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Albendazole (ABZ) is an effective broad-spectrum anthelmintic agent that has been widely used for humans and animals. Previous
studies have reported that ABZ exhibits antitumor effects against melanoma and other different cancer types; however, it is
unknown whether ABZ exerts the inhibitory effect against melanoma metastasis. In this study, we aimed to investigate the
inhibitory effect of ABZ on melanoma cells. Through in vitro studies, we discovered that low-dose ABZ treatment significantly
inhibited the migration and invasion, but not the proliferation, of A375 and B16-F10 cells in a dose-dependent manner. Further
analysis revealed that ABZ treatment reduced the expression level of snail family transcriptional repressor 1 (Snail) in the
cytoplasm and nucleus by decreasing the levels of phosphorylated AKT (pAKT) Ser473/GSK-3f (pGSK-3p) Ser9 and increasing
pGSK-3p/Tyr216, resulting in a significant upregulation of E-cadherin and downregulation of N-cadherin and ultimately re-
versing the epithelial-mesenchymal transition (EMT) process of melanoma cells. In contrast, the continuous activation of AKT via
transfected plasmids elevated the protein levels of pAKT Ser473/pGSK-3p Ser9 and Snail and antagonized the inhibitory action of
ABZ. We also confirmed that ABZ treatment effectively inhibited the lung metastasis of melanoma in nude mice in vivo.
Subsequent immunohistochemical analysis verified the decreased pAKT Ser473/pGSK-3f Ser9 and increased pGSK-3f/Tyr216
levels in ABZ-treated subcutaneous tumors. Therefore, our findings demonstrate that ABZ treatment can suppress the EMT
progress of melanoma by increasing the pGSK-3f/Tyr216-mediated degradation of Snail, which may be used as a potential
treatment strategy for metastatic melanoma.

1. Introduction

Melanoma is a highly malignant tumor derived from me-
lanocytes that mostly occurs in the skin but can also be found
in the mucous membrane and internal organs. As one of the
deadliest skin cancers [1], melanoma incidence continues to
increase worldwide [2] at a rate of 3% every year [3].
Furthermore, approximately 230,000 people are diagnosed
with primary melanoma worldwide, which causes almost
55,500 deaths annually [4]. Local melanoma can be

effectively treated by surgical resection in the early stage,
with a five-year survival rate of >90% [5]. In contrast,
metastatic melanoma has a poor prognosis, with a five-year
survival rate of <10%. Hence, surgical resection is only
appropriate for early local melanoma and is almost inef-
fective after metastases occur [6].

Previous studies have reported that the high mortality
rate of malignant melanoma is significantly related to its
high metastasis rate [7]. Since melanoma is an epithelial
malignant tumor, the epithelial-mesenchymal transition
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(EMT) process plays a vital role in melanoma metastasis [8].
EMT is a necessary procedure for normal embryonic de-
velopment and damage repair [9]; however, it also occurs
during malignant tumor progression [10]. The EMT process
enables the migration and invasion of epithelial cell-derived
malignant tumor cells, which is accompanied by mesen-
chymal-like changes [11], including loss of cell polarity,
decreased intercellular adhesion, and altered expression of
cell surface proteins [12]. The abnormal expression of
specific markers is a typical feature of the EMT process, such
as the upregulation of N-cadherin, snail family transcrip-
tional repressor 1 (Snail), Vimentin, Occludin, and fibro-
nectin 1 (FN1) and the downregulation of E-cadherin [13],
which ultimately leads to melanoma metastasis [14]. As an
important transcription factor in the EMT process, Snail,
which can move into the cell nucleus after phosphorylated at
Ser246 and determine the relative expression of downstream
N- and E-cadherin proteins [15, 16], is directly regulated by
the upstream signaling pathway RAC-alpha serine/threo-
nine-protein kinase (AKT)/Glycogen synthase kinase-3 beta
(GSK-3f5) during tumor progression [17, 18]. GSK-3f/
Tyr216 (active form) can mediate nucleus export and deg-
radation of Snail, while GSK-3f/Ser9 (inactive form)
phosphorylated by pAKT can maintain its stability. There-
fore, the change in the ratio of Tyr216/Ser9 could be very
important for the level of Snail and the ability of tumor cells
to invade and metastasize [16, 18, 19]. Although recent
advances have been made in cancer medicine, immuno-
therapy, and targeted drug discovery, the rapid occurrence
of drug resistance in cancer patients usually leads to disease
recurrence [20]. At present, there is no long-term and ef-
fective treatment method for melanoma metastasis. There-
fore, identifying the potential inhibitors for EMT is required
for the suppression of tumor progression and the devel-
opment of therapeutic interventions for melanoma [8].

Recently, drug repositioning has become an increasingly
attractive option for medical treatments due to the phar-
macokinetics and safety of existing drugs, which can reduce
the difficulty and risk of clinical trials to a certain extent
[21, 22]; in addition, this strategy has economic advantages
compared to complete new drug development [23]. One
example is albendazole (ABZ), a kind of benzimidazole
derivative and antiparasitic drug with known antitumor
properties that can be repositioned as an anticancer drug
[22, 24]. Despite preexisting researches regarding that ABZ
may have an antimelanoma effect by inhibiting proliferation
[25] or promoting apoptosis [26], it is still unknown whether
ABZ can also exhibit inhibitory effects against the metastasis
of melanoma. In this study, we aimed to determine the
effects of ABZ treatment on the migration and invasion of
A375 and B16-F10 melanoma cells during EMT and to
identify associated signaling pathways and potential targets
for future studies.

2. Materials and Methods

2.1. Cell Lines and Culture. The A375 human melanoma and
B16-F10 mouse melanoma cell lines were obtained from
American Type Culture Collection (ATCC; Manassas, VA,
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USA), while B16-F10-luciferase (B16-F10-luc) cells were
purchased from Shanghai Model Organisms Center
(Shanghai, China). The A375 and B16-F10-luc cells were
cultured in Dulbecco’s modified Eagle’s medium-high glu-
cose (SH30243.01, HyClone, Logan, UT, USA) containing
10% fetal bovine serum (FBS; SH30084.03, HyClone), 1%
penicillin/1%  streptomycin (P1400, Solarbio, Beijing,
China), 1% L-glutamine (G0200, Solarbio), and 1% non-
essential amino acid (N1250, Solarbio). The cells were
cultured in an incubator at 37°C with 5% CO, (Forma 3111,
Thermo Fisher Scientific, Waltham, MA, USA).

2.2. Plasmid Construction. The human AKT1 coding se-
quence was amplified and cloned into pcDNA3.1 (+)
plasmids. The constitutively active AKT plasmid (CA-AKT;
T308D/S473D) was obtained by mutating the wild-type
human AKTI using QuikChange” Site-Directed Mutagen-
esis Kit (Stratagene, La Jolla, CA, USA) and then validated by
sequencing. Endotoxin-free CA-AKT plasmids (used for
transfection) were extracted using Endo-Free Plasmid Midi
Kit-fast (Omega Bio-tek, Norcross, GA, USA). GSK-3p/
Tyr216 wild-type (WT) and GSK-3 Y216F mutant pLenti
plasmid which encodes WT or Y216F cDNA were purchased
from Obio Technology Co. Ltd (Shanghai, China). VSV-G
plasmid pMD2.G and psPAX2 packaging plasmids were gifts
from Prof. Wenyue Xu (Army Medical University).

2.3. Cell Transfection and Transduction. The A375 and B16-
F10 melanoma cells with approximately 80% confluency
were selected for transfection. Opti-MEM™ medium (Gibco,
Thermo Fisher Scientific Waltham, MA, USA) was used to
dilute the Lipofectamine™ 3000 reagent (L3000008, Thermo
Fisher Scientific, Waltham, MA, USA) and plasmid master
mix containing plasmids and P3000™ reagent, which were
subsequently mixed according to the manufacturer’s in-
structions and added to the «cell culture medium.
HEK293T cells (donated by the Laboratory of Thoracic Sur-
gery, Xinqiao Hospital, Army Medical University) were
transfected with the GSK-3f wild-type (WT) or GSK-3f
Y216F pLenti plasmid combined with pMD2.G and psPAX2
plasmids for collecting the lentiviruses by using Lipofectamine
3000 (L3000008, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. GSK-3
wild-type A375 melanoma cells and GSK-38/Y216F A375
melanoma cells were generated by using lentiviral transduc-
tion and by selection in presence of blasticidin (5ug/ml)
(ant-bl-05, InvivoGen, San Diego, USA).

2.4. Cell Viability and Proliferation Assay. ABZ (HY-B0223,
MCE, Monmouth Junction, NJ, USA) was dissolved in di-
methyl sulfoxide (DMSO; final concentration <0.1%) to a
final concentration of 10 mmol/L and stored for subsequent
use. The cell counting kit-8 (CCK-8; C0037, Beyotime,
Shanghai, China) assay was used to analyze cell viability and
proliferation. Melanoma cells in the logarithmic growth
phase (5x10° cells) were seeded and cultured in 96-well
plates containing 100 uL medium. The experimental groups
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were treated with DMSO and ABZ at different concentra-
tions (0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 uM), while the
blank groups were untreated. After 24h, 10 yL CCK-8 re-
agent was added to each well, and the plates were incubated
at 37°C for 2h. The absorbance values were subsequently
measured at 490 nm using a microplate reader (Beckman
Coulter, Brea, CA, USA).

2.5. Wound Healing Assay. A wound-healing test was used
to detect the effect of ABZ treatment on the migration of
melanoma cells. The A375 and B16-F10 cells were inoculated
in 6-well plates with a culture medium containing 10% FBS.
After the cell coverage reached 95%, a T-1000-B pipette tip
was used to scratch a wound on the cells. Then, the plate was
washed twice with phosphate-buffered saline (PBS; ZLI-
9061, ZSGB-Bio, Beijing, China) to remove the floating cells,
and cell images were randomly taken using an inverted
microscope (Leica inverted microscope DMi8, Wetzlar,
Germany). Finally, the cells were treated with ABZ at dif-
ferent concentrations (0.1, 0.2, and 0.4 uM) for 24 h, and cell
images were obtained again using the same microscope.
Image] software (NIH, Bethesda, MD, USA) was used to
quantify the wound healing area on the cell images.

2.6. Transwell Invasion Assay. The bottom of the transwells
with 8 um pores (662638, Greiner Bio-One, Frickenhausen,
Germany) was precoated with Matrigel (356234, Corning,
Bedford, MA, USA). The A375 and B16-F10 cells were
starved using a medium without FBS for 12h. The cells
(6 x10* per well) were inoculated into a serum-free medium
containing different concentrations of ABZ (0.1, 0.2, and
0.4 uM) and allowed to invade through the 8 yum pores into
the lower chambers containing medium with 10% FBS. After
24h, the transwells were fixed with 4% paraformaldehyde
(P0099, Beyotime) for 20 min and stained with 0.1% crystal
violet (HY-B0324A, MCE) for another 20 min. Images of five
randomly selected positions were obtained by using Leica
inverted microscope DMi8 and analyzed using Image]
software (NIH) to determine the number of cells that in-
vaded the lower chambers.

2.7. Western Blotting. A375 and B16F10 cells were treated
with 0.4 uM ABZ alone for 24 h or per-transfected with CA-
AKT or pcDNA3.1 (+) plasmids and treated with ABZ for
24 h; for proteinase inhibiting, A375 cells were cotreated
with ABZ and 10pyM MG132 for 24 h; GSK-35/WT and
GSK-3p/Y216F stable expressing A375 cells were treated
with 0.4 uM ABZ alone for 24 h. Then, these cells were lysed
in RIPA buffer (89900, Thermo Fisher Scientific, Waltham,
MA, USA) to extract the total protein. Nuclear and cyto-
plasmic proteins were extracted separately using NE-PER™
Nuclear and Cytoplasmic Extraction Reagents (78833,
Thermo Fisher Scientific, Waltham, MA, USA) and
quantified using BCA Protein Detection Kit (P0012s,
Beyotime). The protein samples were resolved by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(1610183, Bio-Rad Laboratories, Hercules, CA, USA) and

then transferred to polyvinylidene fluoride (PVDEF;
IPFL00010, Merck KGaA, Darmstadt, Germany) mem-
branes using electroporation fluid. The membranes were
blocked with No protein blocking solution (C510042-0500,
Sangon Biotech, Shanghai, China) for 1h at 25°C. After
washing thrice with Tris-buffered saline with Tween®20
(TBST; B548105-0500, Sangon Biotech), the blocked PVDF
membranes were cut into appropriate shapes, incubated
with the primary antibodies, and kept in a shaker overnight
at 4°C. The primary antibodies, namely, anti-phospho-AKT
(Ser473) rabbit antibody (44-623G), anti-AKT (44-609G),
anti-N-cadherin (13-2100), anti-E-cadherin (14-3249-82),
anti-Snail (14-9859-82), anti-Vimentin (MA5-16409), anti-
Occludin (33-1500), anti-FN1 (PA5-29578), -actin (MA5-
15452), anti-GSK3B (phospho-Tyr216) rabbit antibody
(44-604G), anti-GSK3B (phospho-Ser9) rabbit antibody
(MA5-38235), anti-GSK-3 rabbit antibody (PA5-95845),
anti-SNAI1l (phospho-Ser246) rabbit antibody (PA5-
37739), and proliferating cell nuclear antigen (PCNA; PA5-
27214), were purchased from Thermo Fisher Scientific.
Subsequently, the PVDF membranes were incubated with
the corresponding secondary antibodies (ZB-2306, ZSGB-
Bio) for 1h. After washing thrice with TBST, the protein
samples were visualized using Fusion Solo S Chem-
iluminescence Imaging System (VILBER, Collégien,
France). The obtained western blot data were analyzed
using Image] software (NIH).

2.8. Real-Time Reverse Transcription Quantitative PCR (RT-
qPCR). Total RNA was extracted from melanoma cells using
TRIzol” reagent (15596026, Thermo Fisher Scientific, Wal-
tham, MA, USA) and reverse-transcribed into cDNA using
PrimeScript RT reagent Kit with gDNA Eraser (RR047A,
Takara, Kyoto, Japan), according to the manufacturer’s in-
structions. Real-time RT-qPCR analysis was performed to
investigate the differences in the mRNA expression of EMT-
related genes before and after ABZ treatment. The PCR re-
action cocktail (25 L) contained 0.5 uL each of forward and
reverse primers, 12.5uL SYBR® Pre-mix Ex Taq TM II
(RR820A, Takara), 10.5uL double-distilled water, and 1 uL
c¢DNA. The PCR cycling conditions were as follows: 95°C for
15s, 60°C for 30s, and amplification for 40 cycles. Each
experiment was performed thrice. The relative expression
levels were calculated using the 2**“* method, with -actin as
the internal control for normalization. The primers used for
E-cadherin, N-cadherin, snail, Vimentin, Occludin, FN1, and
B-actin are listed in Supplementary Table 1.

2.9. Animal Experiments. The nude mice (4 weeks old) used
for animal experiments were obtained from the Animal
Experiment Center of the Army Medical Center of PLA
(Chongging, China) and maintained in the SPF animal
house. All studies were conducted in accordance with the
experimental protocol approved by the Ethical Review of
Experimental Animals of the Army Medical Center of PLA.
First, B16-F10-luc cells (5x 10°) were injected through the
caudal vein. Second, after 1 week, the mice were anesthetized
and injected with Xenolight™ D-Luciferin Potassium Salt



(Perkin Elmer, Boston, MA, USA), 5 min later, they were put
on the imaging plate, the exposure time was 20s, and the
unit of measurement is photon flux, and in vivo fluorescence
images were obtained using IVIS Lumina III Imaging System
(Perkin Elmer). Third, after confirming that the tumor
model was successfully constructed, the mice were randomly
divided into three groups, namely, 50 mg/kg, 20 mg/kg ABZ,
and control, the experimental groups used PBS with dif-
ferent concentrations of ABZ (containing 0.5% sodium
carboxymethyl cellulose +2% DMSO), and the control
groups used PBS (containing 0.5% sodium carboxymethyl
cellulose + 2% DMSO), the dosage was 100 L, and they were
treated once daily via intragastric administration. Fourth,
after continuous intragastric gavage for 10 days, in vivo
fluorescence images were obtained again using the same
method. Finally, the mice were dissected, and the lungs were
taken out and washed with PBS. The melanoma nodules on
the lung surfaces were counted and fixed with 4%
paraformaldehyde.

2.10. Hematoxylin-Eosin (HE) Staining. Following con-
ventional methods, the lung tissue was embedded in par-
affin and cut into 4um sections for HE staining. The
sections were stained with hematoxylin staining solution
for 3 min, washed with distilled water for 15s, and stained
with 1% hydrochloric acid and ethanol for 15s. After
washing with distilled water for 1 min, the sections were
stained with eosin for 50 s and washed again with distilled
water for 15s. The sections were dehydrated by gradient
ethanol, soaked in xylene, and finally sealed with neutral
balsam.

2.11. Immunohistochemistry (IHC) Assay and Scoring.
IHC detection of key EMT proteins was performed using the
Dako Envision FLEX +system (Dako, Berlin, Germany).
Paraffin sections were deparaffinized. Antigen retrieval was
performed by heating the samples in citrate buffer (pH 6.0)
in the microwave for 15 min, then returning the samples to
room temperature, followed by washing with phosphate-
buffered saline (PBS). The samples were blocked with the
Dako REAL Peroxidase-Blocking Solution for 15min. The
slides were incubated at 4°C overnight with the rabbit an-
tibodies for anti-N-cadherin, Rabbit ant-E-cadherin, anti-
phospho-AKT (Ser473), anti-GSK3B (phospho-Tyr216),
and anti-GSK3B (phospho-Ser9), followed by incubation
(30 min) with the secondary antibody. Slides were stained
with 3,3'-diaminobenzidine tetrahydrochloride (DAB) for
2min. The percentages of cells that were positive for the
markers were scored as follows: 0-5%, no positive cells; 1,
<25% positive cells; 2, 25-50% positive cells; 3, 50-75%
positive cells; 4, 75-100% positive cells. The staining in-
tensity was scored as follows: 0, no positive cells; 1, weak
staining; 2, moderate staining; and 3, strong staining. The
immunohistochemical staining score was obtained by
multiplying the percentage score by the intensity (0, 1, 2, 3, 4,
6, 8,9, or 12). The X-tile v3.6.1 statistical package [27] was
used to analyze the IHC assay results.
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2.12. Statistical Analysis. The data were expressed as
means * standard deviation (SD) of three independent ex-
periments. One-way ANOVA was used for comparison of
two groups if the data were normally distributed, and if not,
the Mann-Whitney U test was used. The Tukey-Kramer
statistic was used for multiple comparisons in normally
distributed; if not, Dunnett’s test was used. Statistical
Analysis was performed by using SPSS 25.0 statistical
software (IBM SPSS).

3. Results

3.1. Low-Dose ABZ Treatment Significantly Inhibits the Mi-
gration and Invasion of Melanoma Cells In Vitro. ABZ is a
benzimidazole carbamate drug (Figure 1(a)). To determine
the effect of ABZ on the migration and invasion abilities of
melanoma cells, we performed CCK-8 assays on melanoma
cells treated with ABZ at different concentrations and dis-
covered that low-dose ABZ (<0.4 uM/L) treatment had no
significant effect on the proliferation of A375 and B16-F10
cells (Figures 1(b) and 1(c)). However, the wound healing
assays showed that low-dose ABZ treatment for 24 h sig-
nificantly inhibited the migration of both A375 (Figure 1(d))
and B16-F10 (Figure 1(e)) cells in a dose-dependent manner.
Furthermore, the Matrigel invasion assay revealed that low-
dose ABZ treatment markedly suppressed the invasion
abilities of the two melanoma cell lines in a dose-dependent
manner (Figures 1(f)-1(g)). These findings suggest that low-
dose ABZ can significantly inhibit the migration and in-
vasion, but not the proliferation, of melanoma cells in vitro.

