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Abstract. Metastasis is responsible for the majority of deaths 
among patients with malignant melanoma. Despite recent 
advances, the majority of current and modern therapies 
are ineffective and/or financially unfeasible. Thus, in this 
study, we investigated two low‑cost highly‑diluted natural 
complexes  (HDNCs) that have been shown to be effective 
against malignant melanoma in a murine model in vivo. The 
aim of this study was to determine the mechanisms through 
which these HDNCs directly affect melanoma cells, either 
alone or in an artificial tumor microenvironment, suppressing 
the metastatic phenotype, thus explaining previous in vivo 
effects. For this purpose, HDNC in  vitro treatments of 
B16‑F10 melanoma cells, alone or in co‑culture with Balb/3T3 
fibroblasts, were carried out. Molecular biology techniques 
and standard functional assays were used to assess the 
changes in molecule expression and in cell behaviors related 
to the metastatic phenotype. Melanoma progression features 
were found to be regulated by HDNCs. Molecules related 
to cell adhesion (N‑cadherin, β1‑integrin and CD44), and 

migration, extracellular matrix remodeling and angiogenesis 
were modulated. The cell migratory, invasive and clonogenic 
capacities were reduced by the HDNCs. No loss of cell 
proliferation or viability were observed. On the whole, the 
findings of this study indicate that HDNCs directly reprogram, 
molecularly and functionally, melanoma cells in  vitro, 
modulating their metastatic phenotype. Such findings are 
likely to be responsible for the attenuation of tumor growth 
and lung colonization previously observed in vivo.

Introduction

Global cancer statistics are discouraging to patients: Cancers 
are among the top lethal diseases (1). Skin cancers are most 
commonly found in individuals with fair skin  (2); in the 
USA, approximately 9,000 patients die from melanoma each 
year (3); the long‑term survival rates for patients with advanced 
metastatic melanoma range from 10 to 15% (4). Although the 
early diagnosis and surgical removal of melanoma are efficient 
in approximately 80% of cases (5), melanoma cells are very 
likely to spread to other organs and establish metastasis, which 
is responsible for the highest rates of mortality among patients 
with skin cancer (6).

Considering the high metastatic capacity of melanomas, 
some anti‑metastatic drugs have been tested. For example, 
selumetinib  (7) or the combination of celecoxib and 
dacarbazine (8) have been shown to be effective in reducing 
melanoma metastasis to the liver and lungs, respectively, in 
mouse models. However, the majority of clinically‑available 
conventional chemotherapeutic drugs are currently of limited 
value for the treatment of metastatic melanoma  (9). Over 
the past years, the treatment of melanoma has undergone 
revolutionary breakthroughs alongside the evolution of 
targeted therapies  (10,11). However, despite the increased 
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response achieved by the combination of chemotherapeutic 
agents (e.g., dacarbazine and temozolomide), or those added 
to cytokines [such as interferon and interleukin (IL)‑2], up 
until the last decade, no significant impact on the survival of 
patients with metastatic melanoma had been achieved (12).

Cancer cells are well known to possess high proliferation 
rates, sustaining growth signaling and evading cell growth 
control, in addition to circumventing cell death (13). This is the 
reason why the majority of chemotherapeutic agents currently 
used are directly or indirectly cytotoxic to cancer cells. 
Although apparently contradictory, cytotoxicity is in fact not 
desirable, since normal tissues also present a proliferation of the 
cell population for maintaining tissue homeostasis. Therefore, 
cytotoxic drugs are often not selective to the tumor. On the 
other hand, modern targeted therapies have been changing 
the way of treating melanoma. However, they are extremely 
dependent on the tumor genetic signature, which is highly 
variable among patients (14). Additionally, the astronomic cost 
of modern cancer treatments has been recently brought to the 
attention of the scientific community, costs that place such 
treatments out of reach for the majority of individuals, even 
with public health funds (15). In the USA, a 3.5‑fold increase 
in the annual treatment of patients with melanoma by 2030 
has been foreseen (3). Such forecasts call for advancements in 
treatment strategies; however, state‑of‑the‑art treatments are 
produced on a small scale, rendering them inaccessible to the 
majority of patients (11).

In light of the aforementioned challenges, new strategies for 
the treatment of diseases are being developed worldwide, such 
as those based on traditional and complementary medicine, 
including high dilutions as homeopathy. Individuals choosing 
such treatments are often motivated by increased benefits and 
lower costs (16). The scientific understanding on the field has 
grown considerably. A number of recent studies have described 
the antitumor activity of highly diluted medicines for different 
cancer types in vitro (17‑22). In addition, the integration of 
high dilutions into public health care systems is increasing. 
In 2006, Brazil recognized homeopathy as part of the National 
Policy of Integrative and Complementary Practices and since 
then, the demand for this type of therapy has been increasing 
annually in the country (23).

Finding cost‑effective treatments for selected diseases has 
been a priority in our research group. Over the past years, 
we have investigated, in vitro (24‑31) and in vivo (32‑36), the 
effects of highly diluted natural complexes (HDNCs). Lately, 
we have focused on two specific HDNCs, namely M1 and M8. 
Anti‑melanoma effects have been described for both HDNCs 
in melanoma‑bearing mice. Lung colonization was shown to 
be attenuated in mice injected with B16‑F10 melanoma cells, 
followed by M8 (36) or M1 (35) treatments. Decreased prolif-
eration, combined with the induction of cell death were found 
in the tumor microenvironment of these M1‑treated mice. In 
addition, tumor growth was impaired in solid B16‑F10‑derived 
subcutaneous tumors by a decrease in cell proliferation and 
angiogenesis, as well as by an enhancement of cell death (35). 
From these studies, we have been trying to elucidate the 
cellular mechanisms behind such effects.

