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Abstract: Dietary (poly)phenols are extensively metabolized, limiting their anticancer activity. Ex-
osomes (EXOs) are extracellular vesicles that could protect polyphenols from metabolism. Our
objective was to compare the delivery to breast tissue and anticancer activity in breast cancer cell
lines of free curcumin (CUR) and resveratrol (RSV) vs. their encapsulation in milk-derived EXOs
(EXO-CUR and EXO-RSV). A kinetic breast tissue disposition was performed in rats. CUR and
RSV were analyzed using UPLC-QTOF-MS and GC-MS, respectively. Antiproliferative activity was
tested in MCF-7 and MDA-MB-231 breast cancer and MCF-10A non-tumorigenic cells. Cell cycle
distribution, apoptosis, caspases activation, and endocytosis pathways were determined. CUR and
RSV peaked in the mammary tissue (41 ± 15 and 300 ± 80 nM, respectively) 6 min after intravenous
administration of EXO-CUR and EXO-RSV, but not with equivalent free polyphenol concentrations.
Nanomolar EXO-CUR or EXO-RSV concentrations, but not free CUR or RSV, exerted a potent an-
tiproliferative effect on cancer cells with no effect on normal cells. Significant (p < 0.05) cell cycle
alteration and pro-apoptotic activity (via the mitochondrial pathway) were observed. EXO-CUR
and EXO-RSV entered the cells primarily via clathrin-mediated endocytosis, avoiding ATP-binding
cassette transporters (ABC). Milk EXOs protected CUR and RSV from metabolism and delivered both
polyphenols to the mammary tissue at concentrations compatible with the fast and potent anticancer
effects exerted in model cells. Milk EXOs enhanced the bioavailability and anticancer activity of CUR
and RSV by acting as Trojan horses that escape from cancer cells’ ABC-mediated chemoresistance.

Keywords: exosome; polyphenol; resveratrol; curcumin; breast cancer; apoptosis; metabolism;
nanocarrier; ABC transporters

1. Introduction

Exosomes (EXOs) are a subset of extracellular vesicles secreted by cells that regulate
intercellular communication in organisms [1,2]. EXOs can transfer their cargo, consisting
of different metabolites, lipids, functional proteins, and nucleic acids, and modulate the
response of distant recipient cells [1–5]. EXOs can modulate tissue repair, immune response,
cell maintenance, and trafficking in both normal and pathological processes, including
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neurodegeneration, inflammation, cancer, and cardiovascular diseases [6–9]. Moreover,
EXOs can cross physical barriers, including the blood–brain barrier and placenta [10].
In this scenario, EXOs have emerged as molecule delivery vehicles, including for drugs,
natural bioactives, and nucleic acids, with potential clinical applications [11–14].

An increasing number of studies show that food-derived EXOs may be relevant to the
biological food effects and would therefore be of biotechnological interest [15,16]. Milk,
especially, possesses advantages such as cross-species biocompatibility and inert toxicity,
and the ability to cross the blood–brain barrier and act as a vehicle for both hydrophilic and
lipophilic macromolecules. In addition, it is possible to develop technology to modify EXOs’
surfaces to ensure tissue-specific biodistribution [17,18]. In this regard, milk is a scalable
source of EXOs, highly recommended for therapeutic applications [19,20]. Milk-derived
EXOs have been previously used to encapsulate and deliver chemotherapy drugs, natural
compounds, and microRNAs [13,21–23]. Overall, EXOs protect their cargo from gastroin-
testinal digestion, metabolism, and degradation, allowing its potential biodistribution in
systemic tissues, including the brain [24–26].