3.2. Low-Dose ABZ Treatment Suppresses the Lung Metastasis
of Melanoma Cells In Vivo. Since the in vitro experiments
demonstrated the inhibitory effects of low-dose ABZ on the
migration and invasion of melanoma cells, we then inves-
tigated the effects of ABZ treatment on melanoma cells in
vivo using a nude mouse model of lung metastasis. After 10
days of continuous intragastric administration of 20 and
50 mg/kg ABZ, which were much lower than the doses used
for subcutaneous tumors [28], the in vivo fluorescence
images showed that the fluorescence intensity of lung
metastatic specimens from ABZ-treated mice was signifi-
cantly lower than that of the control group (Figures 2(a) and
2(b)), suggesting that the lung metastasis of melanoma cells
in the ABZ-treated group was greatly suppressed. In addi-
tion, the lung melanoma nodules in the ABZ treatment
group were smaller and less tumors formed on the lungs
(Figure 2(c)). Moreover, after the number and size of
melanoma nodules were counted and scored, the nodule
scores in ABZ-treated mice were discovered to be signifi-
cantly lower than those in control mice (Figure 2(d)), which
was confirmed by the HE staining of mice lung sections
(Figure 2(e)). These results indicate that, in a dose-depen-
dent manner, ABZ-treated mice had a significantly lower
lung metastatic rate than normal. Taken together, our results
demonstrate that low-dose ABZ can markedly inhibit the
metastasis and invasion of melanoma cells both in vitro and
in vivo.
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3.3. ABZ Inhibits the Metastasis of Melanoma Cells by Re-
versing the EMT Process. Since the EMT process was believed
to be responsible for the metastasis and recurrence of mela-
noma, we also investigated the effects of ABZ treatment on the
EMT process of melanoma cells. The mRNA levels of key EMT
proteins, namely, N-cad, E-cad, Vimentin, Occludin, and FNI,
were detected by real-time RT-qPCR analysis 24 h after ABZ
treatment. Compared to the control group, E-cad expression
was significantly upregulated in the ABZ-treated group, while
the relative expression levels of N-cad, Vimentin, FN1, and
Occludin were downregulated to varying degrees (Figures 3(a)
and 3(b)). Furthermore, these changes were confirmed at the
protein level by western blot analysis (Figures 3(c) and 3(d)). To
determine the effects of ABZ on the expression of EMT-related
proteins in vivo, we also analyzed the E-cad and N-cad levels in
the lung sections from ABZ-treated and control mice. The IHC
assay results revealed that E-cad and N-cad expression levels in
the B16-F10 metastatic foci of ABZ-treated mice lung sections
were significantly upregulated and downregulated, respec-
tively, compared to the control mice (Figure 3(e)). These
findings suggest that ABZ can inhibit the metastasis of mel-
anoma cells by reversing the EMT process.

3.4. ABZ Downregulates the Snail Expression in Melanoma
Cells by Increasing Phosphorylated GSK-3f/Tyr216
Accumulation. To elucidate the molecular mechanism un-
derlying the ABZ-mediated inhibition of the EMT process,
we further investigated the expression and distribution of
Snail, the main transcription factor that regulates the ex-
pression of EMT markers. The qPCR results showed that the
relative expression level of Snail was not significantly altered
in A375 and B16-F10 cells after ABZ treatment for 24h
(Figure 4(a)). However, ABZ treatment significantly de-
creased the protein levels of Snail in the cytoplasm of
melanoma cells by western blot analysis (Figure 4(b)). These
results suggest that ABZ potentially regulates Snail via
posttranscriptional rather than translational modification.
Since Snail is required to enter the nucleus to initiate
transcriptional activity, we subsequently detected the level of
Snail in the nucleus after ABZ treatment. As expected, ABZ
treatment also reduced the levels of phosphorylated Snail/
Ser 246 (pSnail/Ser246) in the nuclei of melanoma cells
(Figures 4(c) and 4(d)). We also investigated the phos-
phorylation levels of GSK-3f, which negatively regulates
Snail, and its upstream activator AKT [29]. Interestingly,
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FIGURE 3: ABZ treatment inhibits the metastasis of melanoma cells by reversing the EMT process. (a-b) The relative expression levels of
N-cadherin, E-cadherin, Vimentin, Occludin, and FN1 between the ABZ-treated (0.4 yM) and control groups were measured by RT-qPCR,
with -actin as the reference gene. (c-d) The expression levels of key EMT proteins were detected by western blotting. The histogram shows
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lung cancer tissues were determined using an immunohistochemical (IHC) assay. Image showing the THC staining specimens (100x; left).
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statistical graph is calculated as the average score for five selected areas in one lung slice and represents an IHC index of one mouse. The data
are expressed as means = SD. The RT-qPCR and western blot experiments were performed thrice. *P <0.05; **P <0.01; ***P <0.001.
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ABZ treatment significantly reduced the levels of pGSK-3p/
Ser9 (inactive form) and pAKT/Ser473 but greatly enhanced
the accumulation of pGSK-3/Tyr216 (active form) in the
cytoplasm of melanoma cells (Figures 4(c) and 4(d)), and the
increased ratio of Tyr216/Ser9 indicated ABZ treatment
could activate GSK3p kinase (Supplementary Figure 1). To
further confirm whether ABZ-mediated increase of pGSK-
3/Tyr216 could promote degradation of Snail protein in
melanoma cells, MG132 was used to inhibit proteasome.
Western blot analysis showed that MG132 did not affect the
protein level of AKT and pGSK-3f/Tyr216 but significantly
inhibited the degradation of Snail after ABZ treatment and
subsequently resulted in the upregulation of the downstream
target gene N-cadherin expression and the downregulation
of E-cadherin expression (Figure 4(e)). Furthermore, the
IHC results of the B16-F10 metastatic foci in mice lung
sections revealed the decreased expression of pGSK-3/3/Ser9
and pAKT/Ser473 and increased expression of pGSK-3f/
Tyr216 in the ABZ-treated group (Figure 4(f)). Collectively,
these findings indicate that ABZ can promote the nuclear
export and cytoplasmic degradation of Snail by activating
pGSK-3p/Tyr216 and inhibiting pGSK-3p/Ser9, resulting in
the suppression of EMT progress in melanoma cells.

3.5. CA-AKT Significantly Reverses the Inhibitory Effects of
ABZ on the Migration and Invasion of Melanoma Cells.
To determine the relationship between the AKT/GSK-3p
signaling pathway and ABZ-mediated reversal of the EMT
process, we transiently transfected A375 and B16-F10 cells
with the CA-AKT plasmid or pcDNA3.1 (+) plasmid.
Western blot analysis demonstrated that the transfection of
CA-AKT elevated the protein level of pAKT/Ser473,
resulting in increased pGSK-3f/Ser9 expression and de-
creased pGSK-3f3/Tyr216 expression (Figures 5(a) and 5(b)).
In contrast, CA-AKT transfection significantly reversed the
ABZ-mediated downregulation of Snail in the cytoplasm,
which restored the EMT progress in melanoma cells
(Figures 5(a) and 5(b)). Furthermore, subsequent wound
healing (Figures 5(c) and 5(d)) and transwell invasion ex-
periments (Figures 5(e) and 5(f)) revealed that CA-AKT
transfection significantly reversed the inhibitory effect of
ABZ treatment on the migration and invasion of melanoma
cells. These findings confirm that ABZ can suppress the EMT
of melanoma cells by enhancing the pGSK-3/3/Tyr216-me-
diated degradation of Snail.

3.6. Overexpression of GSK-3[3/Y216F Could Not Promote the
Degradation of Snail after ABZ Treatment. We have dem-
onstrated through previous experiments that ABZ can
promote Snail’s nuclear export and cytoplasmic degradation
by inhibiting pGSK-3p/Ser9, thereby inhibiting the pro-
gression of EMT in melanoma cells. However, our study also
revealed that ABZ enhanced the accumulation of pGSK-3f/
Tyr216 (active form) in the cytoplasm of melanoma cells. In
order to further clarify the functional role of pGSK-3p/
Tyr216, stable A375 cell expressing wild-type GSK-3f (GSK-
38/WT) and GSK-3p/Y216 phenylalanine (F) mutation
(GSK-3p/Y216F) were constructed as previous report [30].

After ABZ treatment for 24h, the protein levels of the
phosphorylation levels of GSK-3f/Tyr216 in the cytoplasm
of all three cells were significantly increased compared with
the DMSO group. Compared with ABZ-treated control cells,
ABZ treatment could facilitate more GSK-3f phosphory-
lation at Tyr216 after overexpression of GSK-33/W'T, but not
in GSK-3f/Y216F overexpressing cells. Meanwhile, we next
detected the expression of Snail, N-cadherin, and E-cadherin
proteins in three groups after ABZ treatment; as we ex-
pected, GSK-3p/Y216F overexpression did not change the
protein levels of Snail, N-cadherin, and E-cadherin com-
pared with ABZ-treated control cells. Furthermore, subse-
quent wound healing (Figure 6(b)) and transwell invasion
experiments (Figure 6(c)) demonstrated that the ABZ-me-
diated inhibitory effect on invasion and migration of A375
cells became more pronounced in GSK-35/WT over-
expression cells; however, GSK-3f/Y216F overexpression
cannot improve this effect. These results confirmed the
critical role of pGSK-3B/Tyr216 in the EMT process of
melanoma cells, suggesting that upregulation of pGSK-3p/
Tyr216 inhibits the EMT process of melanoma cells. It was
also proved that ABZ can promote the nuclear output and
cytoplasmic degradation of Snail by increasing the accu-
mulation of pGSK-38/Tyr216, thus inhibiting the EMT
process of melanoma cells.

4. Discussion

Melanoma is one of the most dangerous skin cancers re-
sponsible for >90% of patient mortality [31], especially after
metastases occur, which results in the rapidly shortened
survival period and very poor prognosis of melanoma pa-
tients [32]. Therefore, inhibiting metastasis progression is
the main focus of melanoma treatment [31]. There is in-
creasing evidence that benzimidazole can be used as a source
of antitumor agents as a repositioned drug for cancer
therapeutics [22]. As the most well-studied antiparasitic
agent, ABZ has already been validated in a few tumor models
[22]. However, no reports are available regarding the effect
of ABZ on the EMT process of melanoma. In the present
study, our results showed that low-dose ABZ treatment
significantly downregulated the expression of N-cadherin,
Vimentin, Occludin, and FN1 and upregulated E-cadherin
expression, indicating that low-dose ABZ can effectively
reverse the EMT process of melanoma cells both in vivo and
in vitro.

Previous studies revealed that ABZ promotes the ex-
cessive production of reactive oxygen species in tumor cells
[24], leading to high oxidative stress, Bax activation, and cell
apoptosis [33] and thereby inhibiting the proliferation of
tumor cells [34]. Moreover, ABZ inhibits the migration
capability of pancreatic cancer cells [28] and HIF-1a-de-
pendent glycolysis in lung cancer cells [35]. Interestingly, the
dose of ABZ used in previous in vivo experiments was very
high (e.g., 300 mg/kg twice daily [28]), which raised con-
cerns about potential cell toxicity and adverse side effects. In
this study, our findings revealed that 20 mg/kg ABZ (orally
once daily) remarkably reduced the number of metastatic
foci of melanoma cells in the lungs, suggesting that low-dose
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closure rate for each group. (e-f) Results of the transwell invasion experiments for A375 and B16-F10 cells under different conditions. The
histograms (bottom) show the number of invasive cells in each group. The data are expressed as means+ SD. All experiments were

performed thrice. *P <0.05; **P <0.01; ***P <0.001.

ABZ can effectively inhibit tumor metastasis in mice without
the expected toxicity and side effects. Furthermore, results of
our in vitro experiments indicated that low-dose ABZ (0.4 uM,
much lower than 2 M [33]), which had no effect on prolif-
eration, significantly inhibited the migration and invasion
capabilities of melanoma cells. Taken together, our in vitro and
in vivo experimental data demonstrate that low-dose ABZ may
be a promising intervention strategy for preventing the relapse
and metastasis progression of melanoma.

Snail, an important transcription factor in the EMT
process, has been observed to be highly expressed during the
malignant development and progression of melanoma
[36, 37]. Therefore, the regulation of Snail expression was
hypothesized to be an effective strategy for controlling and
preventing melanoma metastasis. The AKT/GSK-3 signaling
pathway is one of the main survival pathways of tumor cells
[38] with abnormally high activation in many malignant
tumors; specifically, its dysregulation is closely related to the
occurrence, migration, and invasion of malignant tumors
[39, 40]. Several studies revealed that pGSK-3/3/Ser9 (inactive
form) is significantly increased in the mouse epidermal
carcinogenesis model, while pGSK-3f/Tyr216 (active form) is
markedly reduced [41, 42], indicating that the downregulation
or inactivation of GSK-3f occurs during skin carcinogenesis
[43]. Our findings verified that ABZ treatment suppresses the
EMT of melanoma in vitro and in vivo by inhibiting the AKT/
GSK-3B pathway, resulting in decreased pGSK-3f/Ser9

(inactive form of GSK-3p) expression. Meanwhile, ABZ in-
creased the accumulation of the active form of GSK-3f
(pGSK-3/3/Tyr216) in melanoma cells and changed the ratio
of Tyr216/Ser9. This change in the ratio may lead to the
nuclear export and degradation of Snail. Furthermore, when
compared with ABZ-treated control cells, GSK-33/Y216F
overexpression did not change the protein levels of Snail,
N-cadherin, and E-cadherin after ABZ-treated; this further
confirmed that pGSK-3p/Tyr216 could downregulate Snail
protein. However, ABZ-induced inhibitory effect on migra-
tion and invasion is not subverted completely by transfection
of CA-AKT, indicating that pAKT-mediated phosphorylation
of GSK-3f at Ser9 is not the only mechanism for phos-
phorylated GSK-33/Tyr216 accumulation after ABZ-treated.
We hypothesize that this may be associated with the altered
expression of kinases that can phosphorylate GSK-3f at
Tyr216 [44]. But the mechanisms underlying the transfor-
mation of the two GSK-3f forms are still unknown. Hence,
the relationship between ABZ and these specific kinases will
be explored in our future work.

Interestingly, GSK-3f appears to play different roles in
various cancer types. Similar to melanoma, previous re-
search suggested that GSK-3f may function as a tumor
suppressor for breast cancer [45]. In contrast, some studies
have suggested that GSK-3 may promote tumorigenesis
and tumor development. For example, GSK-3f protein was
reportedly overexpressed in human ovarian [46], colon [47],
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and pancreatic [48] cancers. Therefore, the ABZ-mediated
inhibition of tumor migration and invasion via the AKT/GSK-
3f/Snail pathway may only be applicable to certain types of
tumors. Further, the differences in the function of GSK-3f in
various cancer types may hinder the study of ABZ as a po-
tentially broad-spectrum cancer metastasis inhibitor. How-
ever, for melanoma, the observed inhibitory effect of ABZ on
the EMT process was significant data, and the potential clinical
application of ABZ still requires further research.

5. Conclusion

In summary, we discovered that low-dose ABZ treatment
can significantly inhibit the migration and invasion abilities
of melanoma cells. We verified this through in vitro and in
vivo experiments and found that ABZ potentially reduces
the level of pGSK-3f at Ser9 by downregulating pAKT/
pGSK-3p. Furthermore, the protein level of pGSK-3p/
Tyr216 was significantly upregulated, which promoted Snail
instability and pGSK-3/Tyr216-mediated degradation, and
ultimately reversed the EMT of melanoma cells. Therefore,
our findings contribute novel insights on how the anti-
parasitic drug ABZ can function in inhibiting melanoma
metastasis, validating its potential as an antimelanoma
metastasis inhibitor for cancer therapeutics.
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Gliomas represent solely primary brain cancers of glial cell or neuroepithelial origin. Gliomas are still the most lethal human
cancers despite modern innovations in both diagnostic techniques as well as therapeutic regimes. Gliomas have the lowest overall
survival rate compared to other cancers 5 years after definitive diagnosis. The dietary intake of vitamin C has protective effect on
glioma risk. Vitamin C is an essential compound that plays a vital role in the regulation of lysyl and prolyl hydroxylase activity.
Neurons store high levels of vitamin C via sodium dependent-vitamin C transporters (SVCTs) to protect them from oxidative
ischemia-reperfusion injury. Vitamin C is a water-soluble enzyme, typically seen as a powerful antioxidant in plants as well as
animals. The key function of vitamin C is the inhibition of redox imbalance from reactive oxygen species produced via the
stimulation of glutamate receptors. Gliomas absorb vitamin C primarily via its oxidized dehydroascorbate form by means of
GLUT L, 3, and 4 and its reduced form, ascorbate, by SVCT?2. Vitamin C is able to preserve prosthetic metal ions like Fe** and Cu*
in their reduced forms in several enzymatic reactions as well as scavenge free radicals in order to safeguard tissues from oxidative
damage. Therapeutic concentrations of vitamin C are able to trigger H,O, generation in glioma. High-dose combination of
vitamin C and radiation has a much more profound cytotoxic effect on primary glioblastoma multiforme cells compared to
normal astrocytes. Control trials are needed to validate the use of vitamin C and standardization of the doses of vitamin C in the
treatment of patients with glioma.

1. Introduction

Gliomas represent solely primary brain cancers of glial cell
or neuroepithelial origin [1-4]. Gliomas are categorized into
lowest-grade tumors, lower-grade tumors, higher-grade
malignancies, and highest-grade malignancies as stipulated
by the American Association of Neurosurgeons [1-4].
World health organization further categorized astrocytoma
into four grades [1-4]. Grade I comprises pilocytic astro-
cytoma; grade II comprises low-grade astrocytoma; grade III
comprises anaplastic astrocytoma, whereas grade IV com-
prises glioblastoma multiforme (GBM) [1-4]. Grade I often
has minimal transformation abilities into grades II-IV and
mostly seen children. Nevertheless, grade II or III is mostly

accompanied with malignant transformations into grade IV
[1-4].

Vitamin C, also referred to as L-ascorbic acid/L-ascor-
bate, is an essential compound that plays a vital role in the
regulation of lysyl and prolyl hydroxylase activity [5]. Vi-
tamin C is a general term that describes its oxidized
dehydroascorbate (DHA) and its reduced forms (ascorbate)
[6]. Vitamin C is a water-soluble enzyme, typically seen as a
powerful antioxidant in plants as well as animals [7]. Vi-
tamin C was capable of preserving prosthetic metal ions like
Fe’* and Cu" in their reduced forms in several enzymatic
reactions as well as scavenge free radicals in order to safe-
guard tissues from oxidative damage [8, 9]. Also, vitamin C
participates in numerous intracellular as well as extracellular
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biological processes to efficiently scavenge free radicals
[7, 10].

Vitamin C intake as a dietary antioxidant was capable of
augmenting growth restriction of cancer cells in general and
glioma cells to be specific [11, 12]. Studies have shown that
vitamin C was capable of inhibiting cancer via mechanism,
such as the argumentation of stromal integrity of normal
tissue, activating lymphocytes to a greater level of immu-
nocompetence, stimulating “auspicious modification in the
steroid environment,” blocking hyaluronidase activity in
malignant cells, augmenting antiviral activity, and inter-
fering with the metabolism of malignant cells [13-16].

Studies have demonstrated that vitamin C was selectively
concentrated in tumors and may form cytotoxic quantities
of hydrogen peroxide (H,0,) within the tumor as a
byproduct of oxidation [13, 15, 16]. Vitamin C can act as a
prodrug to deliver a substantial influx of H,O, to tumors
after intravenous (IV) administration [17, 18]. A study
established that H,O, was the key mediating factor in cy-
totoxicity to cancer cells through IV vitamin C [17, 19].
Vitamin C stimulated intracellular oxidation as well as
energy generation resulting in total therapeutic potential.
Also, vitamin C stimulated of activities like apoptosis and
necrosis [17, 20].

Studies have shown that vitamin C precisely eradicated a
sizable quantities of cancer cells when plasma concentra-
tions reach 1 mM or more [21-23]. Another study revealed
that vitamin C was capable of decreasing the adverse re-
actions triggered by chemotherapy during the treatment of
cancer in patients [24, 25]. Thus, this explicit review explores
the pivotal neurophysiologic and therapeutic potentials of
vitamin C in glioma. The “Boolean logic” was used to search
for article role of vitamin C in glioma. Most of the articles
were indexed in PubMed and/or PMC with strict inclusion
criteria being the neurophysiologic and therapeutic poten-
tials of vitamin C in glioma. The search terms on PubMed
and/or PMC were vitamin C and/or L-ascorbic acid and/or
L-ascorbate and glioma.

1.1. Vitamin C Levels in the Blood, Cerebrospinal Fluid, and
Brain. The brain, spinal cord, and adrenal glands had the
highest vitamin C levels of all the tissues in the body as well
as the highest retention capacity of vitamin C [26, 27].
Studies have shown that brain tissue concentration of vi-
tamin C was regionally dependent. Higher concentrations
were detected in anterior regions like the cerebral cortex as
well as hippocampus, with gradually lower concentrations in
more posterior regions like the brainstem as well as spinal
cord [28, 29]. Generally, brain tissue vitamin C levels were
several millimolars (mM) with the average concentration in
neurons likely to be 10 mM and merely 1 mM in glia [28-30].
Under normal circumstances, turnover of vitamin C in brain
is approximately 2% per hour [26, 31].

