot analysis to
(1) detect the NRPs on U87 cells and (2) examine the
compounds’ effect on autophagy. For the NRP detection, we
applied the same method as described in ref 64. We prepared
whole-cell protein extract of U87 cells in a lysis buffer
containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton-X
100, 2 mM EDTA, and the Halt Protease Inhibitor Cocktail
(100×, Thermo Fischer Scientific). We ran equal amount of
proteins on 10% Tris-tricine gel,125 and next, we blotted in a
Towbin buffer (pH ∼ 8.3) with 350 mA current for 45 min to
a polyvinylidene fluoride (PVDF) membrane using the Bio-
Rad Wet Blotting System (Bio-Rad Hungary, Budapest,
Hungary). We used 4% milk powder in TBS-Tween buffer
(pH ∼ 7.4) for blocking. NRPs were detected by an anti-NRP-
1 or anti-NRP-2 antibody (1:80) followed by the antimouse-
HRP secondary antibody (1:500). For the loading control, we
used β-actin, detected by an antiactin antibody (1:2000),
followed by the antigoat-HRP secondary antibody (1:2000).
Finally, an enhanced chemiluminescence (ECL) substrate was
added (SuperSignal West Pico PLUS Chemiluminescent
Substrate, from Thermo Fisher Scientific), and we detected
the chemiluminescent signal using the ChemiDoc XRS +
Detection System (Bio-Rad Hungary).

To determine the compounds’ effect on autophagy, U87
cells were treated with the compounds (10 μM), the
conjugates (50 μM), or solvent (1% DMSO) in DMEM
ICM for 24 h. After treatment, we washed the cells once with
PBS. Next, cells were lysed in lysis buffer. We determined the
protein concentration of samples using the Qubit Protein
Assay Kit (Thermo Fischer Scientific). We ran an equal
amount of proteins on 15% Tris-tricine gel and then blotted in
the Towbin buffer (pH ∼ 8.3) with 350 mA current for 40 min
to a PVDF membrane. After the blocking and washing steps,

we detected the LC3 I/II proteins by an anti-LC3I/II antibody
(1:1500) followed by an antirabbit-HRP secondary antibody
(1:2000). We detected the chemiluminescent signal using the
ChemiDocXRS + Detection System (Bio-Rad Hungary).
Densitometry analysis of the Western blot measurements of
the LC3 autophagy marker was performed using Bio-Rad
ImageLab software. First, the bands were selected with the lane
and bands tool. A background correction was performed using
the lane profile tool. The density of the selected and
background-corrected bands was calculated using the analysis
tool. The densities were plotted using Microcal Origin
software.

In Vitro Penetration of Cf-Tuftsin Peptides on the HUVEC-
U87 Barrier Model. In preliminary experiments, we have tested
different Transwell inserts [(TW), pore sizes and seeding
procedures etc.; as described earlier60,64]. In this study, we
used TW inserts of 0.4 μm pore size for the HUVEC barrier
seeding. Prior to seeding, the polycarbonate microporous
membrane of the inserts was equilibrated with CM EGM-2
(growth area: 0.412 cm2). On the first day, 500 μL of HUVEC
suspension in CM EGM-2 (8.5 × 104 cells) was pipetted onto
the apical chamber and 2000 μL CM EGM-2 was added to the
basolateral side. On days three and five, the CM EGM-2 was
changed and the HUVEC monolayer was grown to confluence
(the confluency was checked before and after the transport
measurements).

The confluence of the HUVEC monolayer was monitored
with CellTracker Green Dye (CMFDA, C7025, 5-chlorome-
thylfluorescein diacetate). CellTracker Green Dye was
dissolved in CM EGM-2 to reach 5 μM concentration.
Following an incubation time of 15−45 min, the cells were
washed with CM EGM-2. After stable green fluorescence
developed, we imaged the cells in situ. We performed the image
acquisition using a Zeiss Axio Observer Z1 inverted fluorescent
microscope using either a 5× EC Plan-Neofluar objective or
10× Plan-Neofluar or 40× EC Plan-Neofluar objectives and a
Zeiss Colibri illumination system with 365 nm, 470 nm, and
555 nm LED modules and a Zeiss HE25 filter set. The
microscope was equipped with a Marzhauser SCAN-IM
powered stage and a Zeiss AxioCam MRm CCD camera.
For stage positioning and focusing as well as for acquisition of
multifield mosaic images, we used Zeiss Axiovision 4.8
software. Finally, we processed the images using National
Institute of Health (NIH) ImageJ software.

The tight junction and adherens junctions were also checked
on the confluent monolayers. ZO1 and β-catenin were
immunolabeled. ZO-1 is a prominent marker of the tight
junction structures. It anchors tight junction proteins, such as
claudins and occludins, to the actin cytoskeleton.126 We
applied the method described earlier.64,127 Located in adherens
junctions, β-catenin plays an important role in cell−cell
adhesion by binding the cytoplasmic domains of cadherin-
type adhesion molecules and thereby anchoring them to the
actin cytoskeleton.128

Briefly, we fixed the cells on the TW membranes with 4%
PFA in PBS and then treated them with 0.1% Triton X-100 in
PBS. For blocking nonspecific binding sites, we used 1%
bovine serum albumin in PBS. We used a polyclonal antibeta-
catenin antibody (rabbit, Sigma�C2206, 1:100) for immu-
nodetecting β-catenin, followed by an antirabbit Ig-Alexa555
secondary antibody (Invitrogen�A31572, 1:200). Finally, we
excised the TW membranes and mounted them on glass slides
(Thermo Scientific) using the ProLong mounting medium
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with NucBlue (Hoechst 33342) counterstain (Thermo
Scientific) and performed imaging subsequently.

