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Abstract: Prostate cancer remains one of the main causes of death for men worldwide. Despite recent
advances in cancer treatment, patients develop resistance after an initial period of optimal efficacy.
Nowadays, it is accepted that natural compounds can result in health benefits with a preventive or
adjuvant effect. The purpose of this study was to evaluate the effects of curcumin (CU), a bioactive
compound in the spice turmeric, and lactoferrin (LF), a natural glycoprotein with immunomodulatory
properties, on DU145 and PC3. Prostate cancer cells were cultured with and without LF (175 µM)
and CU (2.5 µg/mL and 5 µg/mL), alone and in combination. Cell viability, migration ability, death
receptors (DRs), and integrins (α3, β1) gene expression were evaluated, as well as human annexin V
quantification and Akt phosphorylation. Differences among cells group, defined according to the
treatment used, were assessed with ANOVA. The results showed that the effects of CU and LF are
different between the two prostatic cell lines analyzed. In DU145, a reduction in cell proliferation and
migration is reported both in the presence of single and combined treatments. In PC3 cells, there is a
significant reduction in proliferation in the presence of CU alone, while the inhibition of migration
is mainly related to the LF treatment and its combination with CU, compared to untreated cells.
Moreover, the reduction in gene expression of integrins and Akt pathway activation were observed
mostly in the presence of the CU and LF combination, including the upregulation of DR and annexin
V levels, with greater significance for the DU145 cells. In conclusion, our results suggest that CU and
LF may have a potentially beneficial effect, mainly when administered in combination, leading to a
reduction in cancer cells’ aggressiveness.

Keywords: prostate cancer; inflammation; curcumin; lactoferrin

1. Introduction

Prostate cancer represents one of the most common genitourinary malignancies in
males according to the epidemiology statistics of global cancer from the World Health
Organization, which report more than 1.41 million cases, with morbidity ranked 4th in
2020 [1,2]. Patients affected by localized prostate tumors might expect 5-year survival
probability >95%, but in the 35% of patients with advanced disease or with metastatic
lesions, this survival probability turns out to be reduced [3].

Significant advances in treatment modalities and the consistent overall survival ad-
vantage resulting from the use of new therapies derive from the application of systemic
treatments, based on the use of androgen deprivation treatments, in association with new
androgen-targeted therapies (ARATs), such as apalutamide, darolutamide, enzalutamide
and/or abiraterone acetate, or chemotherapy, as docetaxel [4].
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Despite this improvement in prostate cancer treatment, there is a huge demand for
the development of alternative treatments for prostate cancer patients’ health and the
improvement of their quality of life [5].

The application of medicinal herbs for health and wellness, by natural products
(or rather their beneficial bioactive compounds with low toxicity), is spread all over the
world. To date, hundreds of molecules have been originally obtained from these natural
products and identified as potential health modifiers [6,7]. In recent times, it has been
observed across the world that some natural products exhibit great potential with respect to
sensitizing cancer cells and reducing their malignancy grade, although the clinical potential
remains unsatisfactory [8–10]. Curcumin (CU), the main curcuminoid of the Indian spice
turmeric, is extracted from the turmeric root. CU is a small natural hydrophobic polyphenol
characterized by two aromatic rings connected by a seven-carbon linker, which interacts
with multiple cellular activities [11]. CU is metabolized in different conjugates, with the
final production of glucuronide and sulfate. The latter CU conjugates are involved in
the main metabolic pathways and act on multiple intracellular targets, thanks to their
lipophilic nature [12]. In vitro and in vivo studies have shown numerous benefits from CU
administration. Anti-inflammatory, antioxidant, antibacterial, anti-fungal, antiviral, and
anti-cancer properties for the treatment of several pathological conditions have all been
reported in clinical trials [13–16].

The limits of CU application are related to the lower bioavailability and the extensive
metabolism of this polyphenol, together with the need to use quantities greater than
10 µM to obtain a notable result [17]. Despite continuous research innovations, such as
associating it with compounds capable of increasing biodistribution (liposomes, chitosan,
and solid-lipid microparticles), these drawbacks have not yet been overcome, requiring the
development and evaluation of new strategies [12,18–20]. To overcome these application
limits, we suggest the evaluation of a combination of low-dose CU in the presence of
lactoferrin (LF).

Notably, LF is a natural iron-binding glycoprotein with a high ability to enter the cell
nucleus, both through binding of specific receptors and/or spontaneous cellular uptake [21].
LF presents a well-conserved, monomeric 80 kDa single polypeptide chain glycoprotein of
about 690 amino acid residues, and is considered a first-line defense protein involved in
protecting against a multitude of microbial infections and in the prevention of systemic
inflammation [22]. LF shows multiple biological functions, such as immunoregulatory,
anti-inflammatory, and anti-viral abilities, as well as the ability to act as a tumor suppressor
through the oxidant system and cell cycle regulation. The high bioavailability of LF, and the
high selectivity toward tumor cells and molecular targets that control tumor proliferation,
migration, invasion, and metastasis, make LF an ideal vector for cancer prevention and
treatment [23,24]. Therefore, the exploration of the combination of natural compounds
may provide alternatives to support the treatment of prostate cancer. Combining CU and
LF can help strengthen the immune system, prevent the disease from progressing to the
severe stage, and suppress the degree of inflammation. In line with the latest research and
taking in mind this background, we aimed to evaluate the effects of LF and CU in two
prostatic cancer cells, PC3 and DU145, with different metastatic potential [25] and which
are resistant to many chemotherapy drugs and apoptosis inducers [26].

2. Materials and Methods
2.1. Reagents

Lactoferrin (L4894, Sigma-Aldrich, St. Louis, MO, USA), curcumin (C1386, Sigma-
Aldrich), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich) were purchased from Merck (St. Louis, MO, USA). Based on previous dose-
response experiments, we chose to evaluate LF at 175 µM, and CU at 2.5 µg/mL and
5 µg/mL, for the subsequent experiments (Figure 1).
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Figure 1. Graphical scheme of study.

2.2. Cells

Human PC cell lines (DU145, PC3) were cultured in Dulbecco’s modified Eagle’s
medium/1640 supplemented with 10% fetal bovine serum (Sigma) and 1% penicillin-
streptomycin, at 37 ◦C, in humidified air containing 5% CO2.