Molecules with low molecular weight as well as passable
hydrophilic/hydrophobic balance are allowed to penetrate
the central nervous system (CNS) [32, 33]. It was established
that endothelial cells of the brain capillaries, which form the
blood-brain barrier (BBB), possess selective transport
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systems for particular nutrients as well as endogenous
biomolecules besides unspecific permeation [32]. Thus, they
are conscientious for the transport of glucose, neutral, acidic,
and basic amino acids like alanine and taurine, monocar-
boxylic acids, amines, and neuromediators like choline,
vitamins, and nucleosides, as well as the peptide transport
system for small neurotropic peptides [32, 34, 35].

The epithelium of the choroid plexus, which is a re-
stricted part of the BBB, is implicated for the maintenance of
CNS homeostasis for vitamin C [32, 36]. IV administration
of vitamin C revealed that vitamin C reached the CSF via the
choroid plexus and then gradually penetrates the brain
substance from the CSF (Figure 1) [32, 37]. Vitamin C enters
the CNS principally via active transport at the choroid plexus
(Figure 1). Vitamin C concentration is modulated homeo-
statically after it diffuses from cerebrospinal fluid (CSF) to
brain extracellular fluid (ECF) [32]. Vitamin C was capable
of entering the ECF via carrier-mediated uptake and via
simple diffusion across brain capillaries at the BBB [26, 38].
Extracellular vitamin C levels are also vigorously regulated
via glutamate-mediated activity through glutamate-vitamin
C heteroexchange (Figure 1) [26].

It was established that vitamin C from ECF was taken up
into brain cells, where its levels augmented up to 20-fold
[26]. It was further revealed that, in some neurons, vitamin C
levels were up to 200-fold higher than the levels in the
bloodstream [26, 32]. Vitamin C is transferred from the
blood, where its levels are about 50 uM into the CFS where
its levels are maintained at 200 uM via specific physiological
mechanisms (Figure 1) [32, 39]. Vitamin C uptake from the
blood into CSF involves active stereospecific Na*-dependent
transport at the choroid plexus (Figure 1) [26, 40]. Fur-
thermore, vitamin C serves as a cofactor in several enzymatic
activities associated with the processing of neurotransmit-
ters as well as an antioxidant offering neuroprotection
within the CNS [32].

Tsukaguchi et al. indicated that the reduced form of
vitamin C is absorbed via a mechanism that involves so-
dium-dependent vitamin C transporters 2 (SVCT2) [8].
SVCT2 RNA was identified in the epithelium of the choroid
plexus [7]. Precisely, the neuroepithelial cells of the choroid
plexus as well as the retinal pigmented epithelium secreted
SVCT? transporter. It was established that SVCT1 as well as
SVCT2 each mediate concentrative, high-affinity vitamin C
transport that was stereospecific and was driven by the Na*
electrochemical gradient (Figure 1) [8]. Higher levels of Na*-
dependent vitamin transporters such as SVCT1 and SVCT2
were detected in the choroid plexus but not in brain
capillaries (Figure 1) [8, 26].

In situ hybridization in the rat brain revealed that
SVCT2 was more concentrated in neurons than glial cells,
which was coherent with higher concentrations of vitamin C
in neurons than glia [8, 26]. Thus, neuronal cells take up
vitamin C, because these cells secrete SVCT2 [41]. It was
affirmed that SVCT2 was present in both glutamatergic as
well as GABAergic neurons, including glutamatergic pyra-
midal cells of the hippocampus, glutamatergic granule cells
of the cerebellum, and GABAergic cerebellar Purkinje cells
(Figure 1) [8]. It was affirmed that astrocytes were capable of
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FIGURE 1: The neurophysiological mechanisms via which vitamin C and glucose cross the blood brain barrier (BBB) to influence normal
brain tissues. VC = vitamin C; GL = glucose. All other abbreviations are indicated in the abbreviation list.

removing glutamate from the synaptic cleft when synapses
are glutamatergically active [8].

Several studies have demonstrated that glutamate
transport in these cells was capable of activating glucose
transport, to stimulate glycolysis with lactate and vitamin C
release (Figure 1) [42, 43]. Castro et al. demonstrated that
intracellular vitamin C blocked glucose transport via direct
or indirect blockade of GLUT3 and triggered lactate uptake
(Figure 1) [44]. Thus, when GLUT3 was downregulated,
glucose utilization was not inhibited by vitamin C and lactate
transport was not stimulated (Figure 1) [42].

1.2. Function of Vitamin C in the Normal Brain. Brain vi-
tamin C concentrations are gender dependent, with lower
estrogen-modulated levels in the female brain than in the
male brain [26, 45]. Neurons store high levels of vitamin C
via SVCTs to protect them from oxidative ischemia-reper-
fusion injury [46, 47]. Studies have demonstrated that the
key function of vitamin C was the inhibition of redox im-
balance from reactive oxygen species (ROS) produced via

the stimulation of glutamate receptors (Figure 2) [48, 49].
Studies have further exhibited that vitamin C was capable of
buffering glutamate-generated ROS and inhibited suc-
ceeding cell death in cultured neurons [50, 51].

Studies have demonstrated that vitamin C serves as a
neuromodulator for both dopamine- and glutamate-medi-
ated neurotransmission besides its functions as an antiox-
idant in the CNS [52, 53]. It was further established that the
main localization of vitamin C in neurons was coherent with
such neuromodulatory functions [52, 53]. Furthermore,
vitamin C was implicated as a fundamental cofactor for
noradrenaline synthesis [26, 54]. Also, vitamin C was es-
sential for the secretion of noradrenaline as well as acetyl-
choline from synaptic vesicles [26, 55]. In addition, vitamin
C was a crucial cofactor in the synthesis of numerous
neuropeptides [26, 56]. Moreover, at physiological con-
centrations, vitamin C augmented the secretion of theses
neuropeptides [26, 57].

The accumulate of vitamin C in the basal lamina trig-
gered myelin formation by Schwann cells [26, 58]. Studies
have shown that variations in vitamin C concentrations were
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FIGURE 2: The mechanisms via which vitamin triggers glioma cell death. VC =vitamin C; ASC =ascorbate. All other abbreviations are
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associated with brain activity as well as brain energetics
[59, 60]. Also, vitamin C servers as a metabolic switch in
brain, modulating glucose consumption in neuronal cells via
the blockade of neuronal GLUT3 [42]. Owens and Bunge
established that vitamin C was a fundamental in the en-
hancement of axonal ensheathment in Schwann cell-neu-
ronal coculture [61]. They further revealed that vitamin C
was crucial for periphery nervous system myelinogenesis
because it was capable of stimulating the PO protein gene in
cultured Schwann cells [61].

1.3. Vitamin C and Glioma. Several studies have assessed the
outcomes of dietary vitamin C intake on primary brain
tumor risk [62-70]. These studies involved both children
and adults [62-70]. The studies in children revealed that
glioma risk differs inversely with maternal vitamin C intake
during pregnancy [62-64]. In studies involving adults, an
inverse association between dietary vitamin C intake and
glioma risk was also observed [62, 65-67]. Nevertheless,
some studies detected a positive relationship between vi-
tamin C intake and glioma risk [62, 68, 69]. Another study
found positive relationship for men and a negative rela-
tionship for women [70]. Zhou et al. with a meta-analysis
observed that the consumption of vitamin C had protective
effect on glioma risk [11].

Studies have shown that GLUTs mediate the facilitative
transport of the DHA form of vitamin C [6, 71, 72]. Also,
studies have demonstrated that ascorbate, the reduced form
of vitamin C, is transported by SVCT [6, 8, 73, 74]. Gliomas
absorb vitamin C primarily via its oxidized form (DHA) by
means of GLUT 1, 3, and 4 and its reduced form, ascorbate,
by SVCT2 (Figure 2) [6]. Nevertheless, it was established
that SVCT2 had modest capacity in gliomas [75]. DHA was
reduced to vitamin C via the GSH-consumption enzyme
DHA reductase (DHAR) once it gets into the cells (Figure 2)
[6]. Laszkiewicz et al. exhibited that, vitamin C is a potent
modulator of the proteolipid protein as well as the secretion
of myelin-associated glycoprotein gene in CNS-derived C6
cells [76].

Salmaso et al. established that vitamin C could be utilized
as a targeting agent to stimulate the disposition of drug
loaded nanosystems in gliomas [32]. Conklin et al. indicated
that antioxidants are capable of safeguarding normal brain
tissues from radiation damage resulting in better survival,
because brain tissues possess oxidative milieus and are thus
susceptible to radiation damage [77]. Lawenda et al. dem-
onstrated that antioxidants are capable of rending glioma
more resistant to tumor killing by radiation, resulting in
poorer patient survival [78]. It was established that, at low
doses, vitamin C was capable of protecting cells from oxi-
dative stress, thus inhibiting the advancement of tumors
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[5, 79]. Prasad demonstrated that sodium ascorbate trig-
gered a cytotoxic stimulus on normal brain cells in culture
[15]. Benade et al. established that the toxicity of ascorbate
was as a result of low catalase levels in tumor cells [80].

Vitamin C was able to inhibit DNA damage and the
deterioration of subcellular structures like proteins, lipids,
and DNA by scavenging of ROS (Figure 2) [5]. Studies have
demonstrated that therapeutic concentrations of vitamin C
triggered H,0, generation in solid tumors (Figure 2)
[22, 81]. Furthermore, studies have demonstrated that H,O,
diffuses into cancer cells and overpowers their antioxidant
defense system via the depletion of glutathione levels
[22, 23]. Espey et al. established that vitamin C stimulated
generation of extracellular H,O, was only partly accountable
for cell death [82]. Peterkofsky and Prather indicated that
H,0, was either formed intracellularly and excreted in the
medium or formed at the cell surface on culture medium
[83].

It was further established that H,O, was not detectable in
growth medium containing Na'-ascorbate alone [83].
Studies have demonstrated that H,O, was capable of trig-
gering lipid peroxidation, which resulted in cell death
[84-86]. It is also revealed that Na*-ascorbate was capable of
triggering the formation of DHA exogenously or intracel-
lularly or both. Also, sodium ascorbate was capable of
blocking catalase activity in vitro [87]. Furthermore, the
blockade of catalase was capable stimulating the accumu-
lation of H,0, in tumor cells resulting in cell death [87].

1.4. Vitamin C Derivatives and Glioma. Ascorbyl esters are
nontoxic, synthetic derivative of vitamin C used as anti-
oxidants [88, 89].

These esters can easily cross the BBB because of their
lipophilic nature [90]. The breakdown products of ascorbyl
stearate are ascorbate and stearic acids, which are nontoxic
to biological system [88, 89]. Studies have indicated that
ascorbyl esters, such as ascorbyl stearate (Asc-S) and
ascorbyl palmitate, block the proliferation of mouse as well
as human glioma cells [91, 92]. Furthermore, studies have
demonstrated that Asc-S as well as ascorbyl palmitate
suppressed the growth of murine (G-26) as well as human
glioma (U-373) cells [91, 92]. Makino et al. established that
Asc-S, a lipophilic derivative of vitamin C is a potent in-
hibitor of cell proliferation as compared to vitamin C [93].

Studies have demonstrated that human gliomas are
capable of secreting insulin-like growth factor- (IGF-) I as
well as IGF-II. It was further established that IGFs autocrine
receptor was capable of stimulating glioma cell growth
[94, 95]. Naidu et al. established that Asc-S was capable of
modulating of secretion of IGF-IR as well as triggering of
apoptosis in T98G cells (Figure 2) [96]. They revealed that
Asc-S inhibited the growth of human GBM T98G cells via
the arrest of cells at late S/G2-M phase of cell cycle as well as
trigger cell death via apoptosis (Figure 2) [96]. They further
indicated that Na*-ascorbate was capable of blocking the
growth of T98G cells with an IC50 of 6.0 mM [96]. Nev-
ertheless, Asc-S was about 68-fold more potent than Na*-
ascorbate with an IC50 value of 88.5yM [93].

It was also established that administration of Asc-S led to
a substantial augmentation in the proportion of cells in late
S/G2-M phase of cell cycle in comparison with untreated
control cells [96]. Also, DHA was capable of modulating cell
cycle progression as well as trigger cell cycle arrest at G2/M
DNA damage checkpoints during oxidative stress (Figure 2)
[97]. Furthermore, Asc-S stimulated cell cycle arrest at late S/
G2-M phase checkpoints was capable of blocking of cell
proliferation as well as apoptosis [96]. Thus, vitamin C
derivatives interfere with cell cycle progression [96]. Rys-
zawy et al. demonstrated that Na*-ascorbate was capable of
triggering significant impairment of GBM cell viability as
well as invasiveness [5].

Also, the blockade influence of Na"-ascorbate on GBM cell
motility resulted in heterogeneous viability-associated cell re-
sponses [5]. Moreover, a rapid necrotic-like death was detected
in a proportion of cells with Na-ascorbate, which resulted in
cell swelling, membrane break, and their release from cyto-
plasm [5]. Furthermore, “autoschizis”-associated violent cell
responses to elevated Na'-ascorbate doses substituted apo-
ptosis in “hypersensitive” GBM cells [5]. This cell death
mechanism was a self-excision of cytoplasm and was detected
only in the coexistence of vitamin C and menadione [98, 99].

1.5. Vitamin C and Glioma Angiogenesis. Angiogenesis is a
normal physiological activity, obligatory for normal tissue
repair as well as growth [100]. Nevertheless, angiogenesis is
depicted by the assiduous proliferation of endothelial cells as
well as blood vessel formation in pathological situations
[100]. Thus, angiogenesis is very critical in tumor growth,
invasion, and metastasis [100]. Studies have implicated the
association of circulating endothelial precursor cells (EPCs)
to pathologic angiogenesis [101-103]. Several studies have
demonstrated that nitric oxide (NO) was associated with
tumor angiogenesis [104-106].

Dulak et al. demonstrated that NO was capable of
modulating for the secretion of endogenous angiogenic
factors like vascular endothelial growth factor (VEGF) as
well as basic fibroblast growth factor (bFGF) [107]. Studies
established that tumors that produced NO persistently had
significantly supplementary vascular network and were
more invasive [108, 109]. Thus, angiogenesis is determined
by the level of NO, which also influence migration as well as
precise motivity of the endothelial cells [100, 110].

Telang et al. analyzed the effect of vitamin C on tumor
development in animals after dietary consumption of low
levels [111]. Peyman et al. established that the total number
of blood vessels were decreased in vitamin C depleted tu-
mors compared to the totally supplemented animals.
Contrariwise, high levels of vitamin C administered to
cauterized corneas suppressed angiogenesis in a rat proto-
type [112]. Mikirova et al. evaluated the effect of high levels
of vitamin C (100 mg/dl-300 mg/dl) on in vitro endothelial
cells as well as new blood vessel formation [100]. They
observed that IV administration of 25-60 grams of vitamin
C affect both endothelial progenitor cells as well as mature
endothelial cell functions associated with process of an-
giogenesis (Figure 2) [100].



Furthermore, the effect of vitamin C on angiogenesis
assessed via tube formation assay exhibited blockade of
vessel structure after 3-24 h of exposure of the cells to vi-
tamin C (Figure 2) [100]. This appeared as a result of vitamin
C ability to block NO in endothelial cells (Figure 2) [100].
Duda et al. established that NO is a key stimulus of new
blood vessel formation [113]. Thus, vitamin C was capable of
inhibiting NO stimulation resulting in the inhibition of
angiogenesis as well as vasculogenesis (Figure 2) [113].

1.6. Signaling Pathways of Vitamin C in Glioma. Vitamin C
was implicated in several signal pathways associated with the
development of glioma [114-119]. Vitamin C had much a
stronger influence on the crucial stages of tumor cell pro-
liferation as well as differentiation by shifting their epige-
nome and transcriptome. Naidu et al. observed
antiproliferative as well as apoptotic effects of vitamin C on
T98G glioma cells via modulation of IGF-IR secretion
subsequent to the facilitation of programmed cell death [96].
Also, vitamin C was capable of upregulating proteolipid
protein (PLP) as well as myelin-associated glycoprotein
(MAG) genes in glioma C6 cells of rat models (Figure 2)
[76].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
fundamental constituent of cellular defense against a wide
range of endogenous as well as exogenous stresses [114]. It
was observed that vitamin C was capable of influencing Nrf2
in GBM (Figure 2) [114]. Hypoxia-inducible factor 1o (HIF-
la) is a transcription factor responsible for the cellular
reaction to low O, conditions via the modulation of genes
regulating various cellular transduction pathways [115].
HIF-1a further modulates growth and apoptosis, cell mi-
gration, energy metabolism, angiogenesis, and transport of
metal ions and glucose [115]. HIF-1« is often intensely
oversecreted in common cancers, cancer cell lines, and
metastases [116].

Several studies have demonstrated that therapeutic levels
of vitamin C downregulated cell survival pathways in cancer
cells via HIF-1a as well as the nuclear transcription factor
(NF-xB) [117-119]. Vitamin C was capable of regulating
HIF-1a in common cancers including glioma [120]. Also,
vitamin C was able to promote prolyl as well as lysyl hy-
droxylases in the hydroxylation of HIF-1« (Figure 2) [120].
It was established that low vitamin C levels were able to
decrease HIF-1« hydroxylation resulting in the promotion
of HIF-dependent gene transcription as well as tumor
growth [120]. Bi et al. established that over secretion of Bcl-2
and blockade of Bax secretion correlated well with anti-
apoptosis/apoptosis imbalance of glioma cells (Figure 2)
[121].

Duan et al. demonstrated that Maitake mushroom
(MP)/vitamin C was able to inhibit the proliferation of
glioma cells, augmented tumor cell apoptosis, and reduced
mRNA/protein secretion of Bcl-2 while augmenting Bax
mRNA or protein secretion (Figure 2) [7]. They further
observed augmentation in the secretion of caspase-3 as well
as its endogenous substrate, cleavage of PARP [7]. Moreover,
MP/vitamin C was able activate key mediators of the apoptosis
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pathway, such as caspase-3, caspase-8, and caspase-9 in
MO059 K cells (Figure 2) [7]. Thus, the combination of MP
and VC triggered M059 K cell apoptosis [7]. Holme et al.
revealed that vitamin C was capable of decreasing the cy-
totoxic properties of N-hydroxy-acetylaminofluorene and
decrease the covalent binding of N-acetyl-2-aminofluorene
(AAF) to cellular protein [122]. Further studies are needed to
establish the effect of vitamin C on this protein in glioma.

Hung established that rat glial tumor cells possess
N-acetyltransferase (NAT) properties [123]. Furthermore,
the rat’s brain tissue was able to modulate NAT activity as
well as the stimulation of N-acetylation of 2-aminofluorene
(AF) (Figure 2) [124]. Hung and Lu demonstrated that
vitamin C was able to block NAT activity in C6 glioma cells
[125]. They also revealed that vitamin C reduced AF-DNA
adduct formation in C6 glioma cells, but vitamin C did not
influence DNA to transcript NAT mRNA [125]. Miller and
Miller showed that AF is N-acetylated via NAT and sub-
sequently metabolized via cytochrome P450 (CYP) into a
reactive metabolite, which binds to DNA to form DNA-AF
metabolite adduct (Figure 2) [126].

1.7. Vitamin C in Glioma Treatment. Cameron and Pauling
in 1976 suggested that IV vitamin C followed by oral
maintenance was a beneficial therapy for patients with
cancer [127]. Thus, vitamin C, specifically at high therapeutic
levels, has a long and widely been used as cancer treatment in
history [127, 128]. IV vitamin C was demonstrated to be
toxic to tumor cells, but not to normal cells [129]. Fur-
thermore, IV vitamin C was capable of inhibiting angio-
genesis and inflammation, boosts the immune system,
causes differentiation of cells, and improves quality of life of
patients with cancer [100].

Currently, temozolomide is the drug of choice for the
management of patients with glioma [24, 25, 130]. It is an
orally bioavailable, methylating agent that is able to pass
through the BBB and trigger the death of tumor cells
[24, 25]. Nevertheless, some tumor cells are capable of
repairing DNA damage triggered by temozolomide and thus
lessen the efficiency of the therapy [24, 25]. Laboratory and
clinical studies have demonstrated that temozolomide’s
anticancer efficiency was augmented when combined with
etoposide [24, 25].