On day six, we changed the medium on the TW monolayers
before the Cf-peptide treatment. The solution of the Cf-
peptide was applied on the apical side (12.5, 25, and 50 μM
concentrations for 90 min, 37 °C, 5% CO2). We removed the
TWs after incubation. As detector cells, U87 cells were
employed on the basolateral side. The U87 cells’ Cf-peptide
uptake was investigated by flow cytometry (BD LSR II). As
controls, U87 cells were treated in the absence of TW inserts,
and to this end, we seeded U87 cells (105 cells/well in CM
DMEM) on 24-well plates on day four before treatment.

In Vitro Penetration of Cf-Peptides on Agarose Dish-
Based U87 Spheroids. For the spheroid formation and
treatment, we used a modified method based on earlier
works.60,64 Briefly, we filled the polydimethylsiloxane (PDMS)
micromolds used for casting 3D petri dishes (MicroTissues, 5

× 7 array, Sigma) with molten agarose solution (2%, w/v in
PBS). After gelation, we equilibrated the agarose dishes with
DMEM ICM (2 mL medium, 2 h, 37 °C). We seeded the cells
in 14 μL of cell suspension (7.1 × 103 cell /μL in DMEM
CM). Before seeding the cells, we stained cell nuclei with
Hoechst 33342 (1 μM in DMEM ICM) for 30 min.60,64 We
incubated the stained and seeded cells in 2 mL of DMEM CM
for 48 h, while spheroids formed due to cell-to-cell adhesion
and aggregation. We monitored the aggregation process by
capturing phase-contrast images with a Zeiss Axio Observer Z1
microscope equipped with a 10× Plan-Neofluar objective and a
Marzhauser motorized stage. The microscope was controlled
by Zeiss Axiovision 4.8 software, enabling it to capture large
mosaic images of 6 × 11 fields of view, covering the entire area
of the spheroids in the microwells.

After the incubation for 48 h, we washed the spheroids twice
with ICM DMEM and treated the spheroids in the microwells

Table 2. Characterization of the Peptide Derivatives

code Mwav(calc)
a Mwmono(calc)

a measured m/zb calculated m/zc ppmd Rt (min)e

Ac-OT20 2105.5270 2104.2844 527.0777 527.0784 −1.3 10.3
Cf-OT5f 886.9460 886.3861 444.2003 444.2003 0.0 12.9
Cf-OT10f 1398.5609 1397.6980 466.9066 466.9066 0.0 12.2
Cf-OT15 1910.1758 1909.0098 637.3438 637.3439 −0.1 12.3
Cf-OT20 2421.7908 2420.3216 346.7674 346.7675 −0.3 11.7

aAverage and monoisotopic masses were calculated using CS ChemOffice Pro ver. 12.0. bQ Exactive Focus Hybrid Quadrupole-Orbitrap Mass
Spectrometer, Thermo Scientific Xcalibur software. c[Mmono + (z × 1.00728)]/z. d(Mmeas − Mmono(calc))/Mmono(calc) × 106. eExformma EX1600
analytical HPLC system with a YMC-Pack ODS-A C18 (100 Å, 4.6 × 150 mm) column. Gradient: 0−5 min 0% B, 5−15 min 0−60% B, and 15−25
min 60−100% B; flow rate: 1 mL/min; detector wavelength: λ = 220 nm. Eluent A: 0.1% (v/v) TFA in water and eluent B: 0.1% (v/v) TFA in
acetonitrile:water = 80:20 (v/v). fPublished in ref 64.

Figure 2. Synthesis and characterization of the salicylanilide−tuftsin conjugates. (A) Formation of the oxime bond between the salicylanilide
derivatives and the carrier peptides. (B) Characterization of the conjugates. 1Average and monoisotopic masses were calculated using CS
ChemOffice Pro ver. 12.0. 2Q Exactive Focus Hybrid Quadrupole-Orbitrap Mass Spectrometer; Thermo Scientific Xcalibur software.3[Mmono + (z
× 1.00728)]/z.4(Mmeas − Mmono(calc))/Mmono(calc) × 106.5Exformma EX1600 analytical HPLC system with YMC-Pack ODS-A C18 (100 Å, 4.6 × 150
mm) column. Gradient: 0−5 min 0% B, 5−15 min 0−60% B, and 15−25 min 60−100% B; flow rate: 1 mL/min; detector wavelength: λ = 220 nm.
Eluent A: 0.1% (v/v) TFA in water; eluent B: 0.1% (v/v) TFA in acetonitrile:water = 80:20 (v/v). *Data also presented in ref 64.
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with the Cf-OT15 and Cf-OT20 peptides (25 μM/2 mL of
ICM DMEM for 1.5 h). Following the treatment, we washed
the spheroids two times with ICM DMEM and then three
times with PBS. We used a Zeiss Axio Observer Z1 inverted
epifluorescent microscope (10× Plan Neofluar or 40× EC
Plan-Neofluar objectives) for capturing phase-contrast and
fluorescent images. Focusing and stage positioning for
multifield mosaic imaging were controlled by Zeiss Axiovision
4.8 software. We processed the mosaic images using NIH
ImageJ software.