Dietary (poly)phenols have been acknowledged to have a plethora of biological prop-
erties, including cancer chemopreventive activity [27]. This activity has been reported
to be mediated in animal models by the decrease in K67, Bcl-2/Bax ratio, angiogenesis,
matrix metalloproteinases, and cytokines, and an increase in p21, endostatin, and caspases
activation, among many other mechanisms [28]. However, they are poorly bioavailable,
i.e., the fraction of intact (poly)phenolics ingested that reach the bloodstream is low [27,29].
In addition, once absorbed, phase-II enzymes (mainly glucuronyl, sulfate, and catechol-
methyl transferases) extensively metabolize (poly)phenols, yielding conjugated metabolites,
primarily glucuronides and sulfates, that can show some activity but much less than their
food-occurring phenolic precursors [29–32]. In contrast to animal models, the relatively
low dietary polyphenol doses consumed along with phase-II metabolism preclude a strong
polyphenol-related activity in humans. Therefore, preserving (poly)phenols such as cur-
cumin (CUR) and resveratrol (RSV) from being metabolized is an attractive approach
to enhance their anticancer bioactivity in systemic tissues [32]. Both CUR and RSV are
polyphenols with acknowledged cancer chemopreventive properties and have been used
as supplements to manage various inflammatory conditions [33,34]. However, they show
poor bioavailability and hardly reach human systemic tissues as free, non-conjugated
polyphenols [31,32].

In addition to metabolism, the ATP-binding cassette (ABC) transporters can hamper
the anticancer activity of drugs and (poly)phenols [34,35]. These transporters can be
overexpressed in cancer cells, including breast cancer cells, limiting the entry of free
and conjugated (poly)phenols into the cells and (or) driving their efflux back into the
extracellular space [34,36,37].

Considering the above, we hypothesize that encapsulating (poly)phenols such as
CUR and RSV in milk-derived EXOs could avoid their intense cellular metabolism and
restriction by ABC transporters. Therefore, we aimed to evaluate whether milk-derived
EXOs that incorporate CUR or RSV (EXO-CUR and EXO-RSV, respectively) can reach
the mammary tissue, bypassing their metabolism. Next, we will compare and character-
ize the antiproliferative activity of free vs. encapsulated polyphenols in human breast
cancer and non-tumorigenic cells, using the observed in vivo breast-occurring CUR and
RSV concentrations.

2. Results
2.1. Encapsulation of CUR and RSV into Milk-Derived EXOs

We tested three different methods and conditions of CUR and RSV encapsulation
into EXOs. EXOs were first isolated by ultracentrifugation (UC), loaded with polyphenols
by either sonication, electroporation, or passive incubation, and further purified by size
exclusion chromatography (SEC). Purified exosome fractions (F5 to F9) from SEC were
combined for further analysis (Figure 1a). The proteins of milk-derived EXOs were verified
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by Western blot analysis (Figure 1b and Figure S1). Milk-derived EXOs contained the
EXO marker proteins CD63 and TSG101, whereas other non-EXO proteins (calnexin and
β-casein) were absent. Sonication and electroporation resulted in a limited RSV and CUR
incorporation (<2 µM). In contrast, passive incubation yielded the highest CUR (2 µM)
and RSV (15 µM) concentrations. Electron microscopy analysis showed similar sizes and
shapes of EXOs, whether loaded or non-loaded (Figure 1c). Nanoparticle tracking analysis
showed similar particle size and size distribution (Figure 1d). Overall, the data show
that polyphenol loading did not change EXOs’ major characteristics. For downstream
experiments, we used passive diffusion as the selected method.
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Figure 1. (a) Protein concentration (mg/mL) of isolated and purified EXOs in SEC fractions.
(b) Western blot analysis of proteins present (CD63 and TSG101) or absent (calnexin and β-casein) in
EXO fractions. (c) Transmission electron microscopy observations of milk-derived EXOs isolated via
the passive incubation method (scale bar: 200 nm). (d) Size and distribution profiles of milk-derived
EXOs (EXO-CT, EXO-CUR, and EXO-RSV) isolated via the passive incubation method.