Gokturk et al. demonstrated that vitamin C alone was
capable of triggering oxidative DNA damage in glioma [130].
They revealed that cytotoxic as well as genotoxic effects of
temozolomide and etoposide were reduced by vitamin C, but
the utmost cytotoxicity with the least genotoxicity was
attained with use of the triple therapy [130]. Thus, vitamin C
reduced the cytotoxic as well as genotoxic effect of the
etoposide and etoposide-temozolomide combination, but it
had no significant effect on temozolomide’s toxicity [130].

Mikirova et al. were able to treat neurofibromatosis type
1 (NF1) patient with optic pathway glioma (OPG) with a
high dose of IV vitamin C [131]. They suggested that vitamin
C treatment may be appropriate for young patients’ glioma
who are not suitable to receive standard treatments regimes
due to their toxicity [131]. Studies have demonstrated that
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radiotherapy offers a 6-month survival benefit at a median
time frame for glioma patients [132, 133]. Herst et al.
demonstrated that radiation dose of 2-Gy fractions alone for
GBM patients and vitamin C alone at concentrations >1 mM
was effective for GBM patients [21].

Herst et al. indicated further that combination therapy
using 0.5 mM vitamin C and lower radiation dose of 1-Gy
fraction killed considerably more primary GBM cells and
astrocytoma cells compared with single therapy [21]. Nev-
ertheless, the combination therapy had a much lesser effect
on normal astrocytes, suggesting a certain level of specificity
for GBM cells [21]. Thus, they study exhibited that in the
clinical situation, combination therapy triggers more specific
GBM Kkilling with lower doses of radiation as well as less
damage to adjacent, healthy tissues [21].

Herst et al. demonstrated that administration of vitamin C
was capable of inhibiting radiation-stimulated G2/M arrest in
GBM primary cells, but not in astrocytes, inhibiting homol-
ogous recombination and hence DSB repair, which was spe-
cifically poor in GBM cells compared with normal astrocytes
[21]. Furthermore, both vitamin C and radiation therapy were
able to trigger cell death associated with autophagy [134].
Autophagy is a salvaging mechanism that is stimulated in cells
under stress [135]. Studies have demonstrated that 5 mM vi-
tamin C, 6-Gy fractions, or combined therapy did not trigger
apoptotic cell death in GBM primary cell [134, 136].

Herst et al. postulated that our cells primarily use
autophagy as a survival mechanism after exposure to ra-
diation, vitamin C, or combined treatment [21]. They
concluded that high-dose combination of vitamin C and
radiation has a much more profound cytotoxic effect on
primary GBM cells compared to normal astrocytes, and this
combination could be a safe as well as clinically viable al-
ternative for treating aggressive radiation-resistant GBMs
[21]. Prasad et al. report that vitamin C at nontoxic doses
potentiated growth inhibitory capabilities of 5-fluorouracil
(5-FUra), bleomycin sulfate, sodium butyrate, cyclic AMP
stimulating agents, and X-irradiation on neuroblastoma
(NB) cells, but it did not yield analogous capabilities on rat
glioma cells in culture [137].

Prasad et al. further postulated that if vitamin C is used
arbitrarily in combined therapies, it may reduce the efficiency
of some chemotherapeutic agents [137]. They indicated that
vitamin C was capable of reducing the cytotoxic effect of
methotrexate as well as 5-(3,3-dimethyl-btriazeno)-imidazole-
4-carboxamide (DTIC) on NB cells in culture [137]. This
was perhaps due to deactivation of these medicines in vitro
by vitamin C [137]. Prasad et al. in another study dem-
onstrated that vitamin C at nontoxic doses significantly
potentiated the effect of methylmercuric chloride (MMC)
on NB cells while it did not alter the effect of MMC on
glioma cells [137].

The effect of vitamin C was most distinct at a MMC doses
of 1 uM [137]. Moreover, vitamin C was similarly effective in
potentiating the effect of MMC on NB cells, but glutathione did
not exhibit similar effect [137]. Schoenfeld et al. demonstrate
that increased labile Fe** pool levels, triggered by mitochon-
drial superoxide and H,O,, expressively participated in cancer
cell-selective toxicity of therapeutic vitamin C combined with

standard radio-chemotherapy in GBM models [138]. They
postulated that augmented labile Fe** in cancer cells triggered
an upsurge in oxidation of vitamin C to produce H,0, capable
of further aggravating the differences in labile Fe** in cancer
compared to normal cells [138].

The above occurred, at least partly, because of
H,0,-mediated interference of Fe-S cluster-containing
proteins [138]. The augmented levels of H,0,, in the company
of an augmented labile Fe** pool, triggered an upsurge in
Fenton chemistry to produce hydroxyl radicals resulting
in oxidative damage [138]. Sharma and Khanna showed
that vitamin C inhibited etorphine-stimulated compen-
satory upsurge in the concentrations of cyclic AMP with
slight or no influence on the temporary response of
NG108-15 hybrid cells to the effector agents, but it had no
effect on the temporary blockade response of the cells to
the drug [139].

Sharma and Khanna suggest the potential use of vitamin C
in the prevention of the development of tolerance in thera-
peutic usage of narcotics as analgesics [139]. Vita et al. dem-
onstrated that menadione alone or in combination with
vitamin C exhibited similar concentration-response curves as
well as IC50 values [140]. They indicated that menadione:
vitamin C at a ratio of 1:100 exhibited higher antiproliferative
activity when compared to each medicine alone and permitted
to decrease each medicine concentration between 2.5 and 5-
fold [140]. Analogous antiproliferative effects were exhibited in
8 patients derived GBM cell cultures [140].

2. Conclusion

The dietary intake of vitamin C has protective effect on
glioma risk. Neurons store high levels of vitamin C via
SVCTs to protect them from oxidative ischemia-reperfusion
injury. The key function of vitamin C is the inhibition of
redox imbalance from ROS produced via the stimulation of
glutamate receptors. Vitamin C is able to inhibit DNA
damage and the deterioration of subcellular structures like
proteins, lipids, and DNA by scavenging of ROS. Also,
therapeutic concentrations of vitamin C are capable of
triggering H,O, generation in solid tumors including gli-
oma. The total number of blood vessels was decreased in
vitamin C depleted tumors compared to the totally sup-
plemented animals, which means that vitamin C is capable
of inhibiting tumor angiogenesis. High-dose combination of
vitamin C and radiation has a much more profound cyto-
toxic effect on primary GBM cells compared to normal
astrocytes, and this combination could be a safe as well as
clinically viable alternative for treating aggressive radiation-
resistant GBMs. Control trials are needed to validate the use
of vitamin C and standardization of the doses of vitamin C in
the treatment of patients with glioma.
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Mimosa caesalpiniifolia (Fabaceae) is used by Brazilian people to treat hypertension, bronchitis, and skin infections. Herein, we
evaluated the antiproliferative action of the dichloromethane fraction from M. caesalpiniifolia (DFMC) stem bark on murine
tumor cells and the in vivo toxicogenetic profile. Initially, the cytotoxic activity of DFMC on primary cultures of Sarcoma 180
(S180) cells by Alamar Blue, trypan, and cytokinesis block micronucleus (CBMN) assays was assessed after 72h of exposure,
followed by the treatment of S180-bearing Swiss mice for 7 days, physiological investigations, and DNA/chromosomal damage.
DFMC and betulinic acid revealed similar in vitro antiproliferative action on S180 cells and induced a reduction in viable cells,
induced a reduction in viable cells and caused the emergence of bridges, buds, and morphological features of apoptosis and
necrosis. $180-transplanted mice treated with DFMC (50 and 100 mg/kg/day), a betulinic acid-rich dichloromethane, showed for
the first time in vivo tumor growth reduction (64.8 and 80.0%) and poorer peri- and intratumor quantities of vessels. Such
antiproliferative action was associated with detectible side effects (loss of weight, reduction of spleen, lymphocytopenia, and
neutrophilia and increasing of GOT and micronucleus in bone marrow), but preclinical general anticancer properties of the
DFMC were not threatened by toxicological effects, and these biomedical discoveries validate the ethnopharmacological rep-
utation of Mimosa species as emerging phytotherapy sources of lead molecules.
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1. Introduction

The history of anticancer drugs is closely related to natural
products, since at least 60% of clinical drugs naturally or
chemically resemble ones [1]. In this context, Brazil remains
at the top of 17 megadiverse countries and the home of
around 20% of the world species [2], mainly because ap-
proximately 700 new animal species have been discovered
each year [3]; it has the greatest number of endemic species
on a global scale and about 55,000 plant species (22% of the
world total) [4, 5]. Moreover, it is a great producer of
medicinal plants for internal consumption as well as for
international markets. This invaluable biodiversity encour-
ages biotechnological and pharmacological studies about
effective therapy and health recovery [6-8].

A Brazilian dry region named “Caatinga” dominates 7%
of the Brazilian territory and is an exclusive biome. It
generates particular environmental conditions for steppe
climate-adapted flora and fauna and a high number of rare
and endemic taxa [9, 10], exhibiting many vegetal families,
such as Fabaceae, Anarcadiaceae, Caryocaraceae, Rhamna-
ceae, Chrysobalanaceae, Clusiaceae, Connaraceae, Sapin-
daceae, Annonaceae, Combretaceae, and Bignoniaceae
[11-15]. Among them, inflorescences from Mimosa cae-
salpiniifolia Benth. (synonym: Mimosa caesalpiniaefolia,
family Fabaceae), known as “unha de gato,” “sabid,” and
sansdo-do-campo,” have been traditionally used by Brazilian
people as hedges and windbreaks. Dried fruits and leaves are
given as fodder for cattle, goats, and sheep (crude protein
ranging from 13.4 to 17.1%) [16] and to treat hypertension
[17]. Its bark is popularly used as a coagulant to stop or avoid
bleeding and as wound washing to prevent inflammation
and skin infections. Moreover, the ingestion of bark infusion
alleviates symptoms of bronchitis [16, 18, 19]. Recently, a
bioassay-guided phytochemical study found 28 compounds
in M. caesalpiniifolia leaf extract, and four of them revealed
potent antifungal properties against Candida glabrata and
Candida krusei [20]; the latter was often associated with the
prior use of azoles and corticosteroids, bone marrow
transplantation, malignant hematological diseases, and
neutropenia [21].

An expert Brazilian research group about pharmacology
of natural products confirmed bioactivity usages for car-
diovascular diseases. They reported that ethanolic extracts of
different parts of M. caesalpiniifolia (leaves, bark, fruit, and
inflorescences) cause vasorelaxation, the tea of flowers
promotes hypotension and tachycardia, and the ethanolic
extract causes hypotension and bradycardia [22]. Based on
these ethnopharmacological properties, this work evaluated
the antiproliferative action of the dichloromethane fraction
from M. caesalpiniifolia (DFMC) stem bark on murine
tumor cells and the in vivo toxicogenetic profile.

2. Materials and Methods

2.1. Plant Collection and Extract/Fraction Preparation.
Plant specimens were collected in May 2010 in Teresina
(Piaui, Brazil). A voucher sample (26.824) was deposited at
Graziela Barroso Herbarium at Federal University of Piaui
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(Teresina, Piaui, Brazil). Air-dried plant material was pul-
verized, extracted with ethanol, concentrated under reduced
pressure, and subjected to successive partitioning with
dichloromethane as described by Silva et al. [15]. Previously,
we isolated betulinic acid [3-hydroxy-lup-20(29)-en-28-oic
acid] and verified it as the main compound in the
dichloromethane fraction (~70.3%), as demonstrated by
TLC (thin-layer chromatography), GC-qMS (gas chro-
matograph quadrupole mass spectrometer), HRAPCIMS
(high-resolution atmospheric pressure chemical ionization
mass spectrometer), 'H- and "’C-nuclear magnetic reso-
nance, and DEPT analysis [15, 23]. Plant samplings were
authorized by the System of Authorization and Information
on Biodiversity (SISBIO/BAMA #50090-3) and registered in
SisGen (Sistema Nacional de Gestdo do Patrimoénio Genético
e do Conhecimento Tradicional Associado #ABC4AC2)
according to Brazilian legislation (Federal Law No 13,123/
2015). These investigations were performed using the
fraction composed of a mixture of molecules because such
preparations represent the main folk approach of con-
sumption by the Brazilian population [15].

2.2. Animal’s Facilities. Adult female Swiss mice (Mus
musculus Linnaeus, 1758) weighing 20-25 g were obtained
from the animal facilities at Universidade Federal do Piaui
(UFPI), Teresina, Brazil. All animals were maintained in
well-ventilated cages under standard conditions of light
(12h with alternate day and night cycles) and temperature
(25 +£2°C) with free access to food (Nutrilabor™, Campinas,
Brazil) and drinkable water. After the tests, mice were eu-
thanized with sodium thiopental (100mg/kg) (i.p.). All
protocols were approved by the Ethical Committee on
Animal Experimentation at UFPI (CEUA #034/2014) and
followed Brazilian (Sociedade Brasileira de Ciéncia em
Animais de Laboratério-SBCAL) and international (Di-
rective 2010/63/EU of the European Parliament and of the
Council on the protection of animals used for scientific
purposes) rules on the care and use of experimental animals.

2.3. In vitro Antiproliferative Studies on Sarcoma 180 Cells

2.3.1. Ex vivo Cytotoxic Action. Mice with 9 to 10 days of
S§180 ascitic tumors were euthanized with an overdose of
sodium thiopental, and a suspension of S180 cells was taken
from the intraperitoneal cavity under aseptic conditions. The
cell suspension was centrifuged at 2,000 rpm for 5min to
obtain a pellet, which was washed three times with sterile
RPMI medium. The cell concentration was adjusted to
0.5x10°cells/mL in RPMI-1640 medium supplemented
with 20% fetal bovine serum, 2mM glutamine, 100 U/mL
penicillin, and 100 yg/mL streptomycin (Cultilab™, Brazil),
plated in 96-well plates with increasing concentrations
(0.8-50 yg/mL) of DFMC and betulinic acid, and incubated
at 37°C in a 5% CO, atmosphere (Shel Lab CO, Incubator,
USA).

Cell proliferation was assessed by the Alamar Blue™
assay after 72 h. At 48 h of incubation, 20 L of stock solution
(0156 mg/mL) of Alamar Blue™ (Resazurin, Sigma
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Aldrich™, USA) was added to each well. Cell proliferation
was determined spectrophotometrically using a multiplate
reader (T80+ UV/VIS Spectrometer, PG Instruments™,
United Kingdom) at 570 and 595 nm. The antiproliferative
effect was expressed as the percentage of the control
according to Ferreira et al. [12].

2.3.2. Trypan Blue Exclusion Assay. Sarcoma 180 cells
(0.5x10° cells/mL) plated in 24-well plates were exposed to
DFMC at 5, 10, and 25 yg/mL. Doxorubicin (Dox, 0.3 ug/
mL) was used as a positive control. Cell viability was ex-
amined by the exclusion of trypan blue [24]. Briefly, aliquots
of 10 uL were collected from DFMC-treated S180 cultures
after 72 h of exposure, and viability was separated into viable
blue-marked and nonviable blue-coloured cells in a Neu-
bauer chamber under light microscopy (Biosystems™, USA).

2.3.3. Cytokinesis-Block Micronucleus (CBMN) Assay.
Sarcoma 180 «cells were plated in 24-well plates
(0.5%10° cells/mL) and treated with DFMC at 5, 25, and
50 pug/mL. After 44 h at 37°C, cytochalasin B (Sigma Aldrich,
USA, 6 ug/mL) was added, and the cells were reincubated for
an additional 28 h. At 72 h, the cultures were transferred to
tubes and centrifuged at 800 rpm for 5 minutes. Then, the
supernatant was removed, and the body of the cell bottom
was enlarged and centrifuged again before the addition of
2mL of fixing solution (methanol and acetic acid, ratio 5:1)
and 3 drops of formaldehyde 37% (Vetec™, Brazil). This
procedure was repeated 3x using fixing solution 3: 1 without
formaldehyde. Supernatants were discarded, and 2-3 drops
of cell suspension were dripped onto slides and stained with
Giemsa for 5min [25]. Considering blind examination, a
total of 2000 cells by concentration were counted by optical
microscopy at 1000x (1000 cells/slide) to count buds,
bridges, and micronuclei.

2.4. In vivo Assays

2.4.1. Assessment of Antitumor Capacity, Physiological Pa-
rameters, and Histological Aspects. Ten-day-old S180 ascites
tumor cells were removed from the peritoneal cavity,
counted (6x10°cells/mL) and subcutaneously implanted
into the right hind axillary of healthy Swiss animals. On the
next day, they were randomly divided into four groups
(n=10 each). DFMC dissolved in dimethylsulfoxide (DMSO
5%, Vetec™, Brazil) was intraperitoneally injected at 50 or
100 mg/kg/day for 7 days. Negative and positive controls
received DMSO 5% and 5-fluoruracil (5-FU, 25 mg/kg/day,
Sigma Aldrich™, USA), respectively [26].

All animals were anaesthetized on day 8 with ketamine
(90 mg/kg)-xylazine (4.5 mg/kg) for cardiac puncture blood
collection [27] using sterile tubes and heparinize pipettes to
determine hematological parameters (erythrocytes, leuko-
cytes, platelets, hemoglobin, and hematocrit) in peripheral
blood samples using an automatic analyzer of hematologic
cells (SDH-3 Vet Labtest™, Brazil). The absolute count of
white cellular subtypes was calculated as the product of its

respective differential percentage and total leukocyte count.
For biochemical analysis, blood samples were centrifuged at
2,000 rpm for 5 minutes. Physiological markers of the liver
[blood wurea nitrogen (BUN), glutamate oxaloacetate
transaminase (GOT), glutamate pyruvate transaminase
(GPT), alkaline phosphatase (ALP)] and kidneys (creati-
nine) were evaluated according to Labmax Plenno Labtest™.
Subsequently, all animals were euthanized to dissect out the
liver, kidneys, spleen, stomach, heart, and lungs to estimate
wet relative weights and for macroscopic analysis. Next,
organs were fixed with 10% buffered formalin, processed,
and cut into small pieces to prepare histological sections
(4-7 ym). Staining was carried out with hematoxylin and
eosin (H&E, Vetec™, Brazil). Morphological blind analyses
were performed under light microscopy (Olympus™, Japan)
by an expert pathologist.

2.4.2. Determination of Chromosomal Damages. The femurs
were removed and carefully cleaned, and proximal epiphyses
were sectioned. Bone marrow samples were collected using
5mL syringes filled with 0.5 mL of sterile fetal bovine serum
(Cultilab™, Brazil), centrifuged, and homogenized. Drops of
cell suspension were transferred to slides to prepare smears
(two slides/animal), fixed and stained by the Leishman
method. All analyses were blindly performed under light
microscopy (Olympus™, Japan) with magnifications of 200x
and 400x. We considered micronuclei to be rounded
structures, with a diameter of 1/5 to 1/20 found in young
erythrocytes and identified by bluish staining. A total of
1,000 polychromatic erythrocytes (PCEs) was quantified per
slide (two slides/animal) [28-30].

2.5. Statistical Analysis. Half maximal inhibitory concen-
tration (ICso) and their 95% confidence intervals were
calculated by nonlinear regression (GraphPad Prisma 9.0,
Intuitive Software for Science, USA). Statistical differences
were evaluated comparing data [mean + standard error of
mean (S.E.M.)] by one-way analysis of variance (ANOVA)
and Newman-Keuls test as post hoc test (p <0.05). All in
vitro studies were carried out in duplicate (n=3/concen-
tration) and represent independent biological evaluations.

3. Results

3.1. In vitro Antiproliferative Action on Sarcoma 180 Cells:
Cytotoxicity, Chromosomal Changes, and Cell Death Pattern.
DFMC and betulinic acid revealed similar in vitro anti-
proliferative activity against S180 cells after 72h of incu-
bation, with ICs, values of 29.0 (24.9-33.6) ug/mL and 33.7
(30.1-37.6) pg/mL, respectively (p>0.05, Table 1). After-
wards, this action was confirmed by trypan blue assay
(Figure 1), a direct method to detect cytotoxicity, which
showed that all concentrations of DFMC (5, 25, and
50 ug/mL) reduced the number of viable cells (48.2+7.1,
87.6 £ 1.4, and 98.7 + 0.5%, respectively) when compared to
the negative control (p <0.05).

Morphological analysis of DFMC-treated Sarcoma 180
cells did not show significant micronucleus induction
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TaBLE 1: Cytotoxic activity of the dichloromethane fraction and betulinic acid from Mimosa caesalpiniifolia (DFMC) stem bark on primary
culture of sarcoma 180 cells after 72h of exposure evaluated by alamar blue assay.