After imaging and harvesting a representative set of
spheroids for trypsinization, the remaining spheroids were
fixed in the agarose dishes with 4% PFA for 15 min (37 °C).
Flow cytometry analysis of the harvested live (nonfixated)
spheroids (6−6 spheroids from each treatment) was carried
out after 16 min of trypsinization. Trypsin activity was stopped
by adding HPMI supplemented with 10% FBS. Subsequently,
we transferred the cells into FACS tubes (Sarstedt),

centrifuged the suspension (1000 rpm, 5 min), and, finally,
added HPMI to the cells after removing the supernatant. The
flow cytometry measurement (gating and analysis) was similar
to that described in the section “In Vitro Internalization
Studies”.

■ RESULTS AND DISCUSSION
The substituted salicylanilide derivative Sal has a remarkable
antitumor effect on U87 GBM cells.60 In our previous studies,
the 4-aminosalicylic acid derivative ASA1 had a cytostatic
effect on HepG2 hepatocellular carcinoma cells,64 and
salicylanilide 5-chloropyrazinoates (SalPyr-1, SalPyr-2, and
SalPyr-7) had significant cytostatic activity on MonoMac6
human monocyte cell culture.62 In addition to these
compounds, two new esters, the salicylanilide 4-formylben-
zoates (SalBenz-1 and SalBenz-2), were synthesized and
investigated. Moreover, to evaluate the effect of conjugation,

Figure 3. Synthesis of the salicylanilide derivatives (A) Sal.61,62 (B) Salicylanilide 4-formylbenzoates (SalBenz-1 and SalBenz-2). (C) 5-
Chloropyrazine-2-carboxylic acid derivatives (SalPyr-1, SalPyr-2, and SalPyr-7)62 and (D) ASA1.64 Ph−Cl: chlorobenzene; DMF: N,N-
dimethylformamide; DCC: N,N′-dicyclohexylcarbodiimide; MeCN: acetonitrile.
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peptide conjugates (ASA1-OT5, ASA1-OT10, ASA1-OT15,
ASA1-OT20, and SalBenz-1-OT20) were examined.
Synthesis and Characterization of Carrier Peptides

and Conjugates. Carrier peptides were synthesized by a
manual method using the Fmoc/tBu strategy. For the
synthesis, Fmoc-Rink Amide MBHA resin was used.
Acetylated (Ac-) and 5(6)-carboxyfluorescein (Cf-) peptides
were synthesized. The homogeneity of the peptides was
determined with the help of analytical HPLC using a reverse-
phase column. Mass accuracy was verified using high-
resolution mass spectrometry (Table 2). Homogeneity and
appropriate mass accuracy were confirmed. Analytical
chromatograms along with the mass spectra are shown in
Supporting Information Figures S1−3. The fluorescence
properties of Cf-peptides were also determined, as presented
in Supporting Information Figures S4−5. All Cf-tuftsin
derivatives have pH-dependent fluorescence intensity.

For conjugation, the N-terminal of the peptide was
(aminooxy)acetylated (Aoa-). An oxime bond was formed
between the Aoa-peptides and the carbonyl group of SalBenz-1
and ASA1 (Figure 2A) under slightly acidic conditions in the
liquid phase. Reactions were monitored using an analytical RP-
HPLC system for 24 h. Chromatograms are shown in the
Supporting Information (Supporting Information Figures S6−
8). Reaction mixtures were purified with a semipreparative RP-

HPLC system, and products were analyzed with analytical RP-
HPLC and high-resolution mass spectrometry (Figure 2B). All
products were homogeneous with appropriate mass accuracy.
Analytical chromatograms and mass spectra are shown in
Supporting Information Figures S9−11.
Synthesis and Stability of the Salicylanilide Deriva-

tives. Sal was prepared as previously described,61,62 by the
reaction between 5-chloro-2-hydroxybenzoic acid and 4-
(trifluoromethyl)aniline with the addition of phosphorus
trichloride (0.5 equiv) in chlorobenzene (Figure 3A). The
reaction was carried out in a microwave reactor for 22 min to
reflux. This procedure increased yield and shortened reaction
time from several hours to minutes.119 The details of the
synthesis and chemical and structural characterization are
presented in Supporting Information page S16.

The new esters, salicylanilide 4-formylbenzoates (SalBenz-1
and SalBenz-2), were obtained by the esterification of
substituted salicylanilides with 4-formylbenzoic acid, activated
by N,N′-dicyclohexylcarbodiimide (DCC) in DMF (Figure
3C). High-resolution mass spectra of the compounds can be
seen in Supporting Information Figures S12−13.

4-Aminosalicylic acid derivative (ASA1) was prepared with
the reaction of methyl 4-aminosalicylate and 4-acetylphenyl
isocyanate in acetonitrile (Figure 3D), as described in ref 64.