Metastasis is a multi‑step process driven by selective 
interactions that occur during circulation (37). Altered profiles 
of adhesion molecules, leading to changes in migration 

patterns (38), coupled with the high production of proteolytic 
enzymes, favors the degradation of the extracellular 
matrix (ECM)‑conferred barrier, rendering the invasion of 
adjacent tissues possible (39). Finally, metastatic colonization 
and solid tumor growth rely on individual cell competence to 
generate a colony.

In spite of phenotypic modified characteristics, malignant 
cancer cells do not act alone on disease development. Tumors 
are complex structures composed of multiple cell types 
that participate in heterotypic interactions, forming tumor 
microenvironments (40). Intercellular communication is driven 
by complex and dynamic networks of adhesion molecules, 
cytokines, chemokines, growth factors, inflammatory enzymes 
and ECM remodeling  (41). In this context, fibroblasts are 
stimulated by tumor cells to differentiate into cancer‑associated 
fibroblasts (CAFs), being able to influence virtually all processes 
that lead to melanoma progression (40,42). Not only direct cell 
contact, but also extracellular release molecules, as well as 
paracrine factors are important for tumor progression (43).

For a number of years, scientists and physicians have 
considered that the anti‑tumor effects of high dilutions were 
due solely to immune system activation. However, we have 
found that treatment with M1 in vivo did not affect immune cell 
numbers in metastatic melanoma‑bearing mouse lungs (35). 
Additionally, the effects of M1 seem to occur irrespective 
of lymphocyte‑mediated immunity (unpublished data). 
Therefore, our current hypothesis is that M1 and M8 may act 
directly on cancer cells, without cytotoxicity, suppressing the 
metastatic phenotype. Bearing in mind the relatively low cost 
and high effectiveness of both HDNCs, the aim of this study 
was to elucidate the mechanisms that led to previous in vivo 
observations. For this purpose, we used standard in  vitro 
assays to determine the mechanisms through which M1 or M8 
directly affect melanoma cell malignancy parameters, alone 
or in an artificial tumor microenvironment (co‑cultured with 
fibroblasts), acting as molecular and functional modulators for 
melanoma cells.

Materials and methods

HDNCs, cell culture and in vitro treatment. HDNCs were 
produced as recommended by the Brazilian Homeopathic 
Pharmacopoeia. The components followed by their dilution 
and final concentration in M8 were as follows: Aconitum 
napellus (20  dH, 0.1x10‑19), Arsenicum album (18  dH, 
0.1x10‑17), Asafoetida (20 dH, 0.1x10‑19), Calcarea carbonica 
(16  dH, 0.1x10‑15), Conium maculatum (17  dH, 0.1x10‑16), 
Ipecacuanha (13 dH, 0.1x10‑12), phosphorus (20 dH, 0.1x10‑19), 
Rhus toxicodendron (17  dH, 0.1x10‑16), Silicea (20  dH, 
0.1x10‑19), sulphur (24 dH, 0.1x10‑23) and Thuja occidentalis 
(19 dH, 0.1x10‑18). M1 has the same basic composition as M8, 
with the addition of Chelidonium majus (20 dH, 0.1x10‑19), 
cinnamon (20 dH, 0.1x10‑19), Echinacea purpurea (20 dH, 
0.1x10‑19) and Gelsemium sempervirens (20 dH, 0.1x10‑19), as 
previously described (29). They were prepared trough serial 
decimal dilutions from mother tinctures, which were obtained 
at Schraibmann Laboratory Ltd. (Carapicuíba, Brazil). M1, as 
well as M8 preparations were achieved by mixing and diluting 
those mother tinctures and pre‑diluted solutions to the desired 
final concentration of each component in the HDNC. In the 
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end, M1 and M8 were used separately and were not mixed 
together. Between each dilution steps, the solutions were 
vigorously shaken 100 times against a soft pad. Final products 
are colorless and odorless and contain 0.1% ethanol. Traces of 
ethanol present in highly diluted medicines may exert direct 
effects on cell behavior in vitro (44,45). For this reason, the 
last 3 M1 and M8 dilutions were performed in distilled water, 
and water was used as a control. HDNCs and vehicle control 
(water) were 0.22‑µm filtered, sterilized and stored at room 
temperature, protected from light until use.

Murine B16‑F10 melanoma (BCRJ, 0046) and Balb/3T3 
fibroblasts (ATCC, CCL‑163) were maintained in complete 
medium, Dulbecco's modified Eagle's medium (DMEM), 
10%  fetal bovine serum  (FBS), 1 U/ml penicillin, 1 µg/ml 
streptomycin (all from Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA), at 37˚C and 5% CO2, for no more than 5 passages. 
For subculturing, the cells were washed with PBS and incubated 
with trypsin for 3 min at 37˚C, followed by complete medium 
inactivation. For co‑culture assays, the cells were simultaneously 
plated at a 1:1 ratio. Following treatment, the mRNA of both 
cells and their supernatant was collected for analysis. Both cell 
lineages were shown to be mycoplasma‑free after staining with 
DAPI and imaging under a confocal laser scanning microscope 
[Nikon A1RMP (Tokyo, Japan) + 100X objective] (46).