Sample

P Sarcoma 180 cells R?
DFMC 29.0 (24.9-33.6) 0.9278
Betulinic acid 33.7 (30.1-37.6) 0.9292
Doxorubicin 1.9 (1.4-2.4) 0.9801

Data are presented as ICs, values and 95% confidence intervals. Doxorubicin was used as positive control. Experiments were performed in duplicate.

50 1
"2 40
= 482+7.1%
X 30 *
2 64.1 + 4.1%
S G s N 0
g 20 A .
= 87.6 + 1.4%
o 10 4
O * 98.7 + 0.5%
0 . . . . ;
C Dox 5 25 50 pg/mL
DFMC

FIGURE 1: The cell number of viable cells was determined by trypan blue staining and analyzed by light microscopy after 72 h of exposure to
the dichloromethane fraction from Mimosa caesalpiniifolia (DFMC) stem bark. The percentage of viability reduction in relation to the
negative control is described above. The negative control (C) was treated with the vehicle used to dilute the tested substance. Doxorubicin
(Dox, 0.3 ug/mL) was used as a positive control. The results are expressed as mean + standard error of measurement (S.E.M.) from two

independent experiments. *p <0.05 compared to the control by ANOVA followed by student Newman-Keuls test.

(4.5+£0.7, 55+2.1, and 4.5+2.1 for 5, 25, and 50 ug/mL,
respectively) in relation to the negative control (3.5+0.7,
p > 0.05, Figure 2(a)). On the other hand, bridges (14.6+3.9
and 27.0 = (2) and buds (13.8 + 3.3) were observed at 25 and
50 pg/mL and 50 yg/mL (p <0.05) when compared to the
negative control (2.0+1.4 and 5.5+ 3.5), respectively. Such
chromosomal damage was corroborated by morphological
features of apoptosis (213.0+73.5 and 337.0+57.9) and
necrosis (162.5+60.1 and 189.5+40.3) at 25 and 50 ug/mL
(p <0.05, Figure 2(b)) in the presence of cell rarefaction and
vacuolization. As expected, Dox increased buds (15.5+ 3.5)
and micronuclei (18.5+4.9) and caused typical findings of
apoptosis (466.0 + 101.8) and necrosis (177.5 + 3.5) (p < 0.05).

3.2. In vivo Antitumoral Activity. Experimentally trans-
planted mice with Sarcoma 180 cells and treated with DFMC
(50 and 100mg/kg/day) for 7 days revealed a significant
reduction in tumor growth [(0.28 +0.04 g (64.8 +5.3%) and
0.16 £0.07 g (80.0 £ 8.4%)] when compared to the negative
control (0.80+0.13 g, respectively). Tumor reduction was
also noted in the positive control group treated with 5-FU
[0.11+0.03 g (82.8 +4.2%)] (p < 0.05, Table 2).

The negative control group showed characteristics of
malignant neoplasms consisting of round and polyhedral
cells, anisocariosis, binucleation, mitoses, and different
degrees of cell and nuclear pleomorphism, chromatin
condensation, and extensive areas of muscle invasion
(Figures 3(a)-3(d)). Tumor samples from 5-FU 25 mg/kg/
day and FDCM 50 and 100 mg/kg/day also revealed the
typical morphology of neoplastic cells, although rare mitoses

were observed, which indicated a reduction in proliferation
(Figures 3(e)-3(1)). 5-FU-treated tumors showed larger
blood vessels and well vascularized sarcomas, similar to
those noted in negative control tumors (Figure 3(e)). On the
other hand, DFMC-treated Sarcoma 180 tumors treated with
50 and 100 mg/kg/day exhibited poorer peri- and intratumor
quantities of vessels. In such tumors, vascularization was
partially restricted to the adipose tissue surrounding the
tumor (Figures 3(i)-3(j)).

3.3. Physiological Parameters. In the next step, we assessed
macroscopic and microscopic parameters of key organs and
the hematological profile of Sarcoma 180-bearing mice after
treatment with DFMC. First, we found a reduction in body
weight gain in DFMC-treated animals (20.6+0.8 and
21.4+ 1.6 g, for 50 and 1000 mg/kg/day) in a similar way to
the 5-FU group (20.1 £ 0.9 g) when compared to the negative
control (26.3+2.2g, p<0.05, Table 1). Wet relative weight
reduction of spleens was noted in both doses of DEMC
(0.2+0.08 and 0.2+0.03g/100 g of body weight) and in 5-
FU-treated animals (0.2+0.04g), but liver decrease was
observed in 5-FU-treated animals only (4.7+0.1g) in
comparison with the negative group (0.4+0.04g and
6.0+ 0.4 g, respectively, p <0.05).

Hematological analysis of DEMC-treated animals showed
neutrophilia (33.8 + 3.2%), lymphocytopenia (61.5+3.6%), a
reduction in eosinophils (0.4 + 0.2%), and a slight increase in
GOT levels (315.3+8.9U/mL) (p<0.05, Table 3). Animals
exposed to 5-FU showed intense leukopenia (1.6 +0.3/mm?)
due to declines in neutrophils (12.9+1.3%), monocytes
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FIGURE 2: Ex vivo chromosomal changes and cell death pattern in sarcoma 180 cells determined by micronucleus assay with cytokinesis
block after 72 h exposure to the dichloromethane fraction from Mimosa caesalpiniifolia (DFMC) stem bark. The negative control (C) was
treated with the vehicle used to dilute the tested substance (DMSO 0.1%). Doxorubicin (Dox, 0.3 yg/mL) was used as a positive control. The
results are expressed as mean + standard error of measurement (S.E.M.) from two independent experiments. *p <0.05 compared to the
control by ANOVA followed by student Newman-Keuls test.

TaBLE 2: Effect of the dichloromethane fraction from Mimosa caesalpiniifolia (DFMC) stem bark on the relative weight of key organs and on
the tumor growth of sarcoma 180-bearing swiss mice after 7 days of intraperitoneal treatment.

Dose (mg/kg/  Mice weight Liver ~ Kidney  Spleen Stomach Lungs Tumor inhibition
Substance day) (g) g/100 g body weight Tumor (g) (%)
Negative — 263+22  60+04 11+01 04+004 1.0+01 08+0.1 0.80+0.13 —
control
5-FU 25 201+0.9* 47+01° 12+01 02+0.04* 11401 0.8+01 011+0.03* 82.8+4.2"
DEMC 50 206+0.8° 58+02 12+0.1 024008 1.1+01 1.0+02 0.28+0.04" 64.8+5.3*
100 214+1.0° 59402 13+01 02+0.03* 12405 0.8+0.1 0.16+0.07* 80.0+8.4*

Values are means + S.E.M. (n =10 animals/group). The negative control was treated with the vehicle used to dilute the drug (DMSO 5%). 5-Fluorouracil
(5-FU) was used as positive control. *p <0.05 compared with the negative control by ANOVA followed by Newman-Keuls test.

(0.6 +0.2%) and eosinophils (0.6 +0.3%) compared to the
animals from the negative group (5.1 +0.4/mm”, 18.8 +2.8%,
1.8+0.3% and 1.8 +0.4%, respectively, p <0.05).

3.4. Histological Alterations. Animals from the negative
control group and treated with DFMC (50 and 100 mg/kg/day)
did not show signs of toxicity, with similarity among organs

from these groups. Livers did not exhibit hyperplasia, he-
mosiderin pigments, infiltration of leukocytes, cell swelling,
portal congestion, or areas of necrosis, although micro-
esteatosis was detected in all groups (Figure 4(a)). Kidneys
present no swelling, tubular degeneration, vascular congestion,
or necrosis focus (Figure 4(b)); in hearts, there were no areas of
degeneration or fibroblasts proliferation and striations were
clearly visible (Figure 4(c)); lungs showed bronchioles and
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FIGURE 3: Morphology of sarcoma 180 tumor cells from swiss mice after 7 days of treatment with dichloromethane fraction from Mimosa
caesalpiniifolia stem bark. Animals were treated by intraperitoneal injection (50 mg/kg/day: g, h, and i; 100 mg/kg/day: j, k, and 1). The
negative control was treated with the vehicle used to dilute the substance (DMSO 5%: a-d). 5-Fluorouracil was used as a positive control
(e and f). Hematoxylin-eosin staining. Light microscopy magnification, 100x-400x.

TaBLE 3: Hematological and biochemical parameters of mice intraperitoneally treated with dichloromethane fraction from Mimosa
caesalpiniifolia stem bark for 7 days.

Dichloromethane fraction from Mimosa

Parameters Negative control 5-FU 25 mg/kg/day caesalpiniifolia
50 mg/kg/day 100 mg/kg/day
Erythrocytes (mm?) 45+0.2 44+0.2 5.0+£0.1 49+0.2
Hemoglobin (g/dL) 13.6 £0.7 13.3+0.8 15.4+0.4 15.0+£0.7
Hematocrit (%) 40.7+2.3 40.1+£2.3 46.3+1.1 449+2.2
VCM (fL) 90.8+0.5 90.6 £0.6 91.8+0.3 91.6 £ 0.5
HCM (pg) 30.2+0.2 30.2+0.2 30.5+0.1 30.5+0.2
CHCM (g/dL) 33.3+0.1 33.1+0.1 33.2+0.1 33.3+0.1
Platelets (mm3) 3.6+0.5 2.9+0.2 34402 3.4+0.2
Total leukocytes (mm®) 51+0.4 1.6+0.3" 54+0.6 4.9+0.7
Neutrophils (%) 18.8+2.8 129+1.3" 233+4.1 33.8+3.2"
Rods (%) 0.4+0.2 04+0.3 0.6+0.2 1.8+0.7
Lymphocytes (%) 77.3+3.0 85.6+1.8 73.7+4.1 61.5+3.6"
Monocytes (%) 1.8+0.3 0.6+0.2" 1.7+0.6 2.6+0.8
Eosinophils (%) 1.8+0.4 0.6+0.3" 0.7+0.3" 0.4+0.2"
Basophils (%) 0.0 0.0 0.0 0.0
GOT (U/mL) 286.9+5.8 303.2+7.6 280.8+9.1 315.3+8.9"
GTP (U/mL) 158.8+2.6 157.5+4.3 161.6 £5.0 156.3+1.1
ALP (U/L) 112.3+£5.5 131.2+9.8 101.2+3.4 93.8+6.6
Creatinine (mg/dL) 0.5+0.05 0.5+0.08 0.4+0.01 0.4+0.04
BUN (mg/dL) 489+4.2 37.7+24 41.3+6.6 42.8+3.1

MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; BUN, blood urea nitrogen;
GOT, glutamate oxaloacetate transaminase; GPT, glutamate pyruvate transaminase; ALP, alkaline phosphatase. Values are means + S.E.M. (n=10 ani-
mals/group). The negative control was treated with the vehicle used to dilute the drug (DMSO 5%). 5-Fluorouracil (5-FU) was used as positive control.
*P<0.05 compared with the negative control by ANOVA followed by Newman-Keuls test.

visible alveolar spaces, absence of mono and polymorpho-  hemorrhagic streaks, a cardiac region with a keratinized
nuclear cells or areas of necrosis (Figure 4(d)); stomachs  squamous lining, no changes in chorion and easy visualization
showed normal mucosa and submucosa, absence of  of parietal and main cells (Figure 4(e)). Spleens showed
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FIGURE 4: General morphology of livers (a), kidneys (b), hearts (c), lungs (d), and stomachs (e) from Swiss mice after 7 days of treatment
with dichloromethane fraction from Mimosa caesalpiniifolia stem bark (50 or 100 mg/kg/day) or vehicle used to dilute the substance (DMSO
5%). Important changes among these groups were not observed. Hematoxylin-eosin staining. Light microscopy magnification, 400x.

megakaryocytes and hemosiderin pigments in all groups.
Disorganization of lymphoid follicles and relative reduction of
the white pulp were observed in the 5-FU (Figure 5(b)) and
DFMC-treated animals (Figures 5(c) and 5(d)). On the other
hand, 5-FU-treated animals showed slight hepatocyte swelling
and suggestion of mild changes in fatty metabolism since
macroesteatosis was noted, and kidneys presented swelling of
tubular cells and foci of atrophic glomeruli (results not shown).

3.5. In vivo Chromosomal Damage. DFMC increased
micronucleated polychromatic erythrocytes in the bone
marrow of mice in a dose-dependent manner (50 and
100 mg/kg/day: 11.5+0.2 and 26.0+2.1, respectively)
compared to the vehicle group (2.8+0.2, p <0.05). As ex-
pected, 25mg/kg/day 5-FU caused clastogenic effects
(14.0+0.1, p<0.05).

4, Discussion

In the last century, the development of cytotoxic agents has
revolutionized anticancer therapy. Adjuvant treatments with
antiproliferative  substances have demonstrated an

indisputable advantage when compared to traditional
treatments based on surgery and monochemotherapy,
making it possible to cure neoplasms such as acute child-
hood leukemia, Hodgkin and non-Hodgkin’s lymphomas,
and germ cell tumors [31, 32]. However, the great hetero-
geneity of tumor cells makes treatment difficult and facili-
tates the manifestation of resistance [33], which stimulates
the search for new chemotherapeutic agents.

Initially, the antiproliferative action of DFMC was eval-
uated in primary cultures of Sarcoma 180 cells. In vitro cy-
totoxicity tests in cell cultures are important for the evaluation
of antitumor agents, and at least during the screening phase,
they have reduced in vivo tests on animals. In addition, they
are widely used as alternative methods to pharmacological
tests on isolated organs [26, 34]. Herein, DFMC and its
majority compound betulinic acid revealed similar cytotoxic
capacity on S180 cells by Alamar blue assay, whose action was
confirmed by cell viability reduction in trypan blue exclusion
tests. Some reports, including the American National Cancer
Institute (NCI-USA) [35], suggest that ICs, values around
30 ug/mL are a suitable outcome to consider extracts and
fractions promising substances for further purification and
biological studies [12, 15]. Recently, we reported that DFMC
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FIGURE 5: Spleen morphology of Swiss mice after 7 days of treatment with dichloromethane fraction from Mimosa caesalpiniifolia stem bark
(50 mg/kg/day (c); 100 mg/kg/day (d)), vehicle used to dilute the substance DMSO 5% (a) or 5-fluorouracil 25 mg/kg/day (b). Hematoxylin-

eosin staining. Light microscopy magnification, 400x.

has higher cytotoxic action against different types of tumor
tissues (promyelocytic leukemia, HL-60; glioblastoma, SF-
295; ovarian, OVCAR-8; colon, HCT-116) than hexane and
water extracts. DFMC did not produce hemolysis and showed
higher potential as a cytotoxic agent than betulinic acid for the
SE-295 and HL-60 lines [20, 36], corroborating the findings
described here for S180 cells.

Phytochemical investigation of extracts from Mimosa
species revealed the existence of terpenes, flavonoids, ste-
roids, phenols (especially tannins), and fatty acid derivatives
in different parts of the plant (leaves, fruits, flowers,
branches, and stem bark) [36-40], mainly betulinic acid,
lupeol, phytol, lactic acid, a-tocopherol, stigmasterol, 3-si-
tosterol, sitostenone, and stigmasta-4,22-dien-3-one, which
had been identified in dichloromethane, ethanolic, and
hexane fractions of leaves and barks from M. caesalpiniifolia
[15, 36, 40], suggesting that the antiproliferative potential of
DFMC may be attributed, at least in part, to its chemo-
preventive action. In this context, Silva et al. [15] stated the
scavenger activity of M. caesalpiniifolia extracts, whose
presence of phenolic compounds was confirmed by ultra-
violet-visible spectroscopy and thin-layer chromatography.

Betulinic acid, a naturally occurring pentacyclic tri-
terpenoid, is the main compound in the fraction (~70.3%)
[15, 23], and both samples (DFMC and isolated molecule)
have similar bioactivity on S180 cells (p > 0.05), confirming
reports about the antiproliferative action of betulinic acid in
many types of cancers [41-50].

To complement the ex vivo cytotoxic analysis on S180
tumor cells and in vivo pharmacological safety, cytokinesis-

block micronucleus (CBMN) assays were performed to
measure micronuclei quantification and DNA damage in
mammalian cell cultures [28]. Apart from the evaluation of
micronuclei, the CBMN cytome assay allows the assessment
of other relevant biodosimetric markers: nucleoplasmic
bridges, nuclear buds, proportion of dividing cells (pa-
rameter of cytostasis), and cells undergoing apoptosis and
necrosis (parameters of cytotoxicity). Therefore, this tech-
nique was updated to detect chromosomal breaks, DNA
rearrangements, chromosomal losses, cytostasis, and to
separate types of cell death [25, 28, 51, 52]. Therefore, for the
first time, an increase in chromosomal damage represented
by (i) nucleoplasm bridges: a biomarker of dicentric chro-
mosomes, resulting from the fusion of the final telomeres
after DNA double-strand breaks or DNA misrepair/rear-
rangements; (ii) buds: a biomarker of gene amplification and
originating from interstitial or terminal acentric fragments;
and (iii) morphological features of apoptosis and necrosis in
S180 cells at higher concentrations of DFMC was noted.
Meanwhile, both doses of DFMC also induced the emer-
gence of micronucleated polychromatic erythrocytes in bone
marrow. Previously, Silva et al. [23] reported an ethanolic
extract from M. caesalpiniifolia leaves with maximum cy-
totoxicity on breast carcinoma MCEF-7 cells at 320 yg/mL
and morphological changes suggestive of apoptosis, in-
cluding DNA fragmentation and nuclear chromatin
condensation.

Recently, we also showed that micronuclei formation
and changes indicating mutagenic index in DFMC-treated
roots were not detected, although this fraction has inhibited
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growth of Allium cepa roots and increase amount of bridges
in dividing meristematic cells, which indicates capacity for
mitotic index reduction as seen as dropping of cells at
metaphase, anaphase, and telophase phases and cycle arrest
at prophase [15]. Regardless, it is likely that DNA/chro-
mosomal damage is a sign of nonselective mechanism(s) in
tumor or normal dividing cells. Therefore, in vitro (bridges
and buds) and in vivo (micronucleus) clastogenic findings
led to cell cycle arrest as a “cellular escape” from death,
mainly if we consider the antiproliferative action of DFMC
on human normal leukocytes well [15].

Indeed, antineoplastic agents induce DNA strand breaks
in mammalian cells, as seen with inhibitors of topoisomerase
I (camptothecin) and topoisomerase II (etoposide) [53] and
5-FU. 5-FU is a widely used antimetabolite to treat breast
adenocarcinomas and cancers of the gastrointestinal tract
and head and neck due to its inhibitory action on the enzyme
thymidylate synthase [54], among other mechanisms, de-
spite its unblemished in vivo clastogenic activity [55].
However, genotoxicity does not mean mutagenicity because
some genome injuries are biochemically fixed, which indi-
cates that antineoplastic acute toxic consequences (e.g.,
inhibition of growth and cell division) are not automatically
linked to chromosomal loss/impairments [56].

The cytotoxic activity on cancer cells using in vitro
models may not reflect in vivo findings, since the latter
considers pharmacokinetic and pharmacodynamic vari-
ables, such as ligand binding to specific receptors, down-
stream cascade, involvement of second messengers, water/
lipid solubility, bioavailability, first-pass metabolism, and
renal excretion [57, 58]. Therefore, combining these two
types of scientific tools is appropriate for a more complete
assessment of a substance with antiproliferative action. For
the first time, the amazing antitumor action of a
dichloromethane fraction from M. caesalpiniifolia stem bark
on in vivo proliferating Sarcoma 180 cells was demonstrated.
In vivo studies have already shown that betulinic acid in-
hibits the growth of human ovarian IGROV-1 carcinoma
xenographic tumors at 100 mg/kg/day and increases the
survival rate of mice [46].

No specific changes were noted during histopathological
analysis of the Sarcoma 180 tumors [34], but it is important
to emphasize that local vascularization from DFMC-treated
animals was predominantly confined to the adipose tissue
surrounding the tumors. These unexpected findings were
not described before and suggest that the fraction interferes
with the cell cycle of Sarcoma 180 cells and inhibits an-
giogenesis, which obviously alters the stromal environment,
such as the local pH, partial pressure of oxygen and carbon
dioxide, input of nutrients/growth factors, and cleaning of
metabolic residues [57], all essential primary conditions for
cellular division and tumor growth. Molecular studies are
underway to confirm such antiangiogenic potential. These
data corroborate our findings about the biomedical potential
of M. caesalpiniifolia and inspired us to assess the phar-
macological safety profile of the fraction, taking into con-
sideration its promising phytotherapy properties.