2.3. Cell Viability Assay

The ability of LF (175 µM) and CU (2.5 µg/mL and 5 µg/mL) to affect PC3 and DU145
cell viability was determined using a standard colorimetric MTT reduction assay. Cells
in exponential growth were harvested by trypsinization and seeded at a concentration
of approximately 0.8 × 105 cells per 100 µL per well into 96-well plates. After reaching
confluence, the medium was removed and a fresh medium with defined concentrations of
LF and CU, alone or in combination, was added to the cultures in parallel. Control cells
without treatments were cultured using the same conditions. After treatment for 24 h, the
medium was removed and replaced by a fresh drug-free medium (100 µL/well), and 10 µL
of MTT solution (5 mg/mL) was added to each well. Cells were incubated for 3 h at 37 ◦C,
and the supernatants were carefully removed. Then, 100 µL of dimethyl sulfoxide (DMSO,
Merck, St. Louis, MO, USA) was added to each well to dissolve the crystal products.
Absorbances were measured at 550 nm using a Glomax Multireader spectrophotometer
(Promega, Madison, WI, USA).

2.4. Scratch Assay

DU145 and PC3 cells were seeded into 6-well plates at a concentration of 1.2× 106 cells/well
in 1 mL of complete growth medium. When the cell density reached above 90%, a scratch
wound was made by scraping the cell layer using a p10 pipette tip. Later, the cells were
washed with phosphate buffered saline (PBS) (Merck, St. Louis, MO, USA) to remove
cell debris, and the wounded cultures were incubated in a fresh growth medium with
LF (175 µM) and CU (2.5 µg/mL and 5 µg/mL), alone or in combination. At 6 and 24 h
after scratching, pictures were taken of each wound, using a digital camera coupled to
an inverted microscope (Leica Microsystem, Milan, Italy).) to investigate collective cell
migration [27]. In each case, the images were captured using a reference grid, in order to
photograph the same fields of wells. The wound closure rate was determined by measuring
in centimeters (cm) the distance between the edges of the wound. The experiments were
performed in triplicate.

2.5. RNA Extraction, Purification, Retro-Transcription, and Real-Time PCR Analysis

Quantitative real-time PCR (qPCR) was performed on a Biorad CFX96 (Bio-Rad,
Hercules, CA, USA) using the GoTaq® qPCR kit (Promega, Madison, WI, USA), in ad-
dition to the forward and reverse primers for each gene. The nucleic acid sequences of
the primers were as follows: Integrin (INT)β1: Fw: 5′-ATCCCTGAAAGTCCCAAGTG-3′, Rw:
5′-ACGCACTCTCCATTGTTACTG-3′; INTα3: Fw: 5′-ATGTGGCTTGGAGTGACTG-3′, Rw: 5′-
CATCTCGTTGTGGTAGGTCTG-3′; Death Receptor (DR)4: Fw: 5′-GATTACACCAACGCTTCCAAC-
3′, Rw: 5′-CTACACTTCCGGCACATCTC-3′; DR5: Fw: 5′-ACCACGACCAGAAACACAG-3′,
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Rw: 5′-AAGACTACGGCTGCAACTG-3′; Glyceraldehyde-3-phosphate dehydrogenase (GAPDH):
Fw: 5′-ATGGCTATGATGGAGGTCCAG-3′, Rw: 5′-TTGTCCTGCATCTGCTTCAGC-3′. Am-
plification and cycle were run at 95 ◦C for 15 min for the initial activation, followed by
denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and elongation at 72 ◦C for 30 s,
repeated for 40 cycles. Melting curves were performed after qPCR to demonstrate the
specific amplification of single products of interest. A standard curve assay was performed
to determine the amplification efficiency of the primers used. Relative fold changes in
the expression of target genes were determined using the comparative 2−∆∆Ct with the
β-actin gene as an internal control to normalize the level of target gene expression. ∆∆CT
represents the difference between the mean ∆CT(treatment group) and mean ∆CT(control group),
where ∆CT is the difference between the mean CT gene of interest and the mean CT of the
internal control gene in each sample [28].

2.6. Annexin V Detection

Human annexin V ELISA assays (Affymetrix eBioscience, Thermo Fisher Scientific,
Waltham, MA, USA) were used for the quantitative detection of annexin V in the cell culture
supernatant, to evaluate the influence of LF (175 µM) and CU (2.5 µg/mL and 5 µg/mL),
alone or in combination, in PC3 and DU145 cells.

After 24 h of treatments, supernatant samples were collected and frozen at −20 ◦C to
avoid loss of bioactive human annexin V, following the assay recommendations.

Before testing, samples were brought to room temperature and centrifugated to elim-
inate precipitates, and 50 µL of each sample supernatant was plated on an anti-human-
annexin-V-antibody-coated well, in duplicate, and processed following manufacturer’s
instructions. The absorbance of each microwell was assessed on a spectrophotometer using
450 nm as the wavelength, and the concentration of circulating human annexin V was
calculated with the standard curve (ng/mL).

2.7. Western Blot

PC3 and DU145 cells (1.2 × 106 cells/well) were seeded in a 6-well plate. After
reaching 80% confluence, cells were incubated with LF (175 µM) and CU (2.5 µg/mL and
5 µg/mL), alone or in combination, for 24 h. After the treatment, cells were lysed using
RIPA buffer (Merck, St. Louis, MO, USA) and added to the protease inhibitor cocktail
(Merck St. Louis, MO, USA) and the phosphatase inhibitor (Sigma Aldrich) for 30 min on
ice. After centrifugation at 10,000× g, a bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used to determine the protein concentration.
The protein samples (35 µg) were separated in 10% sodium dodecyl sulfate (SDS) polyacry-
lamide gels and transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Inc.,
Hercules, CA, USA). The membrane was blocked with 5% skim milk in Tris-buffered saline
with 0.1% Tween-20 (TBST) for 1 h at room temperature and then incubated overnight
at 4 ◦C with the specific primary antibodies, Akt (Protein kinase B, PKB, dil. 1:500) and
phospho-Akt (Ser473, dil. 1:500). The membranes were washed in TBST three times and
incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (dil. 1:10,000)
at room temperature for 2 h. Protein bands were visualized using a chemiluminescence
detection kit (Euroclone, MI, Italy), scanning the membrane with a ChemiDoc XRS (Bio-Rad
Inc., Hercules, CA, USA). β-actin (dil. 1:500) was used as the loading control.