At 6 h after cell seeding, M1, M8, or distilled water were 
added to each respective group as 20% (v/v) of cell culture 
media final volume on the well. Both M1 and M8 were used 
as prepared, with no further dilutions. A 1% (v/v) booster dose 
was provided every 24 h. For proliferation and viability assays, 
the cells were treated for up to 96 h. For other functional and 
molecular assays, the cells were pre‑treated for 96 h. The 
solutions were vigorously shaken 20 times against an open 
hand palm, immediately prior to treatment.

Migration and invasion assays. Melanoma cell migration and 
invasion were determined according to previously described 
protocols (47). For scratch assay, confluent treated cells were 
scratched using 10  µl tip, and imaged under an inverted 
AxioObserver Z1 microscope (Carl Zeiss, Jena, Germany), 
over a heating plate at 37˚C for up to 24 h to follow scratch 
closure. The distance between the scratched edges was 
measured using ImageJ 1.52n software.

Transwell migration was determined using 8  µm 
PVP‑free carbonate Transwell plates (Millipore, Tullagreen, 
Ireland). Chemoattractants were added to lower filters 
surface (0.1  µg/µl fibronectin) and lower chamber 
(DMEM + 20% FBS). Pre‑treated cells were mechanically 
detached, suspended in DMEM and added to the upper 
Transwell chamber (2x105 cells/chamber). The plates were 
incubated for 28 h under culture conditions at 37˚C. The cells 
were fixed in 2% paraformaldehyde and then stained with 
0.25 mg/ml crystal violet (CV) (both from EMS, Hatfield, 
PA, USA) for 10 min. The upper surface cells were then 
removed, and the migrating cells were imaged under an 
optic microscope Eclipse E200 (Nikon). CV was eluted in 
33% acetic acid, followed by absorbance reading at 570 nm 
using an Epoch™ Microplate Spectrophotometer (BioTek 
Instruments, Winooski, VT, USA).

BioCoat Matrigel Invasion Chambers 8 µm PET‑membrane 
(Corning Inc., Corning, NY, USA) were used for the invasion 

assay. The complete medium was added to the lower chamber 
as a chemoattractant. Pre‑treated cells were mechanically 
detached, suspended in DMEM, added to the upper chamber 
(8x104 cells/chamber), and incubated for 72 h under culture 
conditions at 37˚C. The cells were fixed with 2% paraformalde-
hyde (EMS), the upper surface cells were wiped off, and the invaded 
cells were stained/mounted in Dapi‑Fluoromount‑G™ (EMS) 
and imaged using an Axio Imager Z2 microscope (Carl Zeiss).

Reactive oxygen species (ROS) detection. The H2DCFDA probe 
(Sigma‑Aldrich, St. Louis, MO, USA) was used to determine 
the intracellular ROS levels  (48). Pre‑treated cells were 
incubated with 2.5 µM H2DCFDA in PBS for 30 min at 37˚C, 
and the fluorescence intensity detected using a FACSCalibur 
(BD Biosciences, Franklin Lakes, NJ, USA) flow cytometer. 
H2O2 was used as an internal positive control.

Hyaluronic acid detection. Hyaluronic acid (HA) was 
quantified using HA‑binding probes (49). Culture supernatants 
were incubated overnight at 56˚C with 6 mg/ml maxatase, 
then boiled and incubated overnight at 4˚C in ELISA 
plates pre‑adsorbed with probes. Biotinilated probes and 
europium‑conjugated streptavidin were used to detect HA. 
DELFIA Enhancement Solution (PerkinElmer, Waltham, MA, 
USA) was added and fluorescence detected using Victor‑2 
fluorimeter (PerkinElmer‑Wallac®; PerkinElmer). Data were 
normalized by the cellular protein concentration following 
the manufacturer's instructions for the BCA Protein Assay kit 
(Thermo Fisher Scientific).

Cells immunolabeling. The cells were fixed in 2% 
paraformaldehyde  (EMS), blocked with 0.1  M glycine 
(VETEC/Sigma‑Aldrich, Rio de Janeiro, Brazil) and 
permeabilized with 0.01%  saponin (Sigma‑Aldrich). The 
cells were incubated with primary antibodies in 1%  BSA 
(Sigma‑Aldrich) for 1 h and with appropriate secondary antibody 
for 45 min, both at room temperature. Information regarding 
the source and target species, as well as the dilutions used is 
presented in Table I. The cell fluorescence intensity and/or 
positive cell percentage were obtained using a FACSCalibur 
(BD Biosciences) flow cytometer.

RT‑qPCR. Total RNA was extracted using the E.Z.N.A. 
RNA Extraction kit (Omega Bio‑tek, Norcross, GA, USA) 
cDNA was reverse transcribed from 500 ng total RNA using 
the High Capacity cDNA Reverse Transcription kit (Applied 
Biosystems/Thermo Fisher Scientific, Foster City, CA, USA) 
as per the manufacturer's instructions. qPCR was performed 
using the Power SYBR‑Green kit (Applied Biosystems) using 
2 µl of cDNA diluted 1:10 in water. The primer concentration 
was 800 nM for all targets. The primer sequences are listed 
in Table II. The reaction was performed on a StepOne Plus 
thermal cycler (Applied Biosystems/Thermo Fisher Scientific), 
using the following cycle conditions: 95˚C for 10 min, followed 
by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. Finally, 
a melting step was performed, ramping from 60 to 95˚C, to 
ensure that no secondary PCR product was interfering with 
the analysis. The Cp was obtained using StepOne Software 
version  2.3. Expression data were analyzed by geometric 
averaging of multiple internal control genes (GAPDH, HPRT 
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and ACTB) expression values, calculated using geNorm 
application, as previously described by Vandesompele et al. 
GeNorm calculates the gene‑stability for all control genes 
in a given set of samples, allowing normalization by 
multiple housekeeping genes instead of one (50). After the 
normalization of the target gene by multiple housekeeping 
ones, treated samples were compared to the respective control 
of each individual experiment.