The development of new (phyto)pharmaceutical prod-
ucts includes not only pharmacodynamic discoveries but

also essential data about the pharmacokinetics profile,
therapeutic window, and pharmacological safety, including
systemic and genetic toxicology [58, 59]. These assessments
allow the exclusion of undesirable drug candidates and save
time, material and human resources. In the case of plant
toxicity/poisoning, its harmful action must be proven ex-
perimentally. For humans, this experimental reproduction
should be carried out in the same animal species, naturally
affected, or related species (e.g., mice and rats), although
different susceptibilities to the effects of toxic herbals among
species are a common mark [60, 61].

Acute signs of systemic toxicity are loss of body mass and
expansion or involution of key organs in mammals exposed
to an investigational drug [62]. Weight loss is one of the
most common side effects after chemotherapy cycles with 5-
FU or doxorubicin, since the gastrointestinal system is one
of the main nonspecific targets of nontarget antiproliferative
agents, causing seasickness, suppression of appetite, vom-
iting, and diarrhea [63]. Loss of body weight and reduction
of spleens were macroscopic manifestations found in the 5-
FU- and DFEMC-treated groups, but signs of diarrhea were
not seen in the DFMC-treated groups. Spleen diminution is
another very common side effect found in S180-bearing
mice under experimental treatment with promising anti-
tumoral substances [26, 64] and reflects lymphocytopenia
seen in 5-FU- and DFMC-treated groups and strong leu-
kopenia in 5-FU-treated mice, which was confirmed by
disorganization of lymphoid follicles and size reduction of
white pulps.

In vivo toxicological studies with DEMC were not found in
the literature, but oral subacute treatment of rats for 32 days
with 750 mg/kg/day ethanolic extract from M. caesalpiniifolia
leaves caused weight loss, hepatomegaly, and an increase in
adrenal and pituitary glands [40], but serum biochemical
evaluation (alkaline phosphatase, GOT, urea, and creatinine)
did not identify renal or liver changes. On the other hand, we
noted that the 100 mg/kg/day DFMC-treated group revealed a
slight but significant increase in GOT.

Transaminases (GOT and GTP) are found in all human
systems and many organs, but they are more present in the
cytoplasm (100% GTP/20% GOT) or mitochondria (80%
GOT) of hepatocytes, since they catalyze transamination
reactions, working central providers of secondary me-
tabolites to the citric acid cycle. Any type of liver injury
may sensibly increase serum GTP concentrations, a classic
biomarker to assess acute or chronic hepatic damage, but
its origin can have kidney, heart, or muscle reasons be-
cause these organs also possess higher GTP concentra-
tions in comparison with other tissues [65]. On the other
hand, GOT is more abundant in heart, skeletal muscle,
kidneys, brain, and red blood cells [66], with lower
concentrations in skeletal muscle and kidney. Although
GTP is more specific for detecting liver damage, ischemic
or toxic damage to zone 3 of the hepatic acinus may
change GOT levels since this region has greater GOT
concentrations [65].

Histological changes were not found in livers from
DFMC-treated animals. Thus, it is probable that higher
levels of GOT may be associated with muscle damage and/
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and clastogenic
effects upon S180 cells

bark

Betulinic acid-rich
fraction from Mimosa
caesalpiniifolia stem

Slight physiological changes:
loss of weight, reduction of spleen,
lymphocytopenia and neutrophilia,
GOT increasing, MN in bone marrow

In vivo tumor reduction
ranging from 64.8 to 80 %

FIGURE 6: Summary of the antiproliferative, genotoxic, antitumoral, and toxicological effects of a betulinic acid-rich fraction from Mimosa

caesalpiniifolia stem bark.

or trauma after continual intraperitoneal injections be-
cause this procedure can result in aminotransferase re-
lease, and an increase in GOT is common in such
situations [66].

The majority of clinically available anticancer medica-
tions provoke strong side effects, especially suppression of
bone marrow and immune response, toxicity on hepato-
cytes, cardiac myocytes and enterocytes, mucositis, weight
and hair loss (incidence of 65%), opportunistic infections,
seasickness, vomiting, chemotherapy-related anorexia, pe-
ripheral neuropatia, and tiredness [33, 63, 67-69], whose
types and intensity depend on the mechanism(s) of action
and idiosyncratic reactions. Based on nonsevere organic
findings, we believe that the preclinical general anticancer
properties of DFMC are not threatened by toxicological
effects (Figure 6).

5. Conclusions

A betulinic acid-rich fraction from Mimosa caesalpiniifolia
stem bark showed, for the first time, in vitro and in vivo
antiproliferative capacity on Sarcoma 180 tumors and in-
duction of nonselective chromosomal damage (bridges,
buds, and micronucleus) to dividing murine cells. Such
antimitotic action was associated with detectible physio-
logical changes, indicating side effects (loss of weight, re-
duction of spleen, lymphocytopenia, and neutrophilia and
increasing of GOT and micronucleus in bone marrow).
These biomedical discoveries validate the ethno-
pharmacological reputation of Mimosa species as emerging
phytotherapy sources of lead molecules.
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The indiscriminate consumption of antimalarials against coronavirus disease-2019 emphasizes the longstanding clinical weapons
of medicines. In this work, we conducted a review on the antitumor mechanisms of aminoquinolines, focusing on the responses
and differences of tumor histological tissues and toxicity related to pharmacokinetics. This well-defined analysis shows similar
mechanistic forms triggered by aminoquinolines in different histological tumor tissues and under coexposure conditions, al-
though different pharmacological potencies also occur. These molecules are lysosomotropic amines that increase the anti-
proliferative action of chemotherapeutic agents, mainly by cell cycle arrest, histone acetylation, physiological changes in tyrosine
kinase metabolism, inhibition of PI3K/Akt/mTOR pathways, cyclin D1, E2F1, angiogenesis, ribosome biogenesis, triggering of
ATM-ATR/p53/p21 signaling, apoptosis, and presentation of tumor peptides. Their chemo/radiotherapy sensitization effects may
be an adjuvant option against solid tumors, since 4-aminoquinolines induce lysosomal-mediated programmed cytotoxicity of
cancer cells and accumulation of key markers, predominantly, LAMP1, p62/SQSTM1, LC3 members, GAPDH, beclin-1/Atgé,
a-synuclein, and granules of lipofuscin. Adverse effects are dose-dependent, though most common with chloroquine,
hydroxychloroquine, amodiaquine, and other aminoquinolines are gastrointestinal changes, blurred vision ventricular ar-
rhythmias, cardiac arrest, QTc prolongation, severe hypoglycemia with loss of consciousness, and retinopathy, and they are more
common with chloroquine than with hydroxychloroquine and amodiaquine due to pharmacokinetic features. Additionally,
psychological/neurological effects were also detected during acute or chronic use, but aminoquinolines do not cross the placenta
easily and low quantity is found in breast milk despite their long mean residence times, which depends on the coexistence of
hepatic diseases (cancer-related or not), first pass metabolism, and comedications. The low cost and availability on the world
market have converted aminoquinolines into “star drugs” for pharmaceutical repurposing, but a continuous pharmacovigilance is
necessary because these antimalarials have multiple modes of action/unwanted targets, relatively narrow therapeutic windows,
recurrent adverse effects, and related poisoning self-treatment. Therefore, their use must obey strict rules, ethical and medical
prescriptions, and clinical and laboratory monitoring.
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1. Introduction

Globally, about 1 in 6 deaths is due to cancer and about 70%
of cancer deaths occur in low- and middle-income countries.
Approximately, one third of these deaths are associated with
high body mass index, low consumption of fruits and
vegetables, lack of physical activity, and use of tobacco and
alcohol. Tobacco use is the most important risk factor for
cancer and accounts for approximately 22% of the total
deaths. On the other hand, infections such as hepatitis and
human papilloma virus (HPV) are responsible for up to 25%
of cancer cases in poor and developing countries. In 2018
alone, approximately 9.6 million deaths were related to
cancer [1-3].

Determining treatment and palliative care goals are
critical steps for cancer therapy with integrated and people-
centered health services [3]. Even with a variety of options to
treat sarcomas, carcinomas, and adenocarcinomas, such as
antimetabolites, microtubule inhibitors, DNA intercalators
[4], and monoclonal antibodies [5], resistance remains the
cause central to therapeutic failures as well as adverse side
effects [6].

In this context, the synthesis and identification of
strategic molecules is essential if we want low cost, efficiency,
and speed in the production of valuable chemotherapy
molecules. Here, we can include aminoquinoline com-
pounds that have the amino group at position 4 of the
quinoline ring system. These compounds include molecules
used in the treatment of first line (amodiaquine and chlo-
roquine), recurrence (tafenoquine), uncomplicated
(hydroxychloroquine) and prevention (chloroquine,
hydroxychloroquine and tafenoquine) of malaria infections
by Plasmodium vivax, P. malariae, P. ovale, and
P. falciparum [7-9].

In December 2019, a new severe acute respiratory
syndrome coronavirus-2 (called SARS-CoV-2) emerged in
China and led to the coronavirus-related pandemic in 2019
(COVID-19) [10]. The indiscriminate use of chloroquine
and hydroxychloroquine as a first-line, adjuvant, or palli-
ative drug(s) to treat victims of COVID-19 or to control new
local outbreaks as a prophylactic [11, 12] emphasized the
various longstanding clinical branches of drugs, including
those against chronic disorders. Advantages such as low cost,
long usage history, and market availability even in devel-
oping countries where malaria is endemic are reasons that
explain, at least in part, the commercial triumph of these
drugs, converting 4-aminoquinolines into “star drugs” for
their reuse in the pharmaceutical industry. Then, we per-
formed a review on the anti-tumor mechanisms of ami-
noquinolines, focusing on the responses and differences of
histological tumor tissues and on the aspects of toxicity
related to pharmacokinetics.

To carry out a comprehensive and consistent analysis, we
use only primary and secondary materials, including re-
search articles, reviews, books, and government publications
written in English, Portuguese, or Spanish. The bibliographic
research was performed in the scientific databases Scien-
ceDirect, Scopus, PubMed, and Scielo. The descriptors
“autophagy,” “cell cycle,” “apoptosis,” “drug repurposing”,
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and “anti-tumor” were combined with “aminoquinoline” for
a narrative scientific exploration.

2. Main Text

2.1. Drug Repurposing for Anticancer Agents: Need or Phar-
maceutical Business? Less toxic and more effective treatment
designs are often the main reasons for redirections, con-
sidering previously recorded aspects of preclinical and
clinical pharmacodynamics and toxicokinetics, making drug
reuse faster [13-15].

Examples of reuse of effective anticancer drugs in ad-
vanced preclinical or clinical studies are almost immea-
surable. As a typical example, thalidomide is a leading
molecule that has been marketed in 1956 in West Germany,
first as antiflu and in 1957 as an antiemetic for pregnancy,
but has now been repurposed and approved for multiple
myeloma [16, 17]; itraconazole, a triazole antifungal de-
veloped in the 1980s, showed anticancer activities in pre-
clinical in vitro and in vivo models of pancreatic ductal
adenocarcinoma derived from liver metastasis [18]; disul-
firam, initially approved to mitigate alcoholism, has been
investigated to treat radiation-resistant breast cancer stem
cells [19]; nelfinavir, originally indicated for the treatment of
HIV infection, also exhibits synergistic effects against hu-
man cervical cancer cells [20]; sildenafil, which failed in
phase II clinical trials for angina disorders, has been
redirected to the treatment of erectile dysfunctions and
sensitizes prostate cancer cells to doxorubicin-mediated
apoptosis [21]; mebendazole, a broad spectrum anthelmintic
developed for the treatment of veterinary parasites, has
advanced from the treatment of animals to the first clinical
applications in humans, inhibiting the growth of adreno-
cortical carcinoma, gastric cancer, medulloblastoma, glio-
blastoma, leukemia and myeloma, and breast and prostate
cancers [22]; metformin, a classic hypoglycemic medication
for diabetes, has revealed a new identity as an antitumor
activity by suppressing the mammalian target of rapamycin
(mTOR) in human cervical cancer [20] and acute myeloid
leukemia [23], and valproic acid, an anticonvulsant that has
been considered in several clinical trials due to its epigenetic
properties, inhibition of histone deacetylase, and induction
of autophagy in neoplastic stomach cells [24].

In 1934, the first synthetized aminoquinoline—
chloroquine  [4-N-(7-chloroquinolin-4-yl)-1-N,1-N-dieth-
ylpentane-1,4-diamine] —was based on the quinine structure
isolated from Cinchona officinalis barks in the 1800s. In 1946,
hydroxychloroquine [2-[[(4S)-4-[(7-chloroquinolin-4-yl)
amino]pentyl]-ethylamino]ethanol] was synthesized, and
both molecules were developed as antimalarial tools (Fig-
ure 1), as well as extra 4- and 8-aminoquinolines (amodia-
quine, tafenoquine, primaquine, mefloquine, quinacrine,
quinine, quinidine, and 8-hydroxyquinoline and artemisinin)
in an attempt to overcome resistance in Plasmodium species,
and the side effects [8, 25, 26] seem similar to that of cancer
therapy, whose initial successful single-target therapies have
been replaced by more combined efficient protocols.

Currently, the aminoquinolines, chloroquine phosphate
and hydroxychloroquine sulphate, have been the most
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FIGURE 1: Structures of some common aminoquinolines in clinical use as antimalarials or anti-inflammatory drugs and under investigations

as anticancer agents.

common salts used [27] as the first-line regimen for the
radical cure of malaria by P. vivax in most regions [26] and
to treat acute and chronic inflammatory conditions
[9, 28-30], respectively, although primaquine and amo-
diaquine, when used alone or in combination with arte-
misinin, provide adequate efficacy against many
chloroquine-resistant parasites [8, 26].

2.2. Antiproliferative Mechanism of Aminoquinolines.
More than 50 years ago, chloroquine showed promising
cytotoxicity of tumor cells in vitro [31], but only in the last
two decades, studies with chloroquine, hydroxychloroquine,
and related molecules demonstrated lysosomal-mediated
cell death in cancer cells. The exact mechanism of cytotoxic
action is not yet fully understood, but hypothesis have
attempted.

These molecules can enter into endosomes/lysosomes by
passive diffusion, or they can be taken up together with
sodium in the exchange of protons, as demonstrated by
specific inhibitors of eukaryotic membrane Na‘/H" ex-
changers (NHE) [32]. Both converge in the accumulation
within endosomes/lysosomes, leading to the interference of
the autophagic flux [33-35], disruption of several enzymes
(e.g., acid hydrolases and cathepsin B and D lysosomal
cysteine proteases) [36, 37], inhibition of antigen processing
[38, 39], and post-translational modification of recently
produced proteins [35, 40]. In addition, preclinical and
clinical investigations are testing the effectiveness of qui-
nines as inhibitors of the autophagy flux to overcome re-
sistance when traditional chemotherapy drugs are used as
monotherapy, since the induction of autophagy has been
associated with resistance in the therapy of cancer [41, 42].

2.2.1. Brain Tumor Cells. Chloroquine decreases cell pro-
liferation of p53 wild-type glioma lines more efficiently,

indicating a key p53 responsibility for apoptotic cell death
and cell cycle control through the HDM2, P21, PIG3, and
BAX genes (Figure 2). Likewise, the induction of apoptosis in
vivo was found in mice with U87MG glioma intracranially
when treated with chloroquine [43].

On the other hand, chloroquine-induced neuronal cell
death of normal neurons [44] indicates mitochondrial
dysfunction as a result of p53-independent effects [43], but
dependent on cathepsin D lysosomal cysteine proteases
processing, proposing direct or indirect actions on the ca-
thepsin D metabolism [37]. Moreover, chloroquine activa-
tion of ataxia telangiectasia-mutated (ATM)/ataxia
telangiectasia and Rad3-related (ATR) kinase DNA injuries
[45] seems unnecessary for caspases and p53 activation
[37, 43, 44, 46-48], suggesting that aminoquinolines induce
the death of glioblastoma cells, regardless of the p53 status
[37].

The absence of DNA damage induced by chloroquine
similar to DNA damage by direct ionizing radiation with
consequent activation of p53 can be associated with its
mechanism of interaction with DNA molecules, since
chloroquine intercalates into DNA, but does not cause DNA
damage directly [43, 49]; this does not exclude that caspase-3
activation is stronger in wild-type p53 glioma cells, pro-
posing a clear contribution of p53 to chloroquine-induced
apoptosis [43].

U251-MG brain cell line, orthotopic GL-261 gliomas, or
rat brain-implanted C6 cells treated with suberoylanilide
hydroxamic (histone deacetylase inhibitor, HDACi) and
temozolomide (alkylating agent) in the presence of chlo-
roquine 10-15uM showed reduced cell viability, morphol-
ogy changes, increase in the sub-G; population, Bax,
cleaved-caspase-3, and cleaved-PARP1 [poly-(ADP-ribose)-
polymerase 1], externalization of phosphatidylserine, and
activation of caspase-3/7 (Table 1). Such events are features
of apoptosis, but the time course curves showed that the
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and ankyrin repeats (UACA), which promotes secretion of prostate apoptosis response-4 (Par-4) and expression of glucose regulated

protein 78 (GRP78) receptor on the cancer cell surface, and consequent apoptosis.

G,/M arrest occurs with autophagy and before the apoptosis
because the blocking of this response with autophagy in-
hibitors (3-methyladenine and chloroquine, for example)
makes cells susceptible to temozolomide and suberoylanilide
hydroxamic [54, 60].

2.2.2. Human Cervical Tumors. Human papilloma positive
HeLa cells (p53 wild-type) are resistant to apoptosis-in-
ducing effects of death receptors [64], but pretreatment with
75 uM chloroquine sensitized HeLa cells towards apoptosis
mediated by Fas, as measured by TUNEL staining of DNA
strand breaks [65], due to the disruption of mitogen-acti-
vated protein kinases (MAPK)/extracellular signal-regulated
kinases (ERK)1/2, as found in cells treated with PD98059, a
MEKT1 inhibitor. Indeed, chloroquine and analogues appear
to disable members upstream of the MAPK pathway (Fig-
ure 3), avoiding ERK phosphorylation and activation by a
paradoxical Raf phosphorylation in specific residues, which
possibly blocks the ERK activation by Akt activity [65].
HELa cells treated with 10-30ug/mL of hydroxy-
chloroquine presented an increase in lysosomal volume and
cathepsin B release from lysosomes to the cytosol and the
nucleus, resulting in cytoplasmic vacuolization, cellular
shrinkage, exposure of phosphatidylserine, loss of mito-
chondrial transmembrane potential (A¥m), release of cy-
tochrome ¢, activation of caspase-3 (Figure 2), and
condensation of chromatin. In particular, vacuolization was

found before chromatin condensation and was accompanied
by the signs of macroautophagy [36]. These effects were
blocked by bafilomycin Al, which prevents degradation of
LC3, induces its accumulation in autophagolysosomes [66]
and acts as an inhibitor of the vacuolar-type H"-ATPase,
changing endosomal pH [67], showing that hydroxy-
chloroquine activated apoptosis via lysosomes instead of
other organelles (mitochondria or nuclei, for example).

The colorimetric MTT assay indicated that 3-methyl-
adenine (3-MA) or chloroquine separately has no significant
effects on the viability of HeLa cells, but both enhance the
cytotoxic effects of cisplatin. The cotreatment also increased
the expression of p62, the levels of cleaved caspase-3/-4,
caused inhibition of autophagy downstream, and accumu-
lation of ubiquitinated beclin-1 and LC3II misfolded pro-
teins, and almost simultaneous apoptotic activation. Since
cisplatin induces the generation of misfolded proteins, but
increases autophagy, this would alleviate the physiological
stress of endoplasmic reticulum by clearing the ubiquiti-
nated proteins, which would trigger intrinsic apoptosis in
HeLa cells [55]. The compound 3-MA is an inhibitor of
phosphatidylinositol 3-kinases, which play an important role
in controlling the activation of mTOR, a key regulator of
autophagy [68].