Figure 4. Chemical characterization of the compounds. alog P,bintrinsic solubility,cthe number of hydrogen bond donors and acceptors, anddmolar
refractivity were predicted by www.chemicalize.com/ChemAxon.129,130 Niclosamide [C13H8Cl2N2O4, 5-chloro-N-(2-chloro-4-nitrophenyl)-2-
hydroxybenzamide], TMZ [C6H6N6O2, 3-methyl-4-oxo-3H,4H-imidazo(4,3-d)(1,2,3,5)tetrazine-8-carboxamide], Sal {C14H9ClF3NO2, 5-chloro-2-
hydroxy-N-[4-(trifluoromethyl)phenyl]benzamide}, SalBenz-1 (C22H13ClF3NO4, 4-chloro-2-{[4-(trifluoromethyl)phenyl]carbamoyl}phenyl 4-
formylbenzoate), SalBenz-2 {C21H12Cl3NO4, 4-chloro-2-[(3,4-dichlorophenyl)carbamoyl]phenyl 4-formylbenzoate}, ASA1 (C17H16N2O5, methyl
4-{[(4-acetylphenyl)carbamoyl]amino}-2-hydroxybenzoate), SalPyr-1 (C19H10Cl2F3N3O3, 4-chloro-2-{[4-(trifluoromethyl)phenyl]carbamoyl}-
phenyl 5-chloropyrazine-2-carboxylate), SalPyr-7 {C18H9Cl4N3O3, 4-chloro-2-[(3,4-dichlorophenyl)carbamoyl]phenyl 5-chloropyrazine-2-carbox-
ylate}, and SalPyr-2 {C18H9BrCl3N3O3, 4-bromo-2-[(3,4-dichlorophenyl)carbamoyl]phenyl 5-chloropyrazine-2-carboxylate}.
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For the chemical and structural characterization, see
Supporting Information page S16.

Salicylanilide 5-chloropyrazinoates (SalPyr-1, SalPyr-2, and
SalPyr-7) were prepared by the esterification of substituted
salicylanilides with 5-chloropyrazine-2-carboxylic acid by the
previously described activation by DCC (Figure 3B).62 For
details, see Supporting Information page S16−17.

The stability of the parent salicylanilide Sal and the selected
compounds SalBenz-1, ASA1, and SalPyr-1 were investigated
in DMSO and culture medium (serum-free RPMI-1640
containing 10% DMSO) at 37 °C, sampling over at least 48
h and modeling the in vitro conditions. Analytical RP-HPLC
and ESI-MS were used. No decomposition was observed in the
case of Sal, SalBenz-1, and ASA1, nor in DMSO (Supporting
Information Figures S14−17), nor in the culture medium
(Supporting Information Figures S18−19), even after 90 h.
The salicylanilide-5-chloropyrazinoate SalPyr-1 was decom-
posed in a culture medium after 40 h of incubation
(Supporting Information Figure S20). The parent salicylanilide
Sal, as determined by ESI-MS, was coeluted with its ester, the
appearance of 5-chloropyrazine-2-carboxylic acid, was indica-
tive of decomposition. The half-time of SalPyr-1 was calculated
by the percentage of the released 5-chloropyrazine-2-carboxylic
acid (Supporting Information Figure S21). The half-time of
SalPyr-1 was estimated to be above 5 h.
Characterization of Compounds Using the Chemic-

alize Online Platform. Chemicalize was used to determine
the compound characteristics important for drug-likeliness
such as the log P value, intrinsic solubility, molecular weight,

and number of hydrogen bond donors/acceptors. Based on
these data, it was possible to determine whether the
compounds fulfill the criteria of Lipinski’s rule of five. Figure
4 presents the calculated data and the IUPAC name of the
compounds.

The substituted salicylanilide Sal, the 4-aminosalicylic acid
derivative ASA1, and one of the salicylanilide 5-chloropyr-
azinoates (SalPyr-1) meet the Lipinski rule. The other
derivatives (salicylanilide 4-formylbenzoates: SalBenz-1, Sal-
Benz-2, and the salicylanilide 5-chloropyrazinoates SalPyr-7
and SalPyr-2) have a higher log P than 5.0; thus, these
compounds fail the Lipinski rule. The solubility of the
salicylanilide derivatives in the aqueous phase is increased
after conjugation to tuftsin derivatives. The number of tuftsin
units has an effect: the longer the peptide, the lower the log P
values.

In Vitro Internalization and Intracellular Localization
of the Cf-Peptides. The in vitro internalization of the Cf-
tuftsin derivatives was measured based on the intracellular
fluorescence using flow cytometry. Before the measurements,
the fluorescence properties of the Cf-peptides were deter-
mined, as shown in the Supporting section (SF4−5). For the
internalization studies, U87 cells were treated with the peptides
for 3 or 24 h in the concentration range of 3.125−50 μM.
During the analysis, the in vitro cytotoxic effect of the Cf-
peptides was also determined. The percentage of living cells
was at least 80% in all cases, and no cytotoxic effect of the Cf-
tuftsins was observed even after 24 h of treatment at 50 μM
(Figure 5A). UC50 values�the interpolated concentration at

Figure 5. In vitro internalization of the Cf-peptides on U87 cells. Treatment conditions: 3.125−50 μM concentration range, 3 h, 24 h. (A) Relative
viability of the cells compared to the untreated (light gray) and DMSO (dark gray) controls. (B) Calculated UC50 values and the NRP content of
U87 cells were detected from whole cell lysates by Western blot analysis. Ratio of Cf-positive live cells after (C) 3 h and (D) 24 h of treatment.
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which 50% of the cells show intracellular fluorescence117�are
summarized in Figure 5B. As tuftsin-like sequences are ligands
of neuropilins, the NRPs were detected with the Western blot
method from whole cell lysates. Both NRP-1 and NRP-2 are
present in the cell lysates (Figure 5B). These receptors can
serve as an entry route for the oligotuftsin derivatives by
receptor-mediated endocytosis.