2.8. Statistical Analysis

Descriptive statistics relied on mean and standard deviation (±SD) for continuous
variables, and frequencies and percentages (%) for categorical variables. We relied on
ANOVA for assessing differences in mean across groups defined according to the treatment.
Post-hoc analyses tested differences with the reference group, namely “untreated”. False
discovery rate (FDR) was used for multiple testing corrections. Protein expression was
tested compared to one by mean of Student’s t-test. Box and whisker plots graphically
represented median and interquartile ranges with minimum and maximum values without
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outliers. Bar plots graphically depicted means and standard deviations. All statistical tests
were two-sided. The level of significance was set at p < 0.05. Analyses were performed
using the R software environment for statistical computing and graphics (version 4.1.2;
http://www.r-project.org/ (accessed on 20 July 2022)).

2.9. Protein-Protein Interaction (PPI) Network Analysis

The search tool for retrieval of interacting genes (STRING) (https://string-db.org
(accessed on 12 September 2022)) database, which integrates both known and predicted
PPIs, was applied to predict functional interactions between proteins [29]. To assess
potential interactions between expressed genes, the STRING tool was employed. Active
interaction sources, including text mining, experiments, databases, and co-expression, as
well as species limited to “Homo sapiens” and an interaction score > 0.4 were applied to
construct the PPI networks.

3. Results
3.1. Effects of Curcumin and Lactoferrin on Cell Growth

The interference ability of CU and LF with androgen cancer-promoting activity was
assessed firstly by examining their effect on cancer cell proliferation. To this end, we used
the human prostate cancer cell lines PC3 and DU145, which are androgen resistant. The
treatments with CU 2.5 µg/mL (p = 0.007) and 5 µg/mL (p = 0.001) reduced the proliferation
rate of PC3 cells in a dose-dependent manner (Figure 2a). Treatments with LF 175 µM, alone
or in association with CU, resulted in decreased cell proliferation compared to untreated
cells, although not significantly.

In DU145 prostate cells, growth was not significantly reduced by CU in a dose-
dependent manner. In contrast, LF 175 µM significantly reduced cell growth compared to
untreated cells (p = 0.020). Additionally, the combination of LF with CU, at both concentra-
tions (CU 2.5 + LF and CU 5 + LF), reduced cell growth in a highly significant way (p = 0.013)
(Figure 2b). Thus, the antiproliferative effect of CU and LF seems to be cell-type-dependent.
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Prostatic cells were treated with CU (2.5 µg/mL; 5 µg/mL) and LF (175 µM) for 24 h. The optical
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range (box) with 95% confidence interval (whiskers) and median values (transverse lines in boxes).
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3.2. Migration Assay

To evaluate the impact of CU and LF on cell migration, the wound-healing assay was
performed. After 6 h, PC3 cell migration was significantly inhibited by LF 175 µM alone
(p = 0.010), and by CU 2.5 µg/mL in combination with LF 175 µM (p < 0.001), as compared
to untreated PC3 cells at the same time point. After 24 h, the significantly reduced migration
of PC3 cells was observed in the presence of LF 175 µM alone, and in combination with
both CU 2.5 µg/mL (p < 0.001) and CU 5 µg/mL (p < 0.001), as compared to untreated cells
at 24 h (Figure 3).
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Figure 3. PC3 cell migration assay. Images from a scratch assay experiment at different time points.
PC3 cells were wounded with a p10 pipette tip, incubated with CU 2.5 µg/mL, CU 5 µg/mL, and
LF 175 µM, alone and in association, and imaged after 6 and 24 h using a microscope equipped
with a photo camera. Scale bar = 120 µm. Six random views were chosen along the scratch wound
in each well at ×100. The experiments were performed in triplicate and expressed as mean ± SD.
*** p < 0.001 in comparison with untreated cells at the same time point.

A scratch assay was also applied to evaluate the effect of CU and LF on DU145
migration. The results showed that after 6 h, CU 2.5 µg/mL, CU 5 µg/mL, and their
combinations with LF 175 µM, significantly inhibited cell migration in comparison to
untreated cells (p < 0.05). By contrast, LF alone did not significantly reduce the width of the
wound after 6 h (Figure 4).
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To better evaluate the human prostate cancer cell line invasiveness, we analyzed the 

expression of α3 and β1 integrin involved in tumor progression. In addition to the reduc-
tion in cell migration, in our work, PC3 showed a significant reduction in the expression 
of α3 in the presence of CU 2.5 μg/mL (p < 0.001), CU 5 μg/mL, LF 175 μM (p < 0.05), CU 
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decreased gene expression was observed in comparison with untreated cells, although in 
a not significant way (Figure 5b). 

Figure 4. DU145 cell migration assay. Images from a scratch assay experiment at different time points.
DU145 cells were wounded with a p10 pipette tip, incubated with CU 2.5 µg/mL, CU 5 µg/mL, and
LF 175 µM, alone and in association, and imaged after 6 and 24 h using a microscope equipped with
a photo camera. Scale bar = 120 µm. Six random views were chosen along the scratch wound in
each well by microscopic magnification ×100. The experiments were performed in triplicate and
expressed as mean ± SD. ** p < 0.01; *** p < 0.001 in comparison with untreated cells at the same
time point.

3.3. Effect of CU 2.5 µg/mL, CU 5 µg/mL, and LF 175 µM on Integrin Gene Expression

To better evaluate the human prostate cancer cell line invasiveness, we analyzed the
expression of α3 and β1 integrin involved in tumor progression. In addition to the reduction
in cell migration, in our work, PC3 showed a significant reduction in the expression of
α3 in the presence of CU 2.5 µg/mL (p < 0.001), CU 5 µg/mL, LF 175 µM (p < 0.05), CU
2.5 + LF (p < 0.05), and CU 5 + LF (p < 0.05) (Figure 5a). Additionally, for integrin β1, a
decreased gene expression was observed in comparison with untreated cells, although in a
not significant way (Figure 5b).
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and LF 175 µM, alone and in association, on integrin α3 and β1 mRNA expression in PC3 cells. Fold
change, calculated by qPCR, is reported as gene expression levels (2−∆∆Ct) in treated PC3 cells and
compared to untreated cells, assumed as 1. * p < 0.05; *** p < 0.001. Data are expressed as mean ± SD.