2.2.3. Colorectal Cancers. As a pyrimidine analogue, 5-
fluorouracil (5-FU) acts as an antimetabolite to inhibit DNA
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TaBLE 1: General mechanisms of chemosensitizing and radiosensitizing adjuvant actions of chloroquine, hydroxychloroquine, and

analogues.
Treatment/Drug Adjuvant actions References
Phosphatidylinositol analogs, oligopeptides Akt-PH linkers,
inhibitors of Akt-kinase, and blockers of ATP-binding site Mediated chemosensitization and enhanced cytotoxicity [50]
catalytic subunit
Reduction of Ki67-positive cells and clonogenicity, activation
All-trans retinoic acid of histone acetyltransferase, and inhibition of histone [51]
deacetylase enzymes
Down-regulation of CDK-2 expression and cyclin E/CDK2
5-Fluorouracil complex activity, arrest in Go/G, phase, and enhancement of [52]
antiproliferative properties
Everolimus Proliferative reduction, increase of p53 and p21“"F" levels, (48]
phosphorylation reduction at serine 2448 in mTOR proteins
Blockade of autophagy and LC3-II degradation, cytotoxic
Rapamycin chemosensitization and involvement of a caspase- [53]
independent mechanism
Cisplatin .Increase of ca§pase—3 activa.tion, LC3.» II .ub.iquitinated. (54, 55]
intracellular misfolded proteins, and intrinsic apoptosis
Docetaxel Enhanced cytotoxicity and stronger in vivo anti-tumor [56]
efficacy
Doxorubicin Potentiated cytotoxicity upon coexposure [57]
Oxilaplatin fincregsed sensitivity under hypoxic conditions and p62 levels, (58]
elaying of tumor growth of HT-29 colon cancer xenografts
Increase of the p62 level, reduction of blood vessel formation,
e CD-34 expression, microvessel density, and nitric oxide levels
Sunitinib . . . ! [59]
in tumor, and Ehrlich ascites carcinoma tumor growth
reduction
Cell viability reduction and intensification of cleaved-
Temozolomide caspase-3, cleaved-PARP1, phosphatidylserine [54, 60]
externalization, and caspase-3/7 activation
Upregulation of RIP3, accumulation of RIP3-p62 complexes
Receptor-interacting protein kinase 3 (RIP3) and type II-LC3B, and efliciency on colon tumor-bearing [61]
mice
Bevacizumab Weakgning of the Akt-mTOR signaling pathwa.y and (62]
recovering the tumor-suppressive effect of bevacizumab
Amplification of caspase-independent autophagic cell death
Sertraline + erlotinib and mouse survival in orthotopic non-small cell lung cancer [63]

mouse models

and RNA synthesis, but it also has radiosensitizing, im-
munosuppressive, and mutational properties and has been
widely used to treat various solid tumors, including colo-
rectal, breast, stomach, pancreas, ovary, bladder, and liver
cancers [69]. The apoptotic effects of 5-FU on human co-
lorectal adenocarcinoma HT-29 cells were also increased by
chloroquine. The pretreatment of HT-29 cells with chlo-
roquine suppressed CDK-2 expression and catalytic activity
of cyclin E/CDK2 complexes (Figure 2), leading to the
(Gy/G,) arrest [52]. Such findings suppose autophagy as a
protective route against the action of 5-FU, since autophagic
inhibitors increase the antiproliferative properties of this
fluoropyrimidine.

Murine cell lines showing endogenous upregulation of
receptor-interacting protein kinase 3 (RIP3) were more
sensitive to chloroquine [61] and presented cytosolic accu-
mulation of RIP3-p62 complexes and LC3-II, which is
commonly recruited to phagosome membranes. However,
initial/executioner caspase levels are apparently not altered by
chloroquine during necroptotic cell death in CT-26 cells [61].

Since the morphological and flow cytometric investi-
gations of chloroquine-treated CT-26 cells showed dissolved
nuclei, condensation, swelling of organelles, and rupture of
the cell membrane, these findings suggested that, instead of
apoptosis, RIP3-dependent necroptosis was probably a
reason for RIP3"-chloroquine-induced cell death
[61, 70, 71].

The induction of tumor apoptosis in vivo exposed that
apoptosis is not the only way by which chloroquine activates
death cascade, as verified by TUNEL experiments and sig-
nals of necroptosis. In any case, mice with a CT-26-tumor
xenograft showed tumor reduction after adjuvant treat-
ments, whereas chloroquine alone showed a 45% reduction,
and the combination with chemotherapies increased by up
to 80% [61].

Chloroquine plus sunitinib, bevacizumab, and/or oxa-
liplatin increased intracellular levels of p62, indicating the
accumulation and interruption of autophagic flux, increased
caspase-3 activity and sensitivity under hypoxia conditions,
and reduced blood vessel formation, expression of CD31,
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FIGURE 3: Molecular findings, which support the theory that chloroquine and analogues exerts, at least in part, antineoplastic effects altering
the phosphorylation status of EGFR/PI3K/Akt/mTOR/Atg and p53 pathways, inhibiting directly PI3K-Akt and mTOR kinases, obstructing
catalytic subunits in the ATP-binding site or altering the recycling of tyrosine kinase receptors, besides impairing or interfering in lysosomal
and autophagosome functions. mTOR phosphorylates the eukaryotic initiation factor 4E-binding protein (4E-BP) and the p70S6 kinasel
(S6K1). Therefore, if specific drug inhibitors against mTOR kinase are used, this should not only have altered proliferation but also the
protein synthesis rate. Vesicular protein sorting 34 (Vps34) complex I has Atgl4p as an additional factor, which participates in the formation
of autophagosomes, while complex II has Vps38, which is required for vacuolar protein sorting. These catalytic complexes work as
ubiquitin-like conjugation systems for phagophore elongation and recruitment of other proteins to the self-digesting process, as seen with
Vps34, a phosphatidylinositol serine-threonine kinase, its binding partner Beclin-1 (Atg6) and the protein kinase p150 in mammals
(Vps15). Assembly of this complex is crucial for autophagy and it recruits other proteins to the phagophore assembly site (PAS). Therefore,
the phagophore elongates into a cup-shaped structure and begins to engulf cellular material, sequestering the material in a double-
membraned autophagosome. Both chloroquine and hydroxychloroquine block autophagy in initial phases, causing accumulation of acidic
vesicle cell markers and appear to deactivate upstream members of mitogen-activated protein kinase (MAPK) pathway, preventing
phosphorylation and activation of extracellular signal-regulated kinases (ERK)1/2 by a paradoxical phosphorylation of Raf at specific

residues, which possibly blocks ERK activation by Akt activity.

microvessel density, and nitric oxide levels in colorectal
cancers [58, 59]. The growth of HT-29 colon cancer xe-
nografts in bevacizumab- and oxaliplatin-treated mice was
postponed from 7.2 to 23 days when bevacizumab and
oxaliplatin were coadministered with chloroquine [58].

In addition to acting as inhibitors of autophagy, chlo-
roquine, quinacrine, and amodiaquine trigger p53 stabili-
zation in TP53-specific reporter human cancer cells [59] and
wild-type cell lines [49, 72] (Figure 2). Amodiaquine in vitro
at 20 uM was specifically more efficient than chloroquine in
inducing p53 stabilization by an independent ATM signaling
pathway, interrupting cell proliferation of colorectal carci-
noma cell lines (in addition to breast, hepatic, lung, sarcoma,
and melanoma), decreasing the synthesis of a general ri-
bosome precursor—47S rRNA—in U20S cells, inducing the
accumulation of LC3II autophagosome and lysosomal as-
sociated membrane protein 1 (LAMPI), and impairing
translocation of the DDX21 nucleolar helicase to the
nucleoplasma [49], the catalytic protein involved in the
synthesis and processing of rRNA [73].

The nucleolar changes induced by amodiaquine were
similar to those observed in cells treated with chloroquine
and BMH-21l, a polymerase I inhibitor. Furthermore,

amodiaquine inhibited the activity of ubiquitin ligase
Hdm?2’s and thereby stabilized/activated p53 [49].

2.2.4. Breast Carcinomas. Quinidine [74-76], quinine [77],
chloroquine [76, 77], and hydroxychloroquine [75] induced
differentiation in MCEF-7 cancer cells, as demonstrated by
the accumulation of cells in the G, phase, intracellular milk
fat globule membrane protein and lipid droplets (typical
markers of differentiation), increased p21 and suppressed
phosphorylation of retinoblastoma and expression of Ki-67
antigen, cyclin D1, c-myc, and E2F1 protein levels (Figure 2).
While chloroquine was stronger in stimulating MCEF-7
apoptosis, quinine was the most active in promoting dif-
ferentiation [77].

Chloroquine or hydroxychloroquine + all-trans retinoic
acid also reduced MCF-7 cells positive for Ki67, and their
clonogenicity and hydroxychloroquine altered the acetyla-
tion status in the N-terminal lysines of the histones H3 and
H4, epigenetic sites expected by the “zip”: model of histone
acetylation [51]. These observations indicate that, in asso-
ciation with all-trans retinoic acid, quinidine, quinine,
chloroquine, or hydroxychloroquine regulates protein
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acetylation events and the combination with all-trans reti-
noic acid stimulates histone acetyltransferase and inhibits
HDAC enzymes in breast cancers (Figure 2). Nevertheless,
the direct inhibition of the HDAC enzyme does not appear
to be necessary for the differentiating activity of antimalarial
quinolines [76].

Breast MCF-7 cells (wild-type for p53) presented 74% of
cell cycle arrest in the G; phase after 24h and 72h of ex-
posure to chloroquine 50 M and everolimus [20 nM, 40-O-
(2-hydroxyethyl)-rapamycin, an mTOR inhibitor], showing
additive inhibitory effects when both drugs were added in 3-
D cocultures. This proliferative reduction was confirmed by
DNA quantification and increased levels of p53 and p21“'*!
after the treatment of MCEF-7 cells with chloroquine, but not
everolimus, which indicates that G, arrest is mediated by
tumor suppressor pathways p53 and p21 [48].

Loehberg et al. [46] detailed the dependency of p53 on
the effects of chloroquine on BALB/c p53-null mammary
epithelium cells and human mammary gland epithelial
MCF10A line. Chloroquine-dependent DNA damage acti-
vates p53 and its downstream gene p2l, resulting in the G,
cell cycle arrest after a post-translation p53 activation by
chloroquine-induced phosphorylation of ATM proteins,
proving the existence of ATM-dependent phosphorylation
of the p53 checkpoint (Figure 2). These molecular findings
may explain the particular ability of chloroquine 3.5 mg/kg
to reduce the growth rate and tumor incidence by 41% only
in p53-wild-type BALB/c mice exposed to N-methyl-N-
nitrosourea after 8 weeks of treatment. Since the TP53 is a
mediator of hormone (estrogen/progesterone)-induced
protection against chemical mammary carcinogenesis and
no protection was observed in BALB/c p53-null mammary
epithelium, it certainly shows that chloroquine can prevent
breast cancer similar to estrogen/progesterone treatment
and shows a p53 dependence [46].

As described before, autophagy is required for efficient
growth of cells, and upon starvation chloroquine decreases
LC3II lysosomal degradation [66, 73, 78, 79]. Therefore, 67-NR
and 4-T1 mouse breast cell lines treated with chloroquine were
sensitized preferentially in response to phosphoinositide 3-ki-
nases or mTOR inhibitors, the route that directly regulates
autophagy (Figure 3). Surprisingly, chloroquine sensitized 4-T1
and 67-NR cells to inhibit phosphoinositide 3-kinases or
rapamycin even in AtgI2 gene nonfunctional cells, and the pan-
caspase inhibitor ZVAD-fmk (zVAD) did not increase cell
survival, indicating that chloroquine should be able to sensitize
even when autophagy has already been previously obstructed.
Corroborating these findings, decreasing the cell viability in-
volves a caspase-independent mechanism in which chloroquine
but not bafilomycin Al sensitizes cells to rapamycin-mediated
cytotoxic actions, even though both of them block autophagy
and LC3-II degradation [53].

2.2.5. Lung Cancers. Low concentrations of chloroquine
(0.25-32 M) up to 24h exposure induced apoptosis of ade-
nocarcinoma lung A-549 cells and vacuolation with increased
volume of acidic compartments, but caused necrosis at 48 h
and higher concentrations, as demonstrated by lactate

dehydrogenase assays. Interestingly, in the presence of D609, a
specific inhibitor of phosphatidylcholine-specific phospholi-
pase C, only lower concentration effects were suppressed [80].

Hu et al. [50], using screening cytotoxic methods and
absorbance assays, pointed out that the coculture of
chloroquine and Akt inhibitors (phosphatidylinositol
analogs, oligopeptides Akt-PH linkers, direct inhibitors of
Akt-kinase activity, and blockers of catalytic subunit in the
ATP-binding site) are more effective than either one alone.
Such killing effects of chloroquine-mediated chemo-
sensitization occurs at low concentrations as 10-20 uM
and present specificity up to 120-fold for killing cancer
than normal cells [50]. These findings indicate that
chloroquine might significantly increase the therapeutic
effects of some PI3K-Akt inhibitors with minor action on
immortalized normal mammary gland epithelium 184B5
cells. Probably, chloroquine-mediated chemosensitization
is related to the ability to block the formation of digestive
vesicles, as those activated by tephrosin on cells, a natural
rotenoid that induces endocytosis and subsequent deg-
radation of human epithelial tyrosine kinase (HER-1 and
2) receptors [81].

2.2.6. Melanomas. A screening chemical library of anti-
malarial drugs against melanomas showed the endoperox-
ide-based redox antimalarial artemisinin-class members as
inducers of apoptosis, while metastatic melanoma cells
(A375, G361, and LOX) displayed a specific vulnerability to
artemisinin and semisynthetic artemisinin-derivatives and
NOXA-dependent apoptosis [82], a proapoptotic member of
the Bcl2 family. Such sensitivity was corroborated by the
upregulation of cellular oxidative stress, phosphatidylserine
externalization, and cleavage of procaspase-3 [82]. Next,
amodiaquine-exposed A-375 and G361 melanoma cells
exhibited the formation of multivesicular single membrane-
enclosed structures with electron-dense inclusions (indica-
tive of lysosomal expansion), impairment of mitochondrial
transmembrane potential, and accumulation of LAMPI,
p62/SQSTM1, a-synuclein, lipofuscin, and LC3-II at con-
centrations as low as 1 yuM [57], all accumulating autophagic
proteins as a consequence of blocked autophagic-lysosomal
flux (Figure 3). Such a blockade revealed a similar pattern of
impaired lysosomal acidification in response to the treat-
ment with either bafilomycin Al, amodiaquine, and chlo-
roquine from a mechanistic point of view.

Intriguingly, a comparative analysis performed in A375
melanoma cells showed higher antiproliferative activity of
amodiaquine when compared to chloroquine, which was
confirmed by array analysis, revealing the modulation of
gene expression antagonizing cell cycle progression (upre-
gulation of CDKNIA and downregulation of E2FI) and
modulation of the genes TP53, CDKNIA, E2F1, CCNDI, and
phosphorylated RB1. On the other hand, chloroquine failed
to alter protein levels of TP53, E2F1, CCND1, and HSPATA
in A375 cells, demonstrating that the chloroquine treatment
was not associated with the induction of cell cycle arrest, a
finding extremely different from amodiaquine-induced
melanoma cell cycle obstruction in the S phase [57].



Previous studies had already indicated amodiaquine as a
more potent antimalarial molecule than chloroquine, a
property attributed to a tropism targeting the acidic food
vacuole of the plasmodium parasite [83]. Amodiaquine is a
lysosomotropic 4-aminoquinoline-based tertiary amine as
well, but it has a 1,4-aminophenol-pharmacophoric sub-
stituent capable of forming an electrophilic quinoneimine-
metabolite under intracellular conditions of oxidation. Then,
this reactive intermediate induces covalent protein adduc-
tions [57] and may contribute to higher potency.

2.2.7. Retinal Pigment Epithelial Cells. 10-250 uM chloro-
quine produced a persistent reduction in mTOR activity and
intracellular calcium in retinal ARPE-19 cells, leading to the
nuclear translocation of transcriptional factors for lysosomal
biogenesis, expansion of lysosomes, severe suppression of
autophagosome-lysosome fusion, and increased cytosolic
levels of LAMPI, beclin-1, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), and phospholipid intracellular
content in 25-fold or greater [40, 84].

The inhibitors of endocytosis reduce endosomes and
arrest a considerable amount of GAPDH into lysosomal
cytosolic vesicles and cell membranes. On the other hand, its
degradation is physiologically reduced or blocked as an
adaptive reaction of lysosomes to retrieve normal functions,
although accumulation of intracellular substrates, including
p62, GAPDH, and phospholipids, are not entirely reestab-
lished [84]. Anyway, chloroquine-induced protein accu-
mulation indicates autophagy inhibition because p62 and
GAPDH are degraded by lysosomes via autophagy and
chaperon-mediated autophagy pathways, respectively [85].

GAPDH, an enzymatic 144-kDa tetramer expressed on
the cell surface and secreted from cells leading to forward
trafficking of active GAPDH out of cells, actively contributes
to endosomal recruitment [85]. The versatility and pro-
miscuity of functions and its interaction with multiple
protein partners make GAPDH a vital tool for cell survival
because it works as a scavenger agent to flush out misfolded
molecules and activates inside processes during membrane
trafficking and production of secretory lysosomes [86].

2.2.8. Mouse Embryonic Fibroblasts. In mouse embryonic
fibroblasts (MEF), chloroquine and hydroxychloroquine con-
firmed their capacity to block autophagy in a concentration-
dependent manner [87]. Indeed, Bax '~ and Bak™"~ MEF cells
were resistant against hydroxychloroquine-induced mitochon-
drial and plasma membrane permeabilization and hydroxy-
chloroquine induced cathepsin B intracellular redistribution
(Figure 3); besides, it was unable to cause mitochondrial de-
polarization, release of cytochrome ¢, or cell death when
compared to wild-type MEF cells. Altogether, these data imply a
specific sequence of subcellular alterations: (a) lysosomal ac-
cumulation resulting in the selective loss of mitochondrial
potential and release of lysosomal enzymes, such as cathepsin B;
(b) activation of Bax and mitochondrial permeabilization, and
(c) caspase-3 activation, phosphatidylserine exposure, chro-
matin condensation, DNA loss, and apoptosis (Figure 2) [36].
Correspondingly, in vivo effects following 24 h or 48 h exposure
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of C57BL/6JOlaHsd mice to hydroxychloroquine 60 mg/kg
showed Golgi changes and accumulation of LC3 [87].

These cells were also tested with a panel of approved-
FDA drugs containing either quinoline or quinolone
pharmacophores. Chloroquine caused the secretion of
prostate apoptosis response-4 (Par-4) from wild-type p53
MEFs (Figure 2), as well as from normal human prostate
stromal and lung fibroblast cells and their respective ami-
noquinoline derivatives, and induced Par-4 systemic se-
cretion in C57BL/6 mice in a dose of 50 mg/kg body weight,
and in patients from a clinical trial against cancer prior to
surgery taking hydroxychloroquine [88]. As predictable,
chloroquine caused the accumulation of LC-3II and p62/
SQSTMI, but drug-induced secretion of Par-4 was not
inhibited by zVAD, and differences in p62 levels have not
been noticed after the treatment with wild-type Par-4 and
Par-47"" cells [88].

Par-4 is a tumor suppressor capable of inducing apo-
ptosis selectively in most cancer cells without affecting
normal/immortalized/nontransformed ones. The increase of
Par-4 in the extracellular matrix causes cell death of tumor
cells through binding to the overexpressing GRP78 receptor
on the cell surface. Normal lines exhibit undetectable-to-low
levels of this receptor [89], which protect them from the
“friendly fire” though Par-4 is secreted by both normal and
cancer tissues [89, 90]. Therefore, Par-4 secretion is not
associated with apoptosis and does not affect autophagy in
normal mouse embryonic fibroblasts. Meanwhile, the co-
cultures of chloroquine-treated Par-4** MEFs plus H-460
lung p53*"* and H-1299, HOP92, and KP-7B lung or
prostate PC-3 p53~/~ cancer cells were sensitive to apoptosis,
but not when cocultured with chloroquine-treated Par-4~"
MEFs, and chloroquine failed to induce Par-4 secretion in
prostate cancer cells (LNCaP, C42B, DU-145, and PC-3) and
lung cancer cells (H-460 and A-549). These discoveries
indicate that chloroquine-induced Par-4 secretion from
normal lines causes paracrine apoptosis in cancer cells [86],
and such action increases the selective expression of Par-4
receptor GRP78 on the surface of cancer cells [91] (Figure 2).

In vivo related findings in C57BL/6 mice bearing LLC1
pulmonary tumors also showed systemic elevation of Par-4
regressed tumor growth and metastatic lung nodules in an-
imals treated with chloroquine 25 mg/kg/days for 5 consec-
utive days [88, 90]. Once again, the antiproliferative activity of
chloroquine is linked to the activation of p53 and inhibition of
NF-xB because these events promote Par-4 secretion [88]
because p53 regulates classical components of the secretory
route (Figure 2). This relatively unknown Par-4 pathway adds
new importance to the traditional DNA protection roles of
normal TP53 gene to manage the tumor suppressor.