The internalization of the peptides is time- and concen-
tration-dependent (Figure 5C,D). The number of tuftsin units
([TKPKG]n, n = 1−4) also has an effect; the internalization is
highest in the case of Cf-OT20 (n = 4), followed by Cf-OT15
(n = 3), Cf-OT5 (n = 1), and Cf-OT10 (n = 2). Cf-OT20
(UC50 = 16.5, 3.6 μM) has remarkably higher internalization
compared to the other tuftsin derivatives (UC50 > 30.7, 7.5
μM). In all cases, the internalization after 3 h of treatment
(Figure 5C) was lower than that after 24 h of treatment
(Figure 5D) based on the ratio of Cf-positive live cells. The
mean fluorescence intensity (MFI) values also confirm these

tendencies, as shown in the Supporting Information (Figure
S22).

Intracellular localization of Cf-peptides was determined by
using confocal laser scanning microscopy. U87 cells were
treated with Cf-peptides (25 μM) for 3 h. Before this analysis,
a preliminary experiment was carried out to compare the
intracellular localization on live and fixed cells (see Supporting
Information, Figure S24 and description). Based on those and
our previous results60,64,131 for confocal microscopy, we have
used fixed cells. The internalization pathway was studied by
staining lysosomes with LysoTracker Deep Red. Representa-
tive images are presented in Figure 6. All tuftsin derivatives
have partial colocalization with the lysosomal staining, and
diffuse cytosolic localization can also be observed. This
indicates a mixed internalization route, with possible direct
translocation and receptor-mediated endocytosis via the NRP
receptors. To quantify the visible differences in the localization
of the Cf-tuftsins, we carried out grayscale analysis of the

Figure 6. In vitro intracellular localization of Cf-tuftsin peptides. Confocal microscopy images of U87 cells treated with Cf-tuftsins (3 h, 25 μM).
Blue: nucleus (Hoechst 33342), green: Cf-tuftsins (5(6)-carboxyfluorescein), and red: lysosomes (LysoTracker Deep Red). For imaging, the Zeiss
LSM 710 system was used; the scale bar represents 20 μm. Line scan analysis was performed by NIH ImageJ software using the Plot Profile
application. *Standard error was calculated and visualized by OriginPro 2018 software.
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images. We carefully optimized the treatment and the staining
and fixation process of the U87 cells to assess comparable
grayscale values corresponding to green (intensity of Cf) and
red (intensity of LysoTracker dye) signals. Laser intensity
values were identical in the case of all Cf-tuftsin peptides. For
image processing, ZEN 3.0 blue lite software was used, and
grayscale values were extracted using NIH ImageJ software’s
Plot Profile application.

Cf-OT5, Cf-OT10, and Cf-OT20 showed accumulation
mainly in lysosomal compartments (based on lysosomal
staining) (Figure 6). Colocalization with the lysosomal staining
may indicate endocytosis and vesicular transport as a
mechanism for the uptake of Cf-peptides. In the case of
these peptides, the green and the red signals are of roughly
similar intensity, and this similarity is most expressed on the
areas where the signal (grayscale value) is high. The Cf signal
only partially colocalizes with the cytoplasmic area. No
colocalization with the nuclei staining can be observed, as
proved also by the line scan analysis of the representative cells
(presented with low Hoechts intensity).

According to the fluorescent signals, Cf-OT15 is mainly
localized in the cytoplasm, while is also accumulated in the
cytosol and partially colocalized with the lysosomal staining
and shows a different pattern. If the Cf-peptide internalizes
into the lysosome, then the green and red signals colocalize
(exhibit similar intensity in the function of the normalized
distance); when the Cf-peptide is in the cytoplasm, then the
graphs of the signals show different intensity.

We have also evaluated the colocalization using ImageJ
JACoP.132,133 The calculated values presented similar tenden-
cies to what was obtained from the grayscale analysis. The

Pearson’s coefficient value for Cf-OT5, Cf-OT10, and Cf-
OT20 (0.495, 0.689, and 0.3852, respectively, regarding the
green and red channel) suggests correlation with mixed
localization. In the case of Cf-OT15, the coefficient value
(0.239) suggests small correlation and, therefore, mainly
cytoplasmic occupation. Each approach (grayscale analysis
and JaCop) has its limitation and we have mainly designed our
experiments for qualitative rather than quantitative compar-
isons.

In Vitro Penetration of Cf-Tuftsin Peptides on a
Simple HUVEC-U87 Blood−Brain Barrier Model. TW
inserts as permeable supports feature a microporous
membrane, and on these membranes, monolayers can be
cultured to mimic tissue barriers with modeling conditions that
occur in the in vivo environments. In our study, noncontact,
submerged coculture monolayers were used as a simple in vitro
blood−brain barrier model, based on our previous results60

(Figure 7). On the membrane of the apical chambers, HUVEC
cells were seeded, and on the basolateral surfaces, U87
monolayers were applied as detector cells. To determine the
penetration ability of the Cf-peptides, quantitative flow
cytometry analysis was used. After the treatments with the
Cf-peptides, the ratio of live and Cf-positive cells and
intracellular fluorescence intensities of the detector cells were
analyzed.