2.2. CUR and RSV Detection in Breast Tissue after Free and EXO-Encapsulated
Polyphenols Administration

CUR and RSV (both free and encapsulated in milk-derived EXOs) were adminis-
tered in female rats. Figure 2 shows the pharmacokinetic distribution of CUR in the rat
mammary gland after administering EXO-CUR, with a peak of free CUR (41 ± 15 nM)
in the tissue at 6 min post administration. In the case of EXO-RSV, free RSV also peaked
(300 ± 80 nM) at 6 min post EXO-RSV administration and followed a similar kinetic profile
as CUR (Figure S2). In both cases, traces (not quantified) of CUR-glucuronide and RSV-
glucuronide were also detected. Neither CUR nor RSV was detected at any time of testing
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in the mammary tissue when non-encapsulated CUR and RSV were administered (results
not shown).
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Figure 2. (a) CUR kinetic distribution in the rat mammary tissue. (b) Extracted ion chromatograms
show CUR’s molecular ion intensities after 1.5, 6, and 15 min of EXO-CUR intravenous administration.
A minimum of 3 animals were used for each time point. Data are shown as mean ± standard
deviation (SD).

2.3. Effect of CUR and RSV on the Viability of Cancerous and Normal Breast Cells (Free
Polyphenols vs. Polyphenols Encapsulated into EXOs)

First, we calculated the maximum milk-derived EXO percentage in the cell culture
without affecting the osmolarity of the cell medium. This percentage was 7.5%. Therefore,
most of the experiments were carried out at 2.5% EXO (equivalent to 48 nM EXO-CUR and
375 nM EXO-RSV) or 5% EXO (equivalent to 96 nM EXO-CUR and 750 nM EXO-RSV).

Next, we compared the possible role of ABC transporters in the antiproliferative
activity of RSV and CUR vs. their encapsulated forms EXO-RSV and EXO-CUR. Figure 3
shows that free CUR (48 nM) and RSV (375 nM) did not exert significant antiproliferative
activity in MCF-7 cells, and activity was even less in the presence of the ABC inhibitors.
However, when encapsulated into milk-derived EXOs, the same polyphenol concentrations
exerted a robust antiproliferative activity, which was not affected by the presence of ABC
inhibitors (Figure 3).
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Figure 3. Cell proliferation of MCF-7 cells after treatment with free CUR (48 nM), free RSV (375 nM),
EXO-CUR (48 nM), and EXO-RSV (375 nM), in the presence or absence of a mixture of ABC transporter
inhibitors (1 µM each) after 72 h. *** p < 0.001 (EXO-CUR and EXO-RSV vs. EXO-CT). EXO-CT: milk
control exosomes; ABC: transporter inhibitors CP100356 (P-glycoprotein (P-gp) inhibitor), Ko143
(breast cancer resistant protein (BCRP) inhibitor), and probenecid (multidrug-resistant protein (MRP)
inhibitor). Data are presented as the mean± SD of at least three independent experiments (n = 6 wells
per experiment).

Then, we evaluated the dose-dependent antiproliferative effect of free CUR and
RSV vs. EXO-CUR and EXO-RSV in different human breast cell lines, i.e., MCF-7 (p53
wild breast cancer cells), MDA-MB-231 (p53 mutant breast cancer cells), and MCF-10A
(non-tumorigenic). Figures 4 and 5 show the antiproliferative activity in MCF-7 and MDA-
MB-231, respectively, whereas no antiproliferative effect was detected with either free or
EXO-encapsulated polyphenols in MCF-10A non-tumorigenic breast cells (Figure S3).
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Figure 4. Comparison of the effect of free CUR and RSV vs. EXO-CUR and EXO-RSV on MCF-7 cell
proliferation after 72 h. * p < 0.05; ** p < 0.01; *** p < 0.001 (EXO-CUR and EXO-RSV vs. EXO-CT).
EXO-CT: non-loaded milk-derived EXOs. The X-axis shows the concentration of CUR and RSV that
the EXOs incorporate (nM) and, below, the equivalent % of the fraction of EXOs tested in the cell
media. Data are presented as the mean ± SD of at least three independent experiments (n = 6 wells
per experiment).
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Figure 5. Comparison of the effect of free CUR and RSV vs. EXO-CUR and EXO-RSV on MDA-MB-
231 cell proliferation after 72 h. The asterisks indicate statistically significant differences between
EXO-CUR and EXO-RSV vs. control (non-loaded) EXOs (EXO-CT). ** p < 0.01; *** p < 0.001. The
X-axis shows the concentration of CUR and RSV incorporated by EXOs and, below, the % of the EXO
fraction tested in the cell media. Data are presented as the mean ± SD of at least three independent
experiments (n = 6 wells per experiment).