2.3. We Need to Think Outside the Box

2.3.1. New Pharmacological Judgement. Traditional com-
prehension about the effects of chloroquine and analogues
on the lysosomal physiology implies a specific sequence of
subcellular alterations: (a) lysosomal accumulation resulting
in the selective release of lysosomal enzymes, such as
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cathepsin B and D; (b) activation of Bax/Bad and mito-
chondrial permeabilization; (c) loss of mitochondrial po-
tential, and (d) activation of caspases, phosphatidylserine
exposure, chromatin condensation, DNA loss, and apoptosis
(Figure 2).

However, new pharmacological judgements have arisen
and changed some scientific dogmas in this area. Higher
lysosomal pH was observed after 4h of treatment with
known alkalinizer drugs (fluoxetine, imipramine, dimebon,
tamoxifen, chlorpromazine, amitriptyline, and verapamil),
including chloroquine. Considering their high lipophilic
structures (clogP ranging from 3.49 to 6.24), this suggests
suitable entry into target cells including osteosarcoma
U208, adenocarcinoma cervical HeLa, embryonic rat car-
diomyocytes H9C2, and the human retinal pigment epi-
thelial ARPE-19 line. Indeed, among amodiaquine,
artemisinin, mefloquine, piperaquine, primaquine, quina-
crine, and chloroquine, two antimalarial compounds
(mefloquine and quinacrine) were about 30- and 60-fold
more potent autophagy inhibitors on U20S cells than
chloroquine, respectively [92].

However, higher pH values were sustained no more than
the compound exposure time, and after 24 h, renewed acidic
organelles with pH between 4-5 were detected, indicating
restorage of pH, which was also confirmed by nuclear
translocation of transcription factors involved in lysosomal
biogenesis, bigger lysosomal volume, and returning of ca-
thepsin levels in order to reestablish optimal conditions for
enzyme digestion [84, 93, 94].

Most studies have also suggested that chloroquine- or
hydroxychloroquine-induced cell death is initiated by the
“type II programmed autophagic/lysosomal pathway,” in-
cluding sequestration of organelles into autophagosomes
and cytoplasmic vacuolization (Figure 3), and these pro-
cesses are followed by later signs of the “type I programmed
death” [36, 40, 66], which traditionally display karyorrhexis,
DNA fragmentation, release of mitochondrial cytochrome c,
activation of Bcl-2 proapoptotic proteins and caspases,
cellular shrinkage, and phosphatidylserine externalization
(Figure 2). Additionally, although members of the 4-ami-
noquinoline family, including chloroquine, hydroxy-
chloroquine, and Lys-05 (dimeric chloroquine) inhibit
autophagy [68], it has been suggested that ribosome bio-
genesis stress found in treated cells is not a general con-
sequence of autophagy inhibition and that amodiaquine
stands out among the 4-aminoquinoline family as a com-
pound functioning by 2 independent mechanisms in two
distinct intracellular environments: cytoplasm, where
autophagy inhibition occurs and nucleolus, for diminution/
blockage of ribosome biogenesis [49], which demonstrate
that amodiaquine but not chloroquine inhibits ribosome
biogenesis, disrupts nucleolar structure, and triggers deg-
radation of RNA polymerase I.

As endosomal trafficking, endosome-lysosome fusion,
membrane stability, signaling pathways, and transcriptional
activity are impaired by hydroxychloroquine and chloro-
quine, it was hypothesized that combining them with ra-
diation would be a good adjuvant alternative [47].
Nevertheless, chloroquine sensitization of some breast

cancer lines revealed to be independent of autophagy in-
hibition, since sensitization was not mimicked by the
knockdown of Atgl2 or Beclin 1 genes or following treat-
ment with bafilomycin Al, and chloroquine-induced cell
death occurred even in the absence of Atgl2 [53], proposing
that reducing autophagy does not affect drug cytotoxicity
ubiquitously in all human cells. Meanwhile, studies have
demonstrated that chloroquine has specific cell sensitization
effects to particular antimitotic drugs, whereas primaquine
and mefloquine can sensitize resistant cancer cells to all
antimitotic drugs without preference [81].

In a similar way, most investigations indicate that
chloroquine does not block all forms and steps of the
endolysosomal system. Analysis showed that chloroquine/
hydroxychloroquine inhibits autophagy in initial phases,
causing accumulation of acidic vesicular organelles and
break/discontinue autophagosome-lysosome fusions, but
they do not alter the ability of lysosomes to digest target
macromolecules as conventionally accepted. In another
point of view, compounds that simply increase the upstream
autophagic flux without altering downstream fusion and
degradation steps may not provide therapeutic benefit [95].
This would explain why only chloroquine and hydroxy-
chloroquine are officially recommended as autophagy in-
hibitors by the Food and Drug Administration (FDA).

If we recall a more integrated concept, considering the
well-established details about the blockage of autophagic
flux and the capacity to inhibit PI3K/Akt/mTOR pathways
and trigger ATM/ATR/p53/p21 signaling, it is possible to
visualize that they complement themselves to cause death of
cancer cells. Once mTOR is commonly phosphorylated at
position 2448 via the PI3K/Akt and has been inhibited when
higher levels of p15™K*®, p16 NK4A o1 CIP1 po7KiPL 53,
and other suppressor tumors are present under stress
conditions, p21 obliges G, restriction by inhibitory binding
to CDK2/cyclin E or other CDK/cyclin complexes [45].
These physiological aspects support the theory that chlo-
roquine or hydroxychloroquine exhibits, at least in part,
antineoplastic effects altering the phosphorylation status of
EGFR/PI3K/Akt/mTOR/Atg and p53 pathways
[43, 46, 48, 49, 57] due to the direct inhibition of PI3K-Akt
kinases, obstruction of catalytic subunits in the ATP-binding
site [80], and/or misregulation of signaling of epithelial
growth factor receptors (EGFRs) during endocytosis because
they seem to weaken receptor-mediated endocytic transfers
of TKRs to degradative compartments [95] (Figure 3).

In this context, the inhibition of tyrosine kinase re-
ceptors and downstream pathways (Receptor/PI3K/Akt or
Receptor/Grb2/Ras/Raf/MEK/ERK) are examples of suitable
targets to select antitumor repurposing molecules
[50, 80, 81] (Figure 3). Despite that tyrosine kinase inhibitors
have demonstrated enhanced selectivity, extra effects on
some kinases and beyond their target family show intrinsic
polypharmacology often favorable for clinical efficacy [6].
Therefore, blocking the signaling pathways that maintain the
stemness is thus a rational goal to avoid recurrence as well as
to block tumor growth and metastasis. Metastatic cancer or
surgically nonresectable tumors show five years mortality
above 90% in aggressive cancers, e.g., pancreatic tumors and
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acute myeloid leukemia. Hence, with a few exceptions,
survival rates of aggressive cancer types are low, mainly due
to therapeutic failure [15].

Instinctively, these new studies indicate that chloroquine
does not increase lysosomal alkalinization in all cell types in
a similar magnitude, and lysosomes may even maintain their
competence (completely or not) to digest organic material,
confirming that chloroquine inhibits the fusion between
autophagosomes and lysosomes in a concentration-depen-
dent way, but it does not change the lysosomal activity
considerably [84, 87]. The extent of increase in lysosomal pH
and how much time lysosomes demand to normalize after
compound exposure can diverge a lot if we take into con-
sideration cell specificities, doubling time, phagocyte ca-
pacity, and how efliciently the cells/lysosomes respond to the
compound sequestration. In a cell point of view, autophagy
responses constitute stress adaptation that can suppress
apoptosis, but when autophagy is blocked either at earlier or
later stages, it may lead to apoptosis as a result of the failure
for adaptation to environmental changed states.

Overall, the precise mechanism by which quinines
sensitizes cancer cells by PI3K-Akt or MEK/ERK inhibitors
is unclear, but it is recognized that such signal pathways are
overexpressed or upregulated in cancer rather than in
normal cells, which opens a “window of opportunities” to
design more target drugs and clinical trials based on the
lysosomal blockade ability. It is very important to remember
that patients with metastases present tumors with multiple
molecular and cellular characteristics. Therefore, the het-
erogeneity of metastases, tumor advance, and cell selection
becomes a common problem observed in tumor resistance
during the first line chemotherapies [6]. Therefore, including
sensitizers with antimutagenic action (such as chloroquine)
reduces the extent of primary DNA rearrangements re-
sponsible for the appearance of mutant clones and may
delay/inhibit tumor progression.

A generalized overview also emphasizes the most vul-
nerable issue: do the effects of aminoquinolines share a
common mode of action or are they the products of a variety
of distinct processes? Once their mechanisms remain un-
certain, molecular and clinical lessons are indispensable to
detail dose/concentration-response relationships and safety-
related aspects to guide the development of new modulating
autophagy therapies [30].

2.3.2. Pharmacokinetic-Related Toxicity. The most common
adverse effects of chloroquine, hydroxychloroquine, amo-
diaquine, and other aminoquinolines in clinical use are
nausea, abdominal/hypochondrial pain, changes in visual
acuity (blurred vision), bitter taste in mouth, insomnia,
weakness, arthralgia, back pain, pruritus (sensation of
itching and stinging), diarrhea, and pale stools. Indeed, up to
50% of patients receiving hydroxychloroquine report some
gastrointestinal effects. This is dose-dependent and most
often occurs with loading doses >800mg [96, 97], but
400-800 mg daily doses have been related to symptoms of
psychosis, agitation, insomnia, confusion, hallucinations,
paranoia, depression, catatonia, and suicides. These
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psychological/neurological effects may appear at any age,
during acute or chronic use, and in patients with or without
a history of psychiatric illness [98].

Poisoning with antimalarial drugs have also caused
cardiovascular problems such as myocarditis, ventricular
arrhythmias, cardiac arrest, and QTc prolongation due to the
blockade of hERG potassium channels. Thereof, chloro-
quine, hydroxychloroquine, amodiaquine, and other de-
rivatives should be used with caution in oncologic patients
with cardiac diseases, history of ventricular arrhythmias,
hypokalemia and/or hypomagnesemia, or bradycardia
(*50bpm), and during concomitant administration of QT
interval prolonging agents (e.g., macrolides and fluo-
roquinolones) [9, 99-101]. If cardiotoxicity is suspected,
quick discontinuation of the QT interval prolonging agents
may prevent life-threatening complications.

Severe hypoglycemia with the loss of consciousness in
patients treated or not with antidiabetic medications have
been observed [102], inspite of beneficial effects for the
metabolic syndrome [103]. Therefore, patients presenting
clinical symptoms of hypoglycemia during treatment should
have their blood glucose checked and treatment reviewed
when necessary. Additionally, rhabdomyolysis [99] and
ototoxicity when they are used by pregnant women in the
3rd trimester and even irreversible deafness [104] were
reported. Nonetheless, health guidelines have indicated the
maintenance of treatment with hydroxychloroquine during
pregnancy and breastfeeding in patients with autoimmune
diseases since these aminoquinolines do not cross the pla-
centa easily and low quantity is found in breast milk [105].

Chloroquine and hydroxychloroquine structures and
modes of action are closely similar except for an additional
hydroxyl moiety, which makes hydroxychloroquine less
permeable to blood-retinal barrier, and it allows faster
clearance from retinal pigment cell, suggesting minor risks
and safer option since long-term clinical trials with
hydroxychloroquine tolerates higher daily doses and
revealed less drug-drug interactions [102]. Their therapeutic
window is relatively narrow, and retinal damage is one of the
most common side effects for long term use [106]. Around
20% of chloroquine users showed ocular injuries due to high
doses and treatment frequency in 1980s [39], and, since
1974, it has been a prescribed medicine in Japan due to
chloroquine-associated retinopathy [107]. Thus, ocular or
color vision examinations of patients under antimalarial
therapies is indispensable for the early detection of retinal
toxicity at a stage in which it is still reversible once treatment
is interrupted [39]. The initial development of retinal
damages with a daily dose of 800 to 1200 mg of hydroxy-
chloroquine has been detected using sensitive retinal
screening tests [108].

The simultaneous use of tamoxifen—the most prescribed
selective modulator of estrogen receptors to treat hormone-
receptor-positive, early/advanced-stage or metastatic breast
cancers after surgery to reduce the risk of recurring—with
hydroxychloroquine increases the risk of eye toxicity owing
to the synergistic block of lysosomal/autophagy steps in
retinal epithelial cells and accumulation of potentially toxic
ubiquitinated proteins [108]. Although retinopathy is more
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commonly correlated with chloroquine than with hydrox-
ychloroquine, which might also be explained by the lower
volume of distribution (Vd) for hydroxychloroquine (47.3 L)
compared with chloroquine (65L) (Figure 4). Ophthal-
mology guidelines have recommended comedication of
tamoxifen plus hydroxychloroquine for up to 6 months, and
a maximal daily dose of 5mg/kg/day body weight of

hydroxychloroquine  not more than 5  years
[30, 40, 106, 109].
Besides molecular similarities, chloroquine and

hydroxychloroquine occur as enantiomers (R and S iso-
mers), and in vitro and in vivo analyses have not shown
important differences owing to the bioactivity [30], ster-
eoselectivity of drug-drug interactions, and clinical conse-
quences on toxicity due to the preferential metabolism of
one enantiomer [105]. Both S(+)-chloroquine and
-hydroxychloroquine present higher binding to albumin and

a;-acid glycoprotein, but hydroxychloroquine was enan-
tioselective in vivo and in healthy volunteers, indicating the
less protein-bound R(-)-enantiomer [110]. Then, the
hydroxychloroquine binding degree to plasma proteins
seems to control its distribution into cells, which can help
explain how chloroquine have a larger Vd, since its R(-)-
enantiomer is almost 2-fold less protein bound than the
S(+)-enantiomer [105]. Notably, the S(+)-form of hydrox-
ychloroquine is less taken up by rabbit ocular tissues [111],
which suggests that the administration of the pure S(+)-
enantiomer could offer better efficacy and lesser toxicity
[105].

Experimental blockers such as 3-MA, bafilomycin Al,
and short hairpin RNA (shRNA) knockdown of gene Beclin
cause the deficiency of autophagy and increase tubular cell
p53-dependent apoptosis during cisplatin treatment in
kidney proximal tubular cells [112], supporting convincing
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data that autophagy is critical for renal cell survival. Hence,
the concomitant exposure to anticancer agents and clinically
available autophagy blockers (e.g., amodiaquine, prima-
quine, and analogues) also sensitizes normal tissues and can
dramatically worsen renal function in patients with acute or
chronic kidney illnesses. Under these circumstances, an
impaired renal function increases the bioavailability of
antimalarial drugs and comedications and the risk of adverse
effects by pharmacological interactions.

In the pharmacokinetic context: (i) a single oral dose of
chloroquine 300 mg can be detected in blood and urine from
healthy volunteers up to 52 and 119 days postdose, re-
spectively [113]; (ii) terminal elimination half-life of chlo-
roquine, hydroxychloroquine, and their active metabolites
(desethylchloroquine and desethylhydroxychloroquine, re-
spectively, and finally, bisdesethyl chloroquine as a down-
stream metabolite of both drugs) varies from 20-60 days
[30, 114]; (iii) both drugs can distribute to aqueous cellular
and intercellular compartments, resulting in long mean
residence times (about 1,300 h for hydroxychloroquine and
900 h for chloroquine) [114]; (iv) 30 to 50% of these anti-
malarial drugs are transformed by hepatic cytochromes P,
mainly, CYP3A and CYP2D6 [115], and (v) about 37-67% of
chloroquine/hydroxychloroquine bound to liver-derived
plasma proteins [110, 116, 117]. Additionally, the half-life of
amodiaquine is only 5.3-7.7h, since it is subject to rapid
first-pass metabolism and generate N-desethylamodiaquine,
the principal route of disposition in humans, whose active
metabolite has half-life >100 h and, therefore, amodiaquine
can be considered a prodrug [118]. Thus, in contrast to
amodiaquine, chloroquine and hydroxychloroquine are not
highly bound to plasma proteins but have strong tissue
binding.

It is also critical to ponder the coexistence of hepatic
diseases (cancer-related or not), first pass metabolism, and
comedications if the question is bioavailability or linked-side
effects because elimination is significantly reduced in the
presence of hepatic dysfunction, and nearly 50% of chlo-
roquine is recovered in urine as unchanged drug. As

background, a recent Brazilian study showed that the ad-
ministration of hydroxychloroquine (400 mg twice daily for
7 days) without or with azithromycin (500 mg once a day for
7 days) caused a rise in liver-enzyme levels [119].

Indeed, clinical trials with anticancer purposes showed
that adverse effects and toxicity of chloroquine and
hydroxychloroquine  are  strongly  dose-dependent
(100-1200 mg/day). According to Common Terminology
Criteria for Adverse Events version 3.0, toxicity was found
with 100 to 200 mg/day [120-122]. Between 200 and 600 mg/
day, the most common adverse effects were classified as
grade 1 and 2, and include rash, visual blurring, sensitivity to
light, nausea, diarrhea, fatigue, weight loss, vomiting, dys-
pepsia, anorexia, and dry skin [123-128]. The adverse effects
of grade 3 or higher were detected from 600 to 1200 mg/day.
Grade 4 toxicity was associated with myelosuppression at
800 mg/day of hydroxychloroquine [122]. Meanwhile, the
combination of temsirolimus (25 mg/day, mTOR inhibitor)
and hydroxychloroquine (200-1200 mg/day) was considered
safe and tolerable, even at highest doses in patients with
advanced solid tumors and melanoma [126]. Grade 2 or 3
adverse events were more common, resulting in a decrease of
dosages after 2-3 months of treatment. Hydroxychloroquine
and bortezomib, a proteasome inhibitor administered in
patients with relapsed/refractory myeloma, cause grade 1 or
2 adverse events, mainly, but some patients experienced
bone marrow suppression and grade 3 gastrointestinal
toxicity [127]. At 1200 mg/day, hydroxychloroquine induced
lymphopenia and an increase in serum alanine amino-
transferase (grade 3/4) in patients with metastatic pancreatic
cancer [128].

3. Conclusions

The mechanisms of sensitization attributed to amino-
quinolines have a histological basis, but most of them are
interconnected to the autophagic process. They express
signals of autophagy disruption and cytotoxic-related action,
including accumulation of key markers, predominantly,
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LAMPI, p62/SQSTM1, LC3 members, GAPDH, beclin-1/
Atg6, a-synuclein, and granules of lipofuscin.

Aminoquinolines act as lysosomal alkalinizers and take
ownership during death-promoting mechanisms, which
explain, at least in part, their chemotherapy and radio-
therapy sensitizer effects when used as adjuvant option in
clinical trials against solid tumors. They overturn lysosomal-
related pathophysiological barriers, reduces uptake and drug
distribution, avoid resistance, and improve cytotoxic activity
response of weak-base clinical drugs, since they work as
chemosensitizers under specific microenvironmental con-
ditions, especially when acid lysosomal and inflamed tissues
pH cause ion trapping and sequestering of chemothera-
peutic drugs into protonated acidic endosomes. Addition-
ally, they have also overwhelmed tumor resistance in vivo,
suggesting that autophagy inhibition has antiangiogenic
effectiveness as well. Therefore, in a mechanistic point of
view, aminoquinolines induce ATM-ATR/p53/p21 signal-
ing, caspase activation, and exhibit unspecific capacity for
overlapping the apoptotic cascade to either upstream of
caspase-3 activation and/or encompass nonp53/apoptotic/
autophagy routes (Figure 5).

More specifically, two 4-aminoquinolines—chloroquine
and hydroxychloroquine—accumulate slowly into cells and
take time to develop cytotoxicity. Then, longer time expo-
sure is believed to provide better antiproliferative effects,
considering that they have a late onset but a prolonged
action even after drug discontinuation. Moreover, no im-
portant differences have been found about the stereo-
selectivity of drug-drug interactions, clinical consequences
on bioactivities, and additional pharmacokinetic-related
toxicities. However, a continuous pharmacovigilance is re-
quired because these antimalarial molecules exhibit multiple
cellular unspecific modes of action (undesired off-targets),
relatively narrow therapeutic windows, recurrent adverse
effects, and self-treatment-related poisoning. Retinopathy,
mainly, has been more associated with chloroquine, and
compromised renal and liver functions and increased the
bioavailability of antimalarials and risk of adverse interac-
tions. Therefore, their use must be under rigorous rules,
ethical and medical prescription, and clinical and laboratory
follow-ups.
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