Before the Cf-peptide treatments, it is necessary to
determine the confluency of the HUVEC monolayers on the
apical membrane (Figure 7A). For this, in situ imaging with
Hoechst staining, zonula ocludens-1 protein (ZO1), and β-
catenin immunolabeling were performed. Based on the nuclei
staining (before the transport experiment), a confluent

Figure 7. Characterization of the integrity of the HUVEC monolayer on the apical side of the TW insert. (A) Schematic representation of the
microporous polycarbonate membrane and cell seeding (day 1) and HUVEC monolayer (day 5). (B−D) The enlarged features of the monolayer
were imaged in situ for mosaic multifield image acquisition, nuclei were stained with Hoechst (blue; before treatment B; after treatment D, Day 5),
and cells were treated with peptide Cf-OT20 on day 5 (50 mM, 1.5 h, C). The scale bar represents 500 μm (B−D). (E) Schematic representation
of tight and adherent junctions with ZO1 and β-catenin markers. (F,G) Representative enlarged sections with β-catenin (yellow, F) and ZO1
(yellow, G) immunolabeling on a mounted excised membrane stained with Hoechst (blue). The scale bar represents 20 μm (F,G).
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monolayer was formed (Figure 7B). After the treatment with
Cf-peptides, the membranes were imaged to visualize the
internalized peptides (Figure 7C,D; see also: Figure S25). β-
Catenin is a marker of adherent junctions; ZO1 is one for tight
junctions (Figure 7E). The immunolabeling was carried out on
the fixed, excised, and mounted membrane; adherent and tight
junctions were detected between HUVEC cells (Figure 7F,G).

Initially, the penetration ability of the Cf-tuftsins was studied
on HUVEC model cells. Moderate cellular uptake was
measured in HUVEC cells. We determined the UC50 values
on HUVEC cultures regarding Cf-OT10, Cf-OT15, and Cf-
OT20 (Figures 8A and S26). The Cf-peptides were uptaken
after 90 min of treatment. After these measurements, we
worked on the TW systems. After the formation of confluent
monolayers (usually 5−6 days after seeding), the apical
chambers were treated with Cf-tuftsin peptides, at 12.5, 25,
or 50 μM concentration for 90 min. Treatments without TWs
were also carried out as control experiments to determine the
internalization (Figure 8).

Flow cytometry was applied to determine the cellular uptake
rate of the Cf-tuftsin derivatives by U87 cells that followed the
penetration through the HUVEC apical monolayer. Our data

showed that the viability of the U87 cells was not affected by
the TW inserts and after the Cf-peptides’ treatment (Figures
8B and S25−26). The cellular uptake of Cf-peptides in the
detector cell layer was higher without TW inserts, as expected
(Figure 8C,D). Based on the percentage of Cf-positive cells
and mean fluorescence intensities, the penetration through the
HUVEC layer is Cf-peptide- and concentration-dependent. A
low uptake rate was observed with TW inserts after 90 min of
treatment at 50 μM concentration in the case of Cf-OT20 (see
also Figure S26−27). For Cf-OT10 and Cf-OT15, no
significant fluorescent signal was detected compared to
untreated controls. We have determined that Cf-tuftsins up
to 50 mM concentration could penetrate HUVEC cellular
layers while retaining the cells’ full viability and functionality.
In our studies, the Cf-peptides did not cause any change in
monolayer integrity.

In Vitro Penetration of Cf-Peptides on Agarose Dish-
Based U87 Spheroids. The penetration ability of Cf-
peptides was assessed on spheroids created from U87 cells
employed as a simple tumor model.

We successfully used agarose-based spheroids, as demon-
strated before.60,64,131 Before the spheroid preparation, the

Figure 8. Penetration ability of Cf-peptides was quantified by flow cytometry using TW inserts mimicking the blood−brain barrier. (A) The uptake
rate of HUVEC cells and (B) the viability of the detector U87 cells were monitored by flow cytometry following the treatment with Cf-peptides
(12.5−50 μM concentration range, 90 min incubation time). (C, D) Schematic representation of the TW experiment setup and the coculture
arrangement of noncontact submerged monolayers containing HUVEC cells with a detector U87 cells. HUVEC were seeded into the apical
chamber of the TW insert (on polycarbonate membrane, PCTW), while U87 cells were seeded into the basolateral chamber (with or w/o TW
insert). Cellular uptake of peptides Cf-OT10, Cf-OT15 and Cf-OT20 in U87 detector cells with or w/o TW inserts was compared with regard to
the percentage of Cf-positive cells and MFI values.
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nuclei were labeled with Hoechst. The cellular uptake and cell
viability were also checked on Hoechst-labeled and nonlabeled
cells; the internalization rates and the viability were not
affected (Figure S28). In this study, the aggregation process
was monitored within these agarose blocks by phase-contrast
and fluorescent microscopy, as demonstrated in Figure 9
(Figures S29−30). The agarose dish preparation was a labor-
intensive procedure, but these blocks were stable through the
treatment, imaging, and fixation steps. The produced U87
spheroids possessed an average diameter of 400−450 μm
(Figure 9; see also: Figures S29−30). Spheroids were treated
with 25 μM Cf-OT15 and Cf-OT20 for 1.5 h. The treated
spheroids were harvested and trypsinized to break up the
spheroids to get single-cell suspension and then analyzed with
flow cytometry. Digestion with trypsin results in killing a small
percentage of the cells; however, this measurement was
suitable to differentiate the penetration ability between Cf-
OT15 and Cf-OT20 peptides. Altogether, peptides Cf-OT15
and Cf-OT20 had fair penetration ability on U87 spheroids.
Peptide Cf-OT20 had a slightly higher number of Cf-positive
cells, but the difference was not significant.
Compounds’ Effect on Autophagy on U87 Glioma