Gelatin zymography. Zymography was performed as previously 
described (51). Sample media were replaced for DMEM after 
96 h of treatment. Supernatants were collected 24 h later, 
mixed with non‑reducing sample buffer and electrophoretically 
separated on an 8% polyacrylamide gel containing 1 mg/ml 
gelatin (Fluka, Steinheim, Germany). The gels were incubated 
in matrix metalloproteinase (MMP) optimum incubation buffer 
for 72 h at 37˚C, stained with Coomassie Brilliant Blue R‑250 
(VETEC/Sigma‑Aldrich) 0.5% (w/v) in 30% methanol and 
10% glacial acetic acid for 30 min at room temperature, and 
imaged in Eu‑88 A3 Transparency Unit (Epson, Tokyo, Japan). 
Degradation bands related to MMP‑2 activity were quantified 
using ImageJ 1.52n software. Data were normalized by the 
adherent cell number/well, which was obtained by CV staining.

Clonogenic assay. Pre‑treated B16‑F10 cells were mechani-
cally detached, suspended in complete medium containing 

10%  firming buffer, and added to the AlgiMatrix  3D 
Culture System (both from Gibco/Thermo Fisher Scientific) 
(2.5x103  cells/well). The plates were incubated for 6 days 
under culture conditions at 37˚C. The gels were fixed in 
1% paraformaldehyde (EMS), stained with 0.25 mg/ml CV for 
20 min at room temperature, washed with water, transferred to 
checkered Petri dishes, and photographed using a smartphone, 
keeping always the same distance between the camera and the 
alginate gel for all samples. The colony number and size were 
quantified using ImageJ 1.52n software.

Proliferation, metabolic activity and cell death assays. 
For proliferation assessment, the cells were fixed in 2% 
paraformaldehyde  (EMS), stained with CV for 20 min at 
room temperature, and the staining was eluted in 33% acetic 
acid (Merck, Darmstadt, Germany)  (52). For metabolic 
activity determination, the cells were incubated with 5 mg/ml 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT; Sigma‑Aldrich) for 3 h at 37˚C. Formazan crystals 
were dissolved in DMSO (Sigma‑Aldrich), as previously 
described  (53). CV and MTT absorbances were read at 
570 or 550 nm, respectively, using an Epoch™ Microplate 
Spectrophotometer (BioTek Instruments).

Cell death was determined using an Annexin V-FITC/ 
7‑AAD Apoptosis Detection kit (BD Biosciences) according 
to the manufacturer's instructions. The percentage of cells 

Table I. List of antibodies used in flow cytometry and western blot analysis.

Antibody	 Company (cat. no.)	 Dilution

Monoclonal rat anti-mouse CD44 IgG2b 	 BD Biosciences, San Jose, CA, USA (550538)	 0.625 µg/ml
Polyclonal goat anti-human N-cadherin IgG 	 Santa Cruz Biotechnology, Santa Cruz, CA, USA (sc-31030)	 40 µg/ml
Monoclonal rabbit anti-human β1-integrin IgG 	 Millipore, Billerica, MA, USA (04-1109)	 1:500
Polyclonal rabbit anti-mouse heparanase IgG 	 Santa Cruz Biotechnology, Santa Cruz, CA, USA (sc-25826)	 2 µg/ml
Polyclonal goat FITC-conjugated anti-rat IgG	 Jackson Laboratories, Bar Harbor, ME, USA (112-095-003)	 1:200
Polyclonal rabbit Alexa Fluor 488-conjugated	 Invitrogen/Thermo Fisher Scientific, 	 6.7 µg/ml
anti-goat IgG	 Waltham, MA, USA (A11078)
Polyclonal donkey FITC-conjugated	 Jackson Laboratories, Bar Harbor, ME, USA (711-095-152)	 5 µg/ml
anti-rabbit IgG

Table II. Primers sequences used for RT-qPCR.

Gene	 Forward sequence	 Reverse sequence

N-cadherin	 5'-TTGCTTCAGGCGTCTGTGGAG-3'	 5'-ACATCCTTCGGTAAGACTGCG-3'
Hyaluronidase-1	 5'-AAAGTTTGGAGAATGAAGCCCT-3'	 5'-GGTTGGATACCACGGAACCT-3'
HSPG2	 5'-CCGTCCTGGTCTCGATTACA-3'	 5'-AGGAAGTCTCGATGCGGATG-3'
Sulfatase-2	 5'-CCTTCGCCGTGTATCTCAAC-3'	 5'-CACGTATGAGCCGTTGTACTC-3'
PDGF-A	 5'-AGGAGGAGACAGATGTGAGGT-3'	 5'-TTCAGGAATGTCACACGCCA-3'
PDGF-B	 5'-GGAGTCGGCATGAATCGCT-3'	 5'-GAATGGGATCCCCCTCGG-3'
PDGF-C	 5'-GGAACAGAACGGAGTGCAAGA-3'	 5'-GGCTGTGGATGCTCCCATTA-3'
GAPDH	 5'-ATCTTCTTGTGCAGTGCCAG-3'	 5'-GGCAACAATCTCCACTTTGCC-3'
HPRT	 5'-TCCCTGGTTAAGCAGTACAGCCCC-3'	 5'-AGTCTGGCCTGTATCCAACACTTCG-3'
ACTB	 5'-AAGATCAAGATCATTGCTCCTG-3'	 5'-CGTACTCCTGCTTGCTGATC-3'
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positive for each marker was obtained using a FACSCalibur 
(BD Biosciences) flow cytometer.