2.4. Effect on Cell Cycle Distribution and Apoptosis

Next, we delved into the mechanisms involved in the antiproliferative effect, focusing
on the MCF-7 cell line. A significant increase in the G0/G1 phase and decrease in the S
phase was observed after treatment with EXO-CUR and EXO-RSV, but not with free CUR
or RSV (Figure S4). In addition, a dose-dependent apoptotic induction was observed when
MCF-7 cells were treated with EXO-CUR or EXO-RSV but not with the corresponding free
polyphenols (Figure 6).
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Figure 6. Comparison of the apoptosis induction exerted by CUR and RSV vs. EXO-CUR and
EXO-RSV in MCF-7 after 72 h. EXO-CT: non-loaded milk-derived EXOs. * p < 0.05; ** p < 0.01
(significant differences for EXO-CUR and EXO-RSV vs. EXO-CT). Data are shown as the mean ± SD
of 3 independent experiments (2 wells per treatment) for each time point.
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The apoptosis observed upon EXO-CUR and EXO-RSV treatments occurred via the
mitochondrial (intrinsic) pathway, as indicated by the dose–response activation of caspase-
9 but not caspase-8 (Figure 7). Free CUR at 96 nM showed a slight caspase-9 activation,
although not enough to trigger antiproliferative activity and apoptosis under these assay
conditions, as previously shown in Figures 4 and 5.
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Figure 7. Comparison of caspases activation in MCF-7 cells exerted by CUR and RSV vs. EXO-CUR
and EXO-RSV after 72 h. EXO-CT: non-loaded milk-derived EXOs. * p < 0.05; ** p < 0.01; *** p < 0.001
(significant differences vs. EXO-CT). Data are shown as the mean ± SD of three experiments for each
treatment (n = 2 plates per experiment).

2.5. Cellular Uptake Mechanisms of Milk-Derived Exosomes

Finally, we set out to investigate the major entry pathways in the cellular uptake of
milk-derived EXOs. MCF-7 cells were co-treated for 4 h with either EXO-CUR or EXO-
RSV plus specific inhibitors involved in cellular uptake mechanisms, as described in the
Materials and Methods section.

EXO-CUR at 144 nM, without cell uptake inhibitors, produced a 34% inhibition of
proliferation on MCF-7 cells when measured after 48 h, but only 4 h of incubation of cells
with EXO-CUR was necessary to achieve this effect (Figure 8). The antiproliferative effect
of EXO-CUR was not significantly affected by phenylarsine, cytochalasin D, and monensin.
However, chlorpromazine significantly reduced the antiproliferative effect of EXO-CUR
under these test conditions (Figure 8).

EXO-RSV, at the highest concentration (1.1 µM), with 4 h of incubation, caused an
inhibition of proliferation of 18% after evaluation at 24 h (Figure S5). In this case, EXO-
RSV did not exert a significant antiproliferative effect in the presence of phenylarsine,
cytochalasin D, and chlorpromazine (Figure S5).
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Figure 8. Effect of cellular uptake inhibitors on the antiproliferative activity of EXO-CUR in MCF-7
cells. Inhibitors and EXO-CUR were incubated for 4 h. Then, the cell medium was replaced by another
one without inhibitors or EXO-CUR and kept for 48 h. EXO-CT: non-loaded EXOs. Phe: phenylarsine;
Cyt: Cytochalasin D; Mon: monensin; Chlor: chlorpromazine. ** p < 0.01; *** p < 0.001. NS: not
significantly different. Experiments were carried out three times for each treatment (n = 3 plates
per experiment).