Cell Culture. Autophagy is a catabolic process which is
generally activated by nutrient deprivation, differentiation,
neurodegenerative diseases, infection, and cancer. Autophagy
can induce programmed cell death processes such as apoptosis
or autophagy-dependent cell death.32 Autophagy marker LC3
is a subunit of microtubule-associated proteins 1A and 1B
(termed MAP1LC3). LC3 is a soluble protein which is present

in mammalian tissues and also cultured cells. A cytosolic form
of LC3 (LC3-I) is conjugated to phosphatidylethanolamine
(PE) to form the LC3-PE conjugate (LC3-II), which is
recruited to autophagosomal membranes. Immunoblotting is a
reliable method for monitoring autophagy and detecting LC3
and autophagic cell death; since LC3 is the only protein
identified on the inner and outer membranes of autophago-
somes. Autophagy can be determined by changes in LC3
localization, and the level of conversion of LC3-I to LC3-II
provided us with an indicator of activity. It is important to note
that the levels of LC3-II correlate with autophagosome
formation due to its association with the autophagosome
membrane. The LC3 was detected as two bands; cytosolic
LC3-I and LC3-II, which are bound to PE in the
autophagosome membrane. This makes the molecular weight
of LC3-II higher than that of LC3-I. However, due to its
hydrophobicity, LC3-II migrates faster in SDS-PAGE and
therefore displays a lower apparent molecular weight.25,134

Autophagy triggering was studied on human U87 GBM cells
using Western blot analysis (Figure 10A,B). To enumerate the
autophagy-inducing effect of the compounds, densitometry
analysis was performed. The ratio of LC3-II and LC3-I is
presented in Figure 10A,B for each blot. The ratios of the LC3
isoforms can be compared between the control (1% DMSO in
ICM) and the treated cells. Ac-OT20 was selected as the
model compound of the carrier peptides, and this peptide has
no autophagy-stimulating effect. Treatment with ASA1 and its
peptide conjugates did not induce autophagy, and the ratio of
LC3-II and LC3-I did not differ from the control. In the case of

Figure 9. Employing agarose dish-based U87 spheroids to assess penetration ability of Cf-peptides. (A) Phase-contrast mosaic image of U87 cells
seeded in a 35-microwell agarose dish for aggregation (day 1). (B) U87 spheroid formation on day 2 (upper image) and day 3 (lower image) and
schematic representation of the spheroid’s harvesting for flow cytometry analysis after Cf-peptide treatment. (C) Phase-contrast imaging of the
spheroids on day 3; after Cf-OT20 treatment and before fixation, several spheroids were removed from lower rows of the dish for flow cytometry
analysis. (D) Fluorescent imaging of the same dish as in (C) and visualization by Hoechst staining (blue). (E) Fluorescent visualization of the Cf-
peptide (green) in the same dish as in (C,D). Scale bar in A−E: 500 μm. (F,G) Flow cytometry results of live (nonfixed) U87 spheroids after 16
min of the trypsinization process. (F) Relative ratio of live cells compared to control live, trypsinized, and untreated spheroids; (G) Cf-positive cells
after trypsin treatment resulting in single cell suspension.
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treatment with Sal, SalBenz-1, SalBenz-1-OT20, SalBenz-2,
SalPyr-7, and SalPyr-2, autophagy induction was observed. Sal
and SalBenz-1 have the highest autophagy-inducing effect.
Interestingly, the conjugate SalBenz-1-OT20 has limited
autophagy induction. SalBenz-2, which is structurally similar
to SalBenz-1, also induced autophagy, but to a lower extent.
Niclosamide and TMZ were used as model compounds of
clinical application, among which only niclosamide had an
autophagy-inducing effect. The parent salicylanilide derivative,
the salicylanilide 4-formylbenzoates, and the salicylanilide 5-
chloropyrazinoates have similar or higher autophagy-inducing
effects than the clinical agent niclosamide.
In Vitro Cytostatic Activity of Compounds. MTT assay

was applied to determine the cytostatic activity of the

compounds on human U87 GBM cells. The IC50 values (the
concentration at which the viability of the cells decreases to
50% from the maximal viability) were determined from the
dose−response curves. Compounds that induce autophagy
(Sal, SalBenz-1, SalBenz-1-OT20, SalBenz-2, SalPyr-7, SalPyr-
2, and niclosamide) inhibit the growth of GBM cells in low
concentrations (0.7−1.2 μM, Figure 10C). ASA1 and the
conjugates ASA1-OT5, ASA1-OT10, ASA1-OT15, ASA1-
OT20, and TMZ have no or only slight in vitro cytostatic
effect on U87 cells. The cytostatic effect of the ASA1-OT20
conjugate can be a consequence of the enhanced cellular
uptake of the salicylanilide derivative as the OT20 peptide has
the highest internalization on U87 cells. The liberation of the
active compound from the conjugates is also necessary for the