In DU145, a significant reduction in the expression levels of integrin α3 and β1 was
observed in the presence of CU 2.5 µg/mL, CU 5 µg/mL, and LF 175 µM, alone and in
association, compared to untreated cells. Our data clearly showed that treatment with
CU and LF both significantly reduced the α3 gene expression, mostly pronounced in the
presence of LF 175 µM (Figure 6a).

Additionally, a significant reduction was observed for the integrin β1 subunit (Figure 6b),
in the presence of the CU and LF treatments, alone and in combination. When DU145
cells were treated with CU 2.5 + LF, gene expression was similar to that of the untreated
group, suggesting that the α3 and β1 integrin subunits differently regulate the growth and
invasion of tumor cells in a context-dependent manner.
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3.4. Effect of CU 2.5 µg/mL, CU 5 µg/mL, and LF 175 µM on DR4 and DR5 Gene Expression

The DR4 and DR5 are expressed on the cell surface and are activated by binding with
tumor-necrosis-factor-related apoptosis-inducing ligands (TRAILs). Changes in the gene
expression levels of the two DRs may influence apoptosis signaling. Since their expression
is mostly related to the cancer environment, we investigated the ability of CU and LF, alone
or in association, to regulate DR4- and DR5-induced apoptosis. As shown in Figure 7,
in both PC3 and DU145 prostate cells, we observed a significant increase in DR4 gene
expression in cells treated with LF compared to untreated cells; this significant increase was
induced by treatment with the combination of CU 2.5 µg/mL and LF. DR5 gene expression
levels were significantly increased by LF treatment (in PC3 p < 0.05), and also by CU
2.5 µg/mL and LF (although not significantly).
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Figure 7. DR4 and DR5 gene expression levels. Effects of CU 2.5 µg/mL, CU 5 µg/mL, and LF
175 µM, alone and in association, on DR4 and DR5 mRNA in PC3 (a) and DU145 (b) cells. Fold change,
calculated by qPCR, is reported as gene expression levels (2−∆∆Ct) in treated cells and compared to
untreated cells, assumed as 1 (reported as red-lines). * p < 0.05; *** p < 0.001. Data are expressed as
mean ± SD.

3.5. Effect of Treatments on Annexin V

To investigate the effect of CU and LF, alone or in combination, on apoptosis, the total
extracellular amount of annexin V was evaluated in the cell culture supernatant collected
after 24 h of treatment with CU 2.5 µg/mL, CU 5 µg/mL, and LF 175 µM.

In PC3 cells treated with CU 2.5 µg/mL and CU 5 µg/mL, an increase in human an-
nexin V concentrations was observed relative to untreated cells, although not significantly;
additionally, a smaller increase was detected after LF treatment as compared to untreated
cells. Thus, we then evaluated whether the combination of CU and LF would differently
modulate the release of annexin V. Our results showed a significant increase (p = 0.012)
after CU 2.5 µg/mL + LF treatment, while the combination of CU 5 µg/mL + LF did not
affect the annexin V levels (Figure 8a).

Incubation of DU145 in the presence of CU 2.5 µg/mL, CU 5 µg/mL, and LF 175 µM
induced a significant increase in annexin V levels, suggesting their pro-apoptotic activity,
in accord with reduced cell growth. Moreover, an increase in the annexin V levels was
observed when CU 2.5 µg/mL was used as a combined treatment with LF, although not
significantly (Figure 8b).
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the immunoenzymatic assay. Data were reported as the mean ± SD of ng/mL, assessed for each
sample in triplicate. Data are expressed as mean ± SD. * p < 0.05; ** p < 0.01.

3.6. Effects of Treatments on Akt Pathway

Since Akt is a major mediator of cell survival through direct inhibition of pro-apoptotic
proteins, we investigated whether the effects of CU 2.5 µg/mL, CU 5 µg/mL, and LF
175 µM, alone or in association, were subject to Akt-dependent regulation. To investigate
this, we evaluated the activation status of the Akt signaling pathway in PC3 and DU145
cells by Western blot analysis. As shown in Figure 9a, the phosphorylation of Akt in
PC3 cells, after 24 h treatments, was reduced relative to untreated cells by treatment with
CU 2.5 µg/mL, LF 175 µM, and the combination of CU 5 µg/mL with LF 175 µM. The
treatments of DU145 showed a reduction in Akt phosphorylation relative to untreated cells
in all the tested conditions, with a significant reduction in the presence of CU 5 µg/mL
alone (p = 0.002) and CU 2.5 µg/mL combined with LF (p = 0.049) (Figure 9b).
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Figure 9. Effect of CU 2.5 µg/mL, CU 5 µg/mL, and LF 175 µM, alone and in association, on
Akt phosphorylation in PC3 (a) and DU145 (b) cells. Protein expression of Akt, pAkt, and β-actin
detected using Western blotting. (a1) Representative images of PC3 cells. (a2) Quantitative data of
phosphorylated Akt in PC3 cells. (b1) Representative images of DU145 cells. (b2) Quantitative data
of phosphorylated Akt in DU145 cells. Data are presented as the mean ± SD; * p < 0.05 and ** p < 0.01
compared with untreated cells.

3.7. The PPI Network

Finally, we also evaluated the connectivity, at the protein-interaction level, between
the genes analyzed in the DU145 and PC3 prostate cells, modulated by CU and LF. The PPI
network involved all the proteins included in the analysis (Figure 10). We observed that our
proteins present a PPI among themselves with a p-value equal to 0.0137, relative to what
would be expected for a random set of proteins of the same size and degree distribution
drawn from the genome. Such an enrichment indicates that the proteins are at least partially
biologically connected, as a group.