3. Discussion

EXOs are communication tools that offer enormous potential for targeted bioactive
compound delivery. Targeted delivery of bioactive cargoes in milk-derived EXOs has
already been approached [19], especially for their potential to shuttle miRNAs and other
nucleic acid molecules. However, methods for producing and purifying milk EXOs and
loading them with dietary bioactives or therapeutic molecules have yet to be standardized.
We have tested here three different loading methods for incorporating polyphenols into
bovine-milk-derived EXOs. Overall, passive incubation was the simplest and most effective
loading method.

Dietary (poly)phenols are extensively metabolized to yield phase-II conjugates with
much lower activity than their unconjugated precursors [27,29–31]. In the present study,
we first explored whether the administration of EXO-CUR and EXO-RSV could protect
their cargoes (CUR and RSV) from being metabolized. In this regard, we describe here
for the first time that non-conjugated, i.e., free CUR and RSV, were detected in the rat
mammary tissue (41 and 300 nM, respectively) despite the low concentration (2 and 15 µM,
respectively) when administered as EXO-CUR or EXO-RSV. However, no free polyphenols
were detected upon administration of non-encapsulated CUR and RSV, which indicated
that milk EXOs protected CUR and RSV from metabolism and delivered their cargoes in the
mammary tissue. Therefore, our results suggest that the antiproliferative activity observed
for EXO-CUR and EXO-RSV at the concentrations assayed in our cell models could be
compatible with a plausible physiological approach [32,38].

In the present study, we could not reproduce the results of Aqil et al. [24] who encap-
sulated a huge CUR concentration (about 600 µM) in milk-derived EXOs and described
the delivery of CUR in liver, lung, and brain rat tissues but not mammary tissues upon
EXO-CUR administration. In addition, they reported exceptional results for EXO-CUR as a
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cancer chemopreventive agent in a cervical tumor xenograft rat model. Remarkably, these
authors observed a high decrease in cell survival of 40% when assaying non-loaded EXOs
as a control in MDA-MB-231 cancer cells [24]; something that we did not observe under
our assay conditions.

We cannot compare our results with other reports regarding RSV encapsulation in
milk-derived EXOs and their effects because this is the first study to report such encapsula-
tion. Overall, our assay conditions for both polyphenols were challenging with regard to
observing antiproliferative effects in breast cancer cells. In fact, to the best of our knowl-
edge, we have described here for the first time the lowest CUR and RSV concentrations
(assayed as EXO-CUR 96 nM and EXO-RSV 75 nM, respectively), closer to a dietary con-
text [31,32,39] and probably compatible with their occurrence in breast tissue, showing
strong antiproliferative effects on breast cancer cell models.

The antiproliferative effects were homogeneous for EXO-CUR and EXO-RSV, sharing
the same mechanisms. In the present study, both encapsulated polyphenols increased the
G0/G1 phase and decreased the S phase in MCF-7 cells. However, cell cycle arrest has been
reported to depend on the polyphenols, their concentration, and (or) the specific cell line
assayed. In the case of MCF-7 cells, 10–30 µM CUR concentrations have been reported as
increasing the G2/M phase [32,40,41]. In the case of RSV, Su et al. [42] observed an increase
in the S phase with RSV 50 µM, while Giménez-Bastida et al. [34] described an increase in
the S and G2/M phases at 10 µM. It is of note that these results refer to the assay of much
higher concentrations of non-encapsulated RSV and CUR (from 25 to 625 times more) than
those tested in the present study.