Statistical analysis. Images and flow cytometry data were 
analyzed using ImageJ 1.52n (54) or Flowing 2 (55) software, 
respectively. The treated samples were compared to the vehicle 
control of each independent experiment using appropriate 
statistical tests (Paired t‑test) for each experiment. For multiple 
comparisons, the Kruskal‑Wallis test followed by Dunn's 
multiple comparisons test were used. P‑values <0.05 were 
considered to indicate statistically significant differences.

Results

Dissemination of melanoma cells and modulation of tumor 
progression signature
Migratory and invasive capacities are reduced by HDNCs. 
First, we sought to determine whether the HDNCs can restrict 
the migration of melanoma cells. Scratch wound (Fig. 1A) and 
Transwell (Fig. 1C) assays revealed that both the HDNCs were 
capable of reducing the melanoma cell migratory capacity. M1 
was more effective than M8 in reducing the cell migratory 
capacity by 27.2% (P<0.0001) and 24.15% (P=0.0049), as 
shown by scratch wound and Transwell assays, respectively, 

against approximately 11.93% (P=0.0006) and 12.54% 
(P=0.0102) of M8 (Fig. 1B andD).

Next, the invasive capacity of the melanoma cells through 
Matrigel was evaluated. We found that the cells pre‑treated 
with M1 and M8 exhibited a decreased ability to invade the 
ECM barrier (Fig. 1E and F) by 51 and 38%, respectively.

Cell migration‑related molecules are modulated by 
HDNCs. Flow cytometry detection revealed that M1 was able to 
enhance the intracellular ROS levels by 73.63% (P=0.0209). No 
significant difference was found over M8 treatment (Fig. 2A). 
On the other hand, only the M8‑treated cells presented an 
CD44 expression reduced by 13.84% (P=0.0115) (Fig. 2B).

Following treatment with the HDNCs, the percentage of 
melanoma cells expressing N‑cadherin and β1‑integrin was 
quantified by flow cytometry. Both M1 and M8 were able to 
downregulate the intensity of N‑cadherin surface detection by 
9.09% (P=0.0155) and 8.23% (P=0.0264), respectively (Fig. 2C), 
and the percentage of cells expressing β1‑integrin by 14.32% 
(P=0.0057) and 7.89% (P=0.0455), respectively (Fig. 2D).

ECM‑related molecules were differentially modulated 
by M1 and M8. The gelatinolytic activity of MMP‑2 was 
examined trough gelatin zymography. Band densitometry 
revealed no significant changes after the melanoma cells 
treatment with the HDNCs (data not shown).

Figure 1. B16‑F10 melanoma cell migratory and invasive capacity following treatment with M1 or M8. (A) Phase contrast images of initial scratches on 
pre‑treated cells (upper panel images); 24 h later (bottom panel images). Scale bars, 100 µm. (B) y‑axis shows scratch closure percentage compared to the 
control group. (C) Light microscopy images of Transwell bottom membrane showing migratory cells stained with crystal violet. (D) y‑axis shows crystal violet 
absorbance compared to the absorbance of the control group. (E) Fluorescence images of Transwell bottom membrane displaying invasive cells stained with 
DAPI. Scale bars, 50 µm. (F) y‑axis shows the number of invasive cells per area compared to the control group. Data from 2 (F) and 4 (B and D) independent 
experiments are presented. Bars represent data median. Dotted lines represent the control data normalized as 100. Data were analyzed by a paired t‑test. 
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared to the control.
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We also observed that neither HA secretion (data not 
shown) nor hyaluronidase‑1 mRNA expression were altered 
in HDNC‑treated melanoma cells (Table III). However, the 
melanoma cells treated with M1 expressed 30.1% (P=0.0249) 
more HSPG2 mRNA  (Table  III), although by contrast, 
exhibited heparanase protein levels decreased by 11.06% 
(P=0.0481) (Fig. 2E). On the other hand, the cells treated with 
M8 exhibited a 36.9% (P=0.0189) enhancement of sulfatase‑2 
mRNA expression (Table III).

MMP‑2 activity is modulated in the artificial tumor 
microenvironment by HDNCs. Balb/3T3 fibroblasts were used 
as CAF model and co‑cultured with B16‑F10 melanoma cells. 
We observed that neither M1 nor M8 affected N‑cadherin 
mRNA expression  (Table  IV). We also investigated HA 
synthesis/secretion in a co‑culture context. HA synthesis was 
not affected by any of the HDNCs (data not shown). Using 
RT‑qPCR, we accessed the mRNA expression of commonly 
produced molecules within the tumor microenvironment. M8 
treatment did not induce changes in the expression of these 
genes. However, M1 reduced platelet‑derived growth factor 
(PDGF)‑B expression by 32.21% (P=0.0036) (Table IV).