According to the classification for KEGG pathways, the analyzed molecules had a false
discovery rate of 0.0465, suggesting a high involvement of the studied molecules in relation
to the regulation of the apoptosis pathway; this was also confirmed by the WikiPathway
description, in which apoptosis has a 0.0154 false discovery rate with the involvement of
the searched molecules.
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4. Discussion

Cancer treatments are constantly at the center of many debates, due to the high
variability of response by cancer cells and by different individuals. To date, prostate
cancer treatments have been evaluated through the introduction of targeted and inhibitory
therapies toward specific androgen receptors [30]. However, patients show a highly variable
response to these therapies, with the concomitant development of drug resistance [31] and
the presence of side effects [32]. Much of the interest is aimed at discovering alternative or
adjuvant treatments to improve the state of patients suffering from prostate cancer. One
of the most-investigated strategies is related to the use of non-toxic natural products [33].
In the present study, the effects of CU and LF, alone and in combination, were examined
with respect to prostatic cancer cell proliferation, migration and invasion capability, and
pathways involved in apoptosis (the intrinsic annexin V, extrinsic DR expression, and Akt
pathway activation).

The anticancer efficacy of CU has been assayed by several studies [34–36], but its use in
clinical practice is not yet possible due to its reduced bioavailability [37]. Several strategies
have been proposed to overcome this limitation and, in this regard, we investigated the
use of low doses of CU in combination with LF [38,39]. In the current study, we showed
that the cell growth of the two prostatic cell lines analyzed is differently affected by the
chosen treatments. In PC3, although there is a cell growth reduction in the presence of
all treatments, a more significant reduction was detected in the presence of CU, both at
2.5 µg/mL and 5 µg/mL. Likewise in DU145, we detected a reduction in cell growth,
but it was more evident in the presence of LF, either alone or in association with CU. In
contrast, we observed that the effect on cell growth is not directly correlated with the
effect on the migratory ability of these cells. Our results indicate that in PC3 and DU145
cells, the migratory ability is affected mostly by the combination of CU and LF, which
kept the area free of cells more so than in untreated cells or in cells treated with CU
or LF alone. Furthermore, this synergistic mixture also reduced the migration of both
kinds of prostatic cells as early as 6 h after treatment. These results are supported by
previous evidence reporting the high capability of LF [40,41] and CU [42,43] to affect
cancer cell migration, both in vivo and in vitro, suggesting their combined use as a possible
strategy to inhibit the invasiveness of prostate cancer cells. Thus, to better understand
the anti-migratory and anti-invasive effects associated with treatment with CU and LF,
we evaluated the expression of integrins, membrane glycoproteins that bind extracellular
matrix proteins. Each integrin is made up of two chains. In the context of tumor regulation,
an important role is played by the α3 and β1 integrins, involved in tumor progression and
responsible for the formation of metastases, increasing the invasiveness of tumor cells [44].
In conditions of homeostatic equilibrium, the integrins determine the induction of cell
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survival signaling, to prevent cell apoptosis. In our in vitro model of prostate cancer cells,
we demonstrated that the combination of CU 2.5 µg/mL and LF 175 µM was significantly
related to the down-expression of integrin α3 and, although not significantly, to the β1
subunit gene expression in PC3 and DU145; this supports the possible role of natural
products in promoting the maintenance of the homeostatic environment. According to
migration assays, LF significantly inhibited migration and invasion capacities and reduced
the expression of integrins, mainly the integrin α3 subunit. The different balance between
integrin subunit expression and the invasion of tumor cells is dependent on the metastatic
potential of PC3 and DU145 [25].

Several studies have described CU as responsible for apoptosis induction in a wide
variety of cell lines [45,46], and have suggested that CU treatment promotes an increased
level of apoptosis in earlier phases of wound healing [47]. Induction of apoptosis is one of
the fundamental mechanisms that impedes cancer growth and proliferation, and LF has
been demonstrated to be involved in the apoptosis pathways [48,49], with accumulating
evidence supporting the enhancement by LF of DR4 and DR5 expression with sensitization
of TRAIL-induced apoptosis [50]. Thus, to evaluate whether CU and LF as a combined
treatment inhibited cancer cell growth by induction of apoptosis, we evaluated DR gene
expression and annexin V quantification to detect apoptotic pathway regulation. Our
results showed that the expression levels of DR4 and DR5 were increased by CU and LF in
both DU145 and PC3 cell lines, in accordance with Dai et al. [51].

Curcumin [52] and LF [53] have previously been reported to induce apoptosis in
prostate cells, such as PC3 and DU145. In our experimental approach, we found that in
PC3 cells, CU alone induces an increase in annexin V levels, although not significantly
in a dose-dependent manner; moreover, we found that CU in association with LF leads
to a significant increase in annexin V levels. Furthermore, in DU145 cells, the significant
increases in annexin V levels are related to individual treatments, suggesting a cell-specific
mechanism.

Subsequently, in our in vitro experiments, Akt signaling pathways were shown to be
modulated by CU and LF, alone and in combination. Akt, well known as a key survival
factor involved in the control of cell proliferation and apoptosis, and described as a thera-
peutic target used in oncology, shows a reduced activation, supporting CU and LF’s roles as
inhibitors of the growth, proliferation, adhesion, and invasion of prostate cancer cells [37].

Overall, our results underline that a low concentration of CU can reduce cell invasion
and proliferation, together with the ability to promote the activation of the apoptotic
pathway. Moreover, the combination of CU with LF amplifies these effects. Indeed, our
data highlight the concomitant ability of CU and LF with respect to the reduction of cell
migration, the down-regulation of integrin gene expression, and the up-regulation of DR4
and DR5 gene expression.

5. Conclusions

In conclusion, CU and LF, alone and in combination, result in a reduction in the
aggressiveness of prostatic cancer cells, mainly through the reduction of apoptotic pathway
mediators and cell migratory ability, supporting the beneficial role of CU and LF in cancer
therapy and as adjuvant nutrients.