Figure 10. Cytostatic effect of the salicylanilide derivatives on U87 cells. Western blot and densitometry analysis of the level of autophagy-related
LC3 proteins on whole-cell extracts of U87 GBM cells treated with (A) salicylanilide derivatives (10 μM) or conjugates (50 μM) and (B) ASA-
tuftsin conjugates (50 μM). β-Actin was used as a loading control. (C) In vitro cytostatic effect of the compounds (IC50 values). Effect of the
compounds on autophagy plotted against their cytostatic effect. Compounds with high antitumor activity have an autophagy-inducing effect.
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cytostatic effect. Degradation of the proposed conjugates in rat
liver lysosomal homogenate can be seen in Supporting
Information Figure S23. In the case of TMZ, the lack of
effect can be related to its low cellular uptake (data not
shown). Substituted salicylanilide (Sal), salicylanilide 5-
chloropyrazinoates (SalPyr-1, SalPyr-2, and SalPyr-7), and
the salicylanilide 4-formylbenzoates (SalBenz-1, SalBenz-1-
OT20, and SalBenz-2) have similar in vitro autophagy-inducing
and cytostatic profiles to that of niclosamide, a salicylanilide
derivative with GBM-inhibiting effect. However, when tested
on a nontumor cell model (murine bone marrow-derived
macrophages), the salicylanilide derivatives showed only a
slight cytotoxic effect (data not shown), holding the promise to
have potential selectivity toward cancer cells.

■ CONCLUSIONS
GBM multiforme is a highly aggressive and deadly human
tumor, characterized by a high proliferative rate and
unresponsiveness to chemotherapy. Therefore, new com-
pounds against aggressive GBM are immensely needed.
Salicylanilides have multiple mechanisms of action, and they
were identified as highly or moderately cytotoxic to
mammalian cells.60,62 For the present investigation, a parent

salicylanilide (Sal), a 4-aminosalicylic acid derivative (ASA),
salicylanilide 5-chloropyrazinoates (SalPyr), and two new
salicylanilide 4-formylbenzoates (SalBenz) were chemically
and in vitro characterized. Peptide conjugates of the 4-
aminosalicylic acid derivative and one of the new salicylanilide
4-formylbenzoates were synthesized for better bioavailability.
We demonstrated that conjugation of carrier peptides
increased the solubility. Employing lysosomal digestion, we
analyzed the degradation process which was necessary for the
antitumor effect. As peptide carriers, tuftsin derivatives
([TKPKG]n, n = 1−4) were used. These peptides are ligands
for the NRPs and internalized into GBM cells. To characterize
the carrier peptides, the internalization and localization of the
Cf-tuftsin derivatives were determined. In all cases, time- and
concentration-dependent internalization was observed, and
UC50 values were calculated to compare the carrier peptides.
Localization study by confocal laser scanning microscopy
confirmed that Cf-tuftsin derivatives internalized (at least
partially) through endocytosis. Most clinical and experimental
antiglioma agents face hindered transport through the blood−
brain barrier and poor tumor tissue penetration. To circumvent
these problems, drug−targeting peptide conjugates of these
compounds can be employed. Tuftsin derivatives were applied

Figure 11. Novel salicylanilide derivatives with antitumor effects on U87 human GBM cells were identified in this study. The compounds with the
antitumor effect induce autophagy processes. To enhance the internalization of the compounds, selected salicylanilide derivatives were conjugated
to tuftsin carrier peptides. Peptide conjugates have an increased antitumor effect compared to the parent salicylanilides.
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to target the NRP-1 transport system for selectivity, better
bioavailability, and tumor penetration. Therefore, we have also
studied the Cf-tuftsins as targeting candidates on a simple
blood−brain barrier TW-based HUVEC-U87 coculture model.
However, only the OT20 tuftsin derivative showed slight
penetration ability on the HUVEC-U87 coculture system. It is
important to note that both OT15 and OT20 derivatives
possessed fair internalization ability on U87 spheroids applied
as simple, bulky tumor tissue mimics. To overcome the limited
barrier transport ability of tuftsin carriers, we can combine
their beneficial properties (selectivity and no cytotoxicity),
building them into tandem sequences (tuftsin and cell-
penetrating peptide segments in carrier candidates).

The antitumor effect of the salicylanilides and the peptide
conjugates was determined on U87 cells. Except for ASA and
ASA-conjugates, compounds significantly decreased the
viability of U87 cells in remarkably low concentrations (IC50
< 1.5 μM). The conjugate of SalBenz-1 has slightly lower IC50
than the parent compound, probably due to the enhanced
internalization and solubility. The compounds’ and conjugates’
effect on autophagy was studied using the Western blot
method by detection of LC3-I and LC3-II autophagy markers.
To enumerate the ratio of the LC3 isoforms, a densitometry
analysis was performed. Autophagy can protect cancer cells,
allowing them to survive in unfavorable conditions, such as
exposure to cytostatic or cytotoxic drugs. Autophagy has been
recently established as a tumor-suppressive mechanism,
displaying cancer cell-inhibiting activity. Our data demon-
strated that autophagy is involved in antitumor responses on
salicylanilide derivatives. The compounds with antitumor effect
activity induced autophagy in U87 cells (Figure 11) Further
studies are required to comprehend the details of the
molecular mechanisms of the antitumorigenic action of the
salicylanilide derivatives and to assess their therapeutic
potential in GBM treatment.

In conclusion, our study shows autophagy as a suppressive
mechanism leading to cell death. More research is required to
investigate the exact mechanism of the cell death.
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(119) Krátky,́ M.; Vinsǒvá, J.; Buchta, V.; Horvati, K.; Bösze, S.;
Stolarí̌ková, J. New amino acid esters of salicylanilides active against
MDR-TB and other microbes. Eur. J. Med. Chem. 2010, 45, 6106−
6113.
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