Co‑culture supernatants were used to determine MMP‑2 
gelatinolytic activity by gelatin zymography. We observed 
that both M1 and M8 were able to significantly reduce the 
secreted MMP‑2 activity by 25.48% (P=0.0340) and 30.42% 
(P=0.0186), respectively (Fig. 3).

Clonogenic capacity of melanoma cells. Alginate gel 
matrix was used to determine the colony formation capacity 
of the melanoma cells following pre‑treatment with the 
HDNCs  (Fig.  4A). M8 reduced the number of colonies 

Figure 2. Expression of migration‑related molecules in B16‑F10 melanoma cells following treatment with M1 or M8. (A, B and C) The histograms on the upper 
panels are representative results of fluorescent cells labeling by flow cytometry, where the x‑axis represents the fluorescence intensity. The graphs on the bottom 
panels show comparisons of the median fluorescence intensity (MFI) of cells (y‑axis) compared to the control group. (D and E) Graphs displaying positive cells 
percentage (y‑axis) of both treated groups compared to control by flow cytometry. Data from at least 4 independent experiments are presented. Bars represent 
data median. Dashed lines represent control data normalized as 1 or 100. Data were analyzed by a paired t‑test. *P<0.05 and **P<0.01 compared to the control.

Figure 3. Matrix metalloproteinase (MMP)‑2 activity of B16‑F10‑Balb/3T3 
co‑culture following treatment with M1 or M8. Graph showing band intensity 
densitometry normalized by cell number (y‑axis) compared to control group 
(dashed line). Data from 4 independent experiments are presented. Bars rep-
resent data median. Data were analyzed by a paired t‑test. *P<0.05 compared 
to the control.
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derived from the pre‑treated melanoma cells by 19.96% 
(P=0.0144), while M1 did not significantly affect the number 
of colonies (Fig. 4B). Additionally, M1 reduced the size of 
individual colonies by approximately 30% (P=0.0029), while 
no significant changes were observed with M8 (Fig. 4C).

Anchorage‑dependent growth and cytotoxicity. Anchorage-
dependent growth and cell viability were assayed in both 
melanoma cells and fibroblasts (non‑tumor cell model). 
When cultured in vitro, the B16‑F10 melanoma and Balb/3T3 
fibroblasts are adherent cells. CV assay was used to determine 
the effects of the HDNCs on cell proliferation. A time‑course 
growth curve for up to 96 h was performed and CV staining 
revealed no differences in the number of adherent cells for M1 

and M8 treatments, for either the melanoma cells (Fig. 5A) or 
the fibroblasts (Fig. 5B).

Next, regular cell features were used to determine the 
loss of cell viability, as well as the extent of cell damage. 
MTT standard assay to access cytotoxicity by measuring 
mitochondrial enzymes activity was used. No marked 
changes in metabolic activity of the melanoma cells (Fig. 5C) 
and fibroblasts  (Fig.  5D) treated with the HDNCs were 
observed. In addition, to confirm that no cell damage had 
occurred, phosphatidylserine externalization and membrane 
permeabilization were determined by Annexin V and 7‑AAD 
labeling, respectively. This assay provides a clear picture 
of cytotoxicity, as it can distinguish viable cells from early 

Table III. Gene expression of adhesion- and extracellular 
matrix remodeling-related proteins in B16-F10 melanoma 
cells following treatment with M1 or M8.

Gene	 M1	 M8

Hyaluronidase-1	 No change	 No change
HSPG2	 + (30.1%)	 No change
Sulfatase-2	 No change	 + (36.9%)

Data from at least 4 independent experiments are presented. M1 or M8 
treatment groups were compared to each experimental control group. 
Data were analyzed by the paired t-test. ‘No change’, indicates no 
statistical difference compared to the control; the ‘+’ symbol indicates 
a statistically significant increase (P<0.05) compared to the control. 

Table IV. Gene expression of adhesion- and soluble signaling 
protein-related molecules in B16-F10-Balb/3T3 co-cultured 
following treatment with M1 or M8.

Gene	 M1	 M8

N-cadherin	 No change	 No change
PDGF-A	 No change	 No change
PDGF-B	 - (32.2%)	 No change
PDGF-C	 No change	 No change

Data from at least 4 independent experiments are presented. The M1 or 
M8 treatment groups were compared to each experiment control group. 
Data were analyzed by the paired t-test. ‘No change’ indicates no sta-
tistical difference compared to the control; the  ‘-‘ symbol indicates a 
statistically significant decrease (P<0.05) compared to the control.

Figure 4. B16‑F10 melanoma cells clonogenic capacity following treatment with M1 or M8. (A) Images showing representative fields of alginate gels containing 
cell colonies. Arrows indicate representative colonies in each group. Scale bars, 2 mm. (B) Graph showing the number of colonies/area (y‑axis) compared to 
the control group. Dashed line represents control data normalized as 1. (C) Graph displaying individual colonies size (x‑axis). Bars represent data median. 
Data from 4 independent experiments are presented. Data were analyzed by a paired t‑test (B) or Kruskal‑Wallis test followed by Dunn’s multiple comparisons 
test (C) comparing the treated groups to the control. *P<0.05 and **P<0.01 compared to the control.
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apoptotic and necrotic cells, as well as late apoptotic/necrotic 
(on the samples, you have the percentage of each population). 
We found no statistically significant differences for both cell 
types and experimental groups (Fig. 5E and F). Therefore, no 
cytotoxicity was found.