The significant effects obtained from the application of a low dose of CU (2.5 and
5 µg/mL) both with and without LF, represent one of the crucial findings of our work.
These novel findings may have important implications for the maintenance of the quality
of life of prostate cancer patients. The challenge of the natural product’s utilization and
integration in therapy decisions is complex, and includes developing a better understanding
of networks and the phenomenon of different tissue models. The identification of how
CU and LF, alone or in combination, act on health needs to be assessed in terms of their
effectiveness, the evaluation of the potential adverse effects in real-life conditions, and
possible sources of pharmacological interference.
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12. Zielińska, A.; Alves, H.; Marques, V.; Durazzo, A.; Lucarini, M.; Alves, T.F.; Morsink, M.; Willemen, N.; Eder, P.; Chaud, M.V.; et al.

Properties, Extraction Methods, and Delivery Systems for Curcumin as a Natural Source of Beneficial Health Effects. Medicina
2020, 56, 336. [CrossRef] [PubMed]

13. Liu, P.; Ying, Q.; Liu, H.; Yu, S.Q.; Bu, L.P.; Shao, L.; Li, X.Y. Curcumin enhances anti-cancer efficacy of either gemcitabine or
docetaxel on pancreatic cancer cells. Oncol. Rep. 2020, 44, 1393–1402. [CrossRef] [PubMed]

14. Patel, S.S.; Acharya, A.; Ray, R.S.; Agrawal, R.; Raghuwanshi, R.; Jain, P. Cellular and molecular mechanisms of curcumin in
prevention and treatment of disease. Crit. Rev. Food Sci. Nutr. 2020, 60, 887–939. [CrossRef] [PubMed]

15. Belluti, S.; Orteca, G.; Semeghini, V.; Rigillo, G.; Parenti, F.; Ferrari, E.; Imbriano, C. Potent Anti-Cancer Properties of Phthalimide-
Based Curcumin Derivatives on Prostate Tumor Cells. Int. J. Mol. Sci. 2018, 20, 28. [CrossRef]

16. Kunwar, A.; Barik, A.; Mishra, B.; Rathinasamy, K.; Pandey, R.; Priyadarsini, K.I. Quantitative cellular uptake, localization and
cytotoxicity of curcumin in normal and tumor cells. Biochim. Biophys. Acta 2008, 1780, 673–679. [CrossRef]

17. Hewlings, S.J.; Kalman, D.S. Curcumin: A Review of Its Effects on Human Health. Foods 2017, 6, 92. [CrossRef]
18. Wang, D. Liposome-encapsulated curcumin suppresses growth of head and neck squamous cell carcinoma in vitro and in

xenografts through the inhibition of nuclear factor kappa B by an AKT-independent pathway. Clin. Cancer Res. 2008, 14,
6228–6236. [CrossRef]

19. Das, R.K.; Kasoju, N.; Bora, U. Encapsulation of curcumin in alginate-chitosan-pluronic composite nanoparticles for delivery to
cancer cells. Nanomedicine 2010, 6, 153–160. [CrossRef]

20. Gupta, V.; Aseh, A.; Ríos, C.N.; Aggarwal, B.B.; Mathur, A.B. Fabrication and characterization of silk fibroin derived curcumin
nanoparticles for cancer therapy. Int. J. Nanomed. 2009, 4, 115–122. [CrossRef]

21. Vogel, H.J. Lactoferrin, a bird’s eye view. Biochem. Cell Biol. 2012, 90, 233–244. [CrossRef] [PubMed]

http://doi.org/10.3322/caac.21166
http://www.ncbi.nlm.nih.gov/pubmed/23335087
http://doi.org/10.1002/ijc.33588
http://www.ncbi.nlm.nih.gov/pubmed/33818764
http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1097/JU.0000000000000636
http://doi.org/10.3390/nu12030679
http://www.ncbi.nlm.nih.gov/pubmed/32131560
http://doi.org/10.3390/ijms19061578
http://doi.org/10.2174/1871527321666220111124047
http://doi.org/10.1016/j.foodchem.2020.126881
http://doi.org/10.1002/cmdc.200700159
http://doi.org/10.1038/nchembio840
http://doi.org/10.3390/antibiotics11020135
http://www.ncbi.nlm.nih.gov/pubmed/35203738
http://doi.org/10.3390/medicina56070336
http://www.ncbi.nlm.nih.gov/pubmed/32635279
http://doi.org/10.3892/or.2020.7713
http://www.ncbi.nlm.nih.gov/pubmed/32945513
http://doi.org/10.1080/10408398.2018.1552244
http://www.ncbi.nlm.nih.gov/pubmed/30632782
http://doi.org/10.3390/ijms20010028
http://doi.org/10.1016/j.bbagen.2007.11.016
http://doi.org/10.3390/foods6100092
http://doi.org/10.1158/1078-0432.CCR-07-5177
http://doi.org/10.1016/j.nano.2009.05.009
http://doi.org/10.2147/IJN.S5581
http://doi.org/10.1139/o2012-016
http://www.ncbi.nlm.nih.gov/pubmed/22540735


Int. J. Environ. Res. Public Health 2022, 19, 16193 16 of 17

22. Actor, J.K.; Hwang, S.A.; Kruzel, M.L. Lactoferrin as a natural immune modulator. Curr. Pharm. Des. 2009, 15, 1956–1973.
[CrossRef] [PubMed]

23. Fujita, K.; Matsuda, E.; Sekine, K.; Iigo, M.; Tsuda, H. Lactoferrin modifies apoptosis-related gene expression in the colon of the
azoxymethane-treated rat. Cancer Lett. 2004, 213, 21–29. [CrossRef]

24. Cutone, A.; Rosa, L.; Ianiro, G.; Lepanto, M.S.; Bonaccorsi di Patti, M.C.; Valenti, P.; Musci, G. Lactoferrin’s Anti-Cancer Properties:
Safety, Selectivity, and Wide Range of Action. Biomolecules 2020, 10, 456. [CrossRef] [PubMed]

25. Lima, A.R.; Araújo, A.M.; Pinto, J.; Jerónimo, C.; Henrique, R.; Bastos, M.L.; Carvalho, M.; Guedes de Pinho, P. Discrimination
between the human prostate normal and cancer cell exometabolome by GC-MS. Sci. Rep. 2018, 8, 5539. [CrossRef] [PubMed]

26. Jayakumar, S.; Kunwar, A.; Sandur, S.K.; Pandey, B.N.; Chaubey, R.C. Differential response of DU145 and PC3 prostate cancer
cells to ionizing radiation: Role of reactive oxygen species, GSH and Nrf2 in radiosensitivity. Biochim. Biophys. Acta 2014, 1840,
485–494. [CrossRef] [PubMed]

27. Grada, A.; Otero-Vinas, M.; Prieto-Castrillo, F.; Obagi, Z.; Falanga, V. Research techniques made simple: Analysis of collective cell
migration using the wound healing assay. J. Investig. Dermatol. 2017, 137, e11–e16. [CrossRef]

28. Rao, X.; Huang, X.; Zhou, Z.; Lin, X. An improvement of the 2ˆ(-delta delta CT) method for quantitative real-time polymerase
chain reaction data analysis. Biostat. Bioinform. Biomath. 2013, 3, 71–85.

29. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.;
Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [CrossRef]

30. Nevedomskaya, E.; Baumgart, S.J.; Haendler, B. Recent Advances in Prostate Cancer Treatment and Drug Discovery. Int. J. Mol.
Sci. 2018, 19, 1359. [CrossRef]

31. Wade, C.A.; Kyprianou, N. Profiling Prostate Cancer Therapeutic Resistance. Int. J. Mol. Sci. 2018, 19, 904. [CrossRef] [PubMed]
32. Rakauskas, A.; Marra, G.; Heidegger, I.; Kasivisvanathan, V.; Kretschmer, A.; Zattoni, F.; Preisser, F.; Tilki, D.; Tsaur, I.;

van den Bergh, R.; et al. Focal Therapy for Prostate Cancer: Complications and Their Treatment. Front. Surg. 2021, 8, 696242.
[CrossRef] [PubMed]

33. Pucci, C.; Martinelli, C.; Ciofani, G. Innovative approaches for cancer treatment: Current perspectives and new challenges.
Ecancermedicalscience 2019, 13, 961. [CrossRef] [PubMed]

34. Yang, J.; Wang, C.; Zhang, Z.; Chen, X.; Jia, Y.; Wang, B.; Kong, T. Curcumin inhibits the survival and metastasis of prostate cancer
cells via the Notch-1 signaling pathway. APMIS 2017, 125, 134–140. [CrossRef] [PubMed]

35. Aggarwal, B.B.; Kumar, A.; Bharti, A.C. Anticancer potential of curcumin: Preclinical and clinical studies. Anticancer Res. 2003, 23,
363–398. [PubMed]

36. Bashang, H.; Tamma, S. The use of curcumin as an effective adjuvant to cancer therapy: A short review. Biotechnol. Appl. Biochem.
2020, 67, 171–179. [CrossRef] [PubMed]

37. Rutz, J.; Benchellal, A.; Kassabra, W.; Maxeiner, S.; Bernd, A.; Kippenberger, S.; Zöller, N.; Chun, F.K.; Juengel, E.; Blaheta, R.A.
Growth, Proliferation and Metastasis of Prostate Cancer Cells Is Blocked by Low-Dose Curcumin in Combination with Light
Irradiation. Int. J. Mol. Sci. 2021, 22, 9966. [CrossRef] [PubMed]

38. Iyer, A.K.; Khaled, G.; Fang, J.; Maeda, H. Exploiting the enhanced permeability and retention effect for tumor targeting. Drug
Discov. Today 2006, 11, 812–818. [CrossRef]

39. Chaharband, F.; Kamalinia, G.; Atyabi, F.; Mortazavi, S.A.; Mirzaie, Z.H.; Dinarvand, R. Formulation and in vitro evaluation of
curcumin-lactoferrin conjugated nanostructures for cancerous cells. Artif. Cells Nanomed. Biotechnol. 2018, 46, 626–636. [CrossRef]

40. Altwaijry, N.; Somani, S.; Parkinson, J.A.; Tate, R.J.; Keating, P.; Warzecha, M.; Mackenzie, G.R.; Leung, H.Y.; Dufès, C. Regression
of prostate tumors after intravenous administration of lactoferrin-bearing polypropylenimine dendriplexes encoding TNF-α,
TRAIL, and interleukin-12. Drug Deliv. 2018, 25, 679–689. [CrossRef]

41. Olszewska, P.; Pazdrak, B.; Kruzel, M.L. A Novel Human Recombinant Lactoferrin Inhibits Lung Adenocarcinoma Cell Growth
and Migration with No Cytotoxic Effect on Normal Human Epithelial Cells. Arch. Immunol. Ther. Exp. 2021, 69, 33. [CrossRef]
[PubMed]

42. Park, K.S.; Yoon, S.Y.; Park, S.H.; Hwang, J.H. Anti-Migration and Anti-Invasion Effects of Curcumin via Suppression of Fascin
Expression in Glioblastoma Cells. Brain Tumor Res. Treat. 2019, 7, 16–24. [CrossRef] [PubMed]

43. Pan, L.; Sha, J.; Lin, W.; Wang, Y.; Bian, T.; Guo, J. Curcumin inhibits prostate cancer progression by regulating the miR-30a-
5p/PCLAF axis. Exp. Ther. Med. 2021, 22, 969. [CrossRef] [PubMed]

44. Desgrosellier, J.S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic opportunities. Nat. Rev. Cancer 2010,
10, 9–22. [CrossRef] [PubMed]

45. Atsumi, T.; Murakami, Y.; Shibuya, K.; Tonosaki, K.; Fujisawa, S. Induction of cytotoxicity and apoptosis and inhibition of
cyclooxygenase-2 gene expression, by curcumin and its analog, alpha-diisoeugenol. Anticancer. Res. 2005, 25, 4029–4036.
[PubMed]

46. Chan, W.H.; Wu, H.Y.; Chang, W.H. Dosage effects of curcumin on cell death types in a human osteoblast cell line. Food Chem.
Toxicol. 2006, 44, 1362–1371. [CrossRef]