In summary, in this study, we observed that M1 and M8 
exerted direct effects on melanoma cells in vitro, when isolated 
and co‑cultured with fibroblasts, in a non‑cytotoxic manner. 
Through different mechanisms, both HDNCs modulated key 
molecules (ROS, PDGF‑B, surface adhesion molecules, and 
MMP‑2) for the melanoma cell metastatic phenotype, leading 
to a reduction in the capacity of the cells to generate new colo-
nies and invade other tissues (Fig. 6).

Discussion

The fact that metastatic melanoma is highly refractory to 
existing therapies has driven several research groups to develop 
and test potential anti‑melanoma products. The majority of 

anticancer chemotherapeutics used clinically are cytotoxic, 
which causes severe side‑effects for patients with limited 
effective results against metastatic melanoma. Even though 
novel leading therapies present better results against this type 
of cancer, they are closely dependent on the tumor's individual 
genetic signature and are prohibitively expensive. Therefore, the 
use of HDNCs may be a cost‑effective method for the treatment 
of melanoma, as lung colonization  (35,36) and solid tumor 
growth  (35) have been shown to be impaired in metastatic 
melanoma‑bearing mice treated with M1 and M8. In the present 
study, we assessed whether these HDNCs can directly act on the 
malignant parameters of melanoma cells, alone or in an artificial 
tumor microenvironment (co‑cultured with fibroblasts), leading 
to the attenuation of cell metastasis‑related features.

The cell invasive ability is directly related to metastatic 
competence  (38). Cancer cells often exhibit an altered 
expression of cell‑cell and cell‑ECM adhesion molecules, such 
as β1‑integrins (56), N‑cadherin (57) and CD44 (58), leading 
to changes in migration patterns and promoting the invasion 

Figure 5. B16‑F10 melanoma and Balb/3T3 fibroblast proliferation and viability following treatment wiht M1 or M8. (A and B) Growth curve determined 
by the number of adhered cells (y‑axis) after each treatment period (x‑axis). Data are presented as the means ± SEM. (C and D) Normalized absorbance 
(y‑axis) compared to control group (dashed line). Bars represent data median. (E and F) Stacked bar graphs showing Annexin V negative/7‑AAD‑negative, 
7‑AAD‑positive, Annexin V‑positive and Annexin V‑positive/7‑AAD‑positive cells (y‑axis). Data from at least 3 independent experiments are presented. M1 
or M8 treatment groups were compared to each experimental control. (A, B, E and F) The Kruskal‑Wallis test followed by Dunn’s multiple comparisons test 
were used. (C and D) The paired t‑test was used. P>0.05 compared to the control.
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of adjacent tissues (38). In this study, we found that HDNC 
treatment decreased the migratory and invasive capacities 
of the melanoma cells (Fig. 1) by the differential modulation 
of related molecules  (Figs. 2 and 3). Although statistically 
limited, the reduction of the cell invasive capacity following 
HDNC treatment was very expressive. The results corroborated 
the reduction in migratory capacity revealed by two different 
approaches. By comparing the results from the migration and 
invasion assays, it is possible to note that approximately half of 
the reduction on invasive capacity promoted by M1 was due to 
migratory attenuation. For M8, such a contribution accounted 
for approximately 1/3 of the effect. Although controversial, 
ROS are also implicated in cell migration (59). M1 treatment, 
but not M8, enhanced the intracellular ROS levels. On the other 
hand, M8 reduced CD44 expression, the main receptor for HA 
that triggers intracellular signal transductions, stimulating 
migration and invasion processes of melanoma cells (60). Both 
HDNCs reduced B16‑F10 surface β1‑integrin and N‑cadherin, 
key adhesion molecules that can increase cell migratory 
capacity.

In addition, cancer cell‑ECM interaction, degradation and 
remodeling (61) are critical steps to invasion (61). In this study, we 
detected that M1 and M8 differentially modulated ECM‑related 
molecules. Tumor cells often produce MMPs, but upon stimulation, 
stromal cells are also able to do so (62), and thus the co‑culture 
model is more appropriate for detecting MMP activity. MMP‑2 
activity was decreased by both HDNCs in the artificial tumor 
microenvironment, but not when the B16‑F10 cells were cultured 
alone. MMP‑2 is the main gelatinolytic enzyme in melanoma, 
mainly produced at the tumor edges, its invasive front  (63). 
Therefore, the notable finding of ECM degradation reduction 

by HDNCs may contribute to the impairment of the capacity of 
tumor cells to escape and spread, thus reducing metastasis.

ECM components and their modulators were also 
investigated. Hyaluronidase‑induced HA fragments can 
trigger MMP‑2 production via TLR4 signaling, stimulating 
tumor progression (64). In this study, neither HA synthesis nor 
hyaluronidase‑1 expression levels were altered in melanoma cells 
alone or in the co‑culture model. However, HSPG2, an important 
basement membrane constituent, was upregulated by melanoma 
cells following M1 treatment. By contrast, the expression of 
heparanase ‑ the enzyme responsible for heparan sulfate (HS) 
chain degradation, was downregulated. However, M8 caused 
no changes in HSPG2 or heparanase expression, but instead 
upregulated sulfatase‑2 mRNA expression. These results are quite 
noteworthy as proteoglycan HS chain cleavage by heparanase 
releases growth factors trapped in the ECM, enhancing its 
bioavailability (65). In addition, heparanase inhibition on B16 
cells was shown to be responsible for the inhibition of invasion in 
the reconstituted basement membrane (66). Moreover, sulfatases 
remove 6‑O sulfates from HS chains, which are important 
for binding to growth factors and their receptors, sustaining 
its signaling (65). Thus, these results suggest that M1 and M8 
interfere via distinct mechanisms with the enzymatic processing 
of HS chains from proteoglycans, but at the same time can reduce 
the activity of pro‑tumor growth factors.

Growth factors are commonly released in large amounts in 
the melanoma microenvironment due to cancer cell‑fibroblast 
communications. Along with cytokines, they can stimulate 
angiogenesis, recruit stromal cells, and promote inflammation 
and the invasive capacity (67). Melanoma‑produced PDGFs 
A and C are the main signaling molecules involved in HA 

Figure 6. Summary of functional and molecular reprograming of B16‑F10 melanoma cells by M1 and M8. Highly diluted natural complexes (HDNCs) affect 
the metastatic features of melanoma cells in vitro. We identified molecules modulated by HDNCs that directly affect the B16‑F10 melanoma cell metastatic 
phenotype in vitro, alone or in an artificial tumor microenvironment. Melanoma progression features, such as adhesion molecules, cell migratory, invasive and 
clonogenic capacities, as well as matrix metalloproteinase (MMP)‑2 activity were reduced by HDNCs, with no cell damage.
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synthesis stimulation by CAFs (68). PDGFs A and C expression 
levels were not affected by HDNCs, which is likely the reason 
for unaffected HA synthesis. Notably, M1 downregulated 
PDGF‑B expression, a stimulatory signal for connective tissue 
production around melanoma tumors (69) and for pericyte 
recruitment (70), which contributes to the formation of new 
blood vessels. Other important molecules for melanoma 
migration, invasion and the tumor microenvironment [such 
as p‑AKT, β‑catenin, melanocyte inducing transcription 
factor  (MTIF), melanin, α‑smooth muscle actin (α‑SMA), 
transforming growth factor (TGF)β1 and vascular endothelial 
growth factor (VEGF)] were addressed, but no changes were 
found (data not shown).

The extraordinary capacity of cancer cells to overcome 
growth arrest in growth‑limiting conditions allows them 
to proliferate in new environments  (38). In this study, no 
effects on cell proliferation or cytotoxicity were observed 
in the anchorage‑dependent growth model  (2D), although 
the anchorage‑independent growth of pre‑treated melanoma 
cells was decreased  (Fig.  4). M8 reduced the number of 
melanoma‑derived colonies, while M1 restrained colony size. 
The lack of clonogenic capacity by cancer cells is a determinant 
of reproductive death (71), as it represents the final result of the 
metastatic process.

Despite scientific evidence of the effectiveness high 
dilutions for cancer treatment, as well as for other diseases, we 
often face prejudiced claims that there is no active molecule 
in such solutions. Fortunately, science regarding the use of 
homeopathy has evolved. It is currently known that molecules 
can be kept at the air‑liquid interface in between dilutions and 
be carried to the next ones. In addition, the dilution process 
involving vigorous shaking may release silicon and silica 
from the glass vial where it is being produced, which can 
maintain information from original material under the form of 
nanoparticles. Therefore, we can now understand high dilutions 
as a nanomedicine system (72,73). Initial studies on cancer 
were clinical trials in which the objective was to treat pain 
or the side‑effects caused by chemotherapy (74‑77). Recently, 
a number of other studies have been carried out, with an aim 
to identify the direct effects of these medicines on cancer 
cells in vitro. Notably, the majority of the existing literature 
investigated different highly diluted compounds searching 
for cytotoxic effects  (19,21,28,78‑83) or alterations in cell 
death‑related gene expression (20,84,85). In addition, in vitro 
studies have primarily investigated medications made of single 
substances. Therefore, we strongly believe that our findings 
are valuable, not only as they may help to increase the survival 
of patients with metastasis, but may also lead to important 
advancements in the field of high dilutions research. Using 
standard in vitro assays, we were able to elucidate the molecular 
and functional alterations caused by M1 and M8 directly on 
isolated cancer cells, and under the tumor microenvironment 
simulation. The main results are summarized in Fig. 6. The 
data obtained herein are strongly connected, as we were able 
to see that the sum of discrete changes on many molecules 
expression related to cell communication, adhesion, migration, 
and invasion led to the final effect of reducing melanoma cells 
invasive and clonogenic capacities in vitro. Likewise, these cell 
function changes are in strong agreement with previous in vivo 
results showing M1 and M8 as potent agents against tumor 

growth and metastasis. However, future studies are warranted 
in order to validate M1 and M8 as anti‑melanoma candidates. 
Strategies to block specific molecule function should provide 
more detailed information regarding the contribution of each 
molecule whose expression has been altered herein for the 
final effect of M1 or M8. In addition, approaches to determine 
the active agents must be explored.

In conclusion, previous in  vivo studies using murine 
melanoma models have demonstrated the success of HDNCs 
in preventing solid tumors to grow and lung nodules to 
develop as fast as in non‑treated animals (35,36). In this study, 
we were able to elucidate the in vitro cellular mechanisms 
likely responsible for these in  vivo effects. These are 
important findings as those HDNCs are non‑cytotoxic and yet 
still present prominent effects on reducing main malignancy 
parameters (migratory, invasive, and clonogenic capacities) 
of cancer cells in vitro. Unraveling the mechanisms behind 
such low cost and non‑cytotoxic HDNCs could support 
future studies regarding their possible therapeutic use as 
one integrative and complementary therapy for patients with 
metastatic melanoma.
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