47. Sidhu, G.S.; Mani, H.; Gaddipati, J.P.; Singh, A.K.; Seth, P.; Banaudha, K.K.; Patnaik, G.K.; Maheshwari, R.K. Curcumin enhances
wound healing in streptozotocin induced diabetic rats and genetically diabetic mice. Wound Repair Regen. 1999, 7, 362–374.
[CrossRef]

http://doi.org/10.2174/138161209788453202
http://www.ncbi.nlm.nih.gov/pubmed/19519436
http://doi.org/10.1016/j.canlet.2004.03.029
http://doi.org/10.3390/biom10030456
http://www.ncbi.nlm.nih.gov/pubmed/32183434
http://doi.org/10.1038/s41598-018-23847-9
http://www.ncbi.nlm.nih.gov/pubmed/29615722
http://doi.org/10.1016/j.bbagen.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24121106
http://doi.org/10.1016/j.jid.2016.11.020
http://doi.org/10.1093/nar/gky1131
http://doi.org/10.3390/ijms19051359
http://doi.org/10.3390/ijms19030904
http://www.ncbi.nlm.nih.gov/pubmed/29562686
http://doi.org/10.3389/fsurg.2021.696242
http://www.ncbi.nlm.nih.gov/pubmed/34322516
http://doi.org/10.3332/ecancer.2019.961
http://www.ncbi.nlm.nih.gov/pubmed/31537986
http://doi.org/10.1111/apm.12650
http://www.ncbi.nlm.nih.gov/pubmed/28120490
http://www.ncbi.nlm.nih.gov/pubmed/12680238
http://doi.org/10.1002/bab.1836
http://www.ncbi.nlm.nih.gov/pubmed/31608504
http://doi.org/10.3390/ijms22189966
http://www.ncbi.nlm.nih.gov/pubmed/34576132
http://doi.org/10.1016/j.drudis.2006.07.005
http://doi.org/10.1080/21691401.2017.1337020
http://doi.org/10.1080/10717544.2018.1440666
http://doi.org/10.1007/s00005-021-00637-2
http://www.ncbi.nlm.nih.gov/pubmed/34748082
http://doi.org/10.14791/btrt.2019.7.e28
http://www.ncbi.nlm.nih.gov/pubmed/31062527
http://doi.org/10.3892/etm.2021.10401
http://www.ncbi.nlm.nih.gov/pubmed/34335911
http://doi.org/10.1038/nrc2748
http://www.ncbi.nlm.nih.gov/pubmed/20029421
http://www.ncbi.nlm.nih.gov/pubmed/16309195
http://doi.org/10.1016/j.fct.2006.03.001
http://doi.org/10.1046/j.1524-475X.1999.00362.x


Int. J. Environ. Res. Public Health 2022, 19, 16193 17 of 17

48. Iglesias-Figueroa, B.F.; Siqueiros-Cendón, T.S.; Gutierrez, D.A.; Aguilera, R.J.; Espinoza-Sánchez, E.A.; Arévalo-Gallegos, S.;
Varela-Ramirez, A.; Rascón-Cruz, Q. Recombinant human lactoferrin induces apoptosis, disruption of F-actin structure and cell
cycle arrest with selective cytotoxicity on human triple negative breast cancer cells. Apoptosis 2019, 24, 562–577. [CrossRef]

49. Zhong, H.H.; Wang, H.Y.; Li, J.; Huang, Y.Z. TRAIL-based gene delivery and therapeutic strategies. Acta Pharmacol. Sin. 2021, 42,
843. [CrossRef]

50. Yoshida, T.; Yamasaki, K.; Tadagaki, K.; Kuwahara, Y.; Matsumoto, A.; Sofovic, A.E.; Kondo, N.; Sakai, T.; Okuda, T. Tumor
necrosis factor-related apoptosis-inducing ligand is a novel transcriptional target of runt-related transcription factor 1. Int. J.
Oncol. 2022, 60, 6. [CrossRef]

51. Dai, X.; Zhang, J.; Arfuso, F.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; Kumar, A.P.; Ahn, K.S.; Sethi, G. Targeting TNF-related
apoptosis-inducing ligand (TRAIL) receptor by natural products as a potential therapeutic approach for cancer therapy. Exp. Biol.
Med. 2015, 240, 760–773. [CrossRef] [PubMed]

52. Yang, C.; Ma, X.; Wang, Z.; Zeng, X.; Hu, Z.; Ye, Z.; Shen, G. Curcumin induces apoptosis and protective autophagy in
castration-resistant prostate cancer cells through iron chelation. Drug Des. Devel. Ther. 2017, 11, 431–439. [CrossRef] [PubMed]

53. Guedes, J.P.; Pereira, C.S.; Rodrigues, L.R.; Côrte-Real, M. Bovine Milk Lactoferrin Selectively Kills Highly Metastatic Prostate
Cancer PC-3 and Osteosarcoma MG-63 Cells In Vitro. Front. Oncol. 2018, 8, 200. [CrossRef] [PubMed]

http://doi.org/10.1007/s10495-019-01539-7
http://doi.org/10.1038/s41401-020-0444-0
http://doi.org/10.3892/ijo.2021.5296
http://doi.org/10.1177/1535370215579167
http://www.ncbi.nlm.nih.gov/pubmed/25854879
http://doi.org/10.2147/DDDT.S126964
http://www.ncbi.nlm.nih.gov/pubmed/28243065
http://doi.org/10.3389/fonc.2018.00200
http://www.ncbi.nlm.nih.gov/pubmed/29915723

	Introduction 
	Materials and Methods 
	Reagents 
	Cells 
	Cell Viability Assay 
	Scratch Assay 
	RNA Extraction, Purification, Retro-Transcription, and Real-Time PCR Analysis 
	Annexin V Detection 
	Western Blot 
	Statistical Analysis 
	Protein-Protein Interaction (PPI) Network Analysis 

	Results 
	Effects of Curcumin and Lactoferrin on Cell Growth 
	Migration Assay 
	Effect of CU 2.5 g/mL, CU 5 g/mL, and LF 175 M on Integrin Gene Expression 
	Effect of CU 2.5 g/mL, CU 5 g/mL, and LF 175 M on DR4 and DR5 Gene Expression 
	Effect of Treatments on Annexin V 
	Effects of Treatments on Akt Pathway 
	The PPI Network 

	Discussion 
	Conclusions 
	References