EXO-CUR and EXO-RSV induced apoptosis via the mitochondrial pathway in a p53-
independent mechanism since both MCF-7 (p53 wild) and MDA-MB-231 (p53 mutant) cell
lines were affected almost equally. This result is interesting because other studies have
observed p53-dependent effects when comparing both cell lines [34]. However, it has
been described that the p21 protein, generally regulated by p53, can also be independently
regulated by different molecules [43], including CUR in MDA-MB-231 cells [32]. Therefore,
although we did not determine p21 in our study, we cannot rule out the possibility that
EXO-CUR and EXO-RSV altered the cell cycle and promoted apoptosis by inducing p21 in a
p53-independent mechanism. In general, the pro-apoptotic pathways induced by different
polyphenols may differ, i.e., mitochondrial [44], extrinsic [45], or both [46,47] pathways may
occur. The mitochondrial pathway was also described by Akkoç et al. [48] in MCF-7 cells
but using a much higher CUR concentration (30 µM). In the case of RSV, both intrinsic and
extrinsic pathways have been described in MCF-7 cells but using higher doses (10 µM) [49].

In addition to the difference in doses tested in our study compared to others, EXO-
CUR and RSV entered MCF-7 cells independently of ABC transporters, which is a crucial
differential feature. Our results suggest that macropinocytosis was not an essential pathway
for EXO-CUR and EXO-RSV uptake. Besides, the lack of effect of the lysosome inhibitor
monensin indicated that lysosomes were not involved in the intracellular transport of
EXO-CUR or EXO-RSV [50]. On the contrary, EXO-CUR and EXO-RSV entered MCF-7
cells primarily via clathrin-mediated endocytosis, in agreement with other studies using
milk-derived EXOs in lung cancer H1299 and colon cancer Caco-2 cells [24,51]. Previous
studies have described the role of ABC transporters, especially in cancer cells, in limiting
the anticancer effect of polyphenols, including CUR and RSV, by restricting their entry into
the cells and (or) enhancing their efflux back to the extracellular space [34,36]. Therefore,
our results suggest that EXO-CUR and EXO-RSV avoid ABC’s restriction, enter the cells
by endocytosis and exert a rapid triggering of antiproliferative molecular events (4 h),
evidenced after 48–72 h in cell cycle alteration and apoptosis induction in MCF-7 cells.

We are aware that our study has some limitations. For example, EXOs were isolated
and unequivocally identified after detecting specific EXO-associated markers. However, we
acknowledge that other subtypes of extracellular vesicles could be present in the fractions.
Although the low concentrations of RSV and CUR encapsulated in milk-derived EXOs
have allowed the description of potent antiproliferative effects at nanomolar concentrations
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for the first time, the encapsulation process could be improved to facilitate the delivery of
higher polyphenol concentrations to the mammary tissue. Finally, fluorescent labeling of
milk-derived EXOs could allow the assaying of higher endocytosis inhibitor concentrations
to track the uptake of EXOs in real time and to more precisely differentiate the pathways
involved. In the present study, our results suggest that the clathrin-mediated pathway
seems to be the primary route, but we cannot unequivocally discard the possibility of cell
uptake of milk EXOs following other pathways, and thus this requires further research.

4. Materials and Methods
4.1. Reagents

Resveratrol (RSV, 3,5,4′-trihydroxy-trans-stilbene, 99% purity), curcumin (CUR,
95%), trypan blue, bovine serum albumin (BSA), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), an Annexin V/PI detection kit, RNase, staurosporine, the
ABC transporter inhibitors Ko143, CP100356, and probenecid, and the inhibitors of cellular
uptake phenylarsine oxide (Phe), monensin (Mon), chlorpromazine (Chlor) and cytocha-
lasin D (Cyt) were purchased from Sigma-Aldrich (St. Louis, MO, USA). FAM-FLICA
caspase activation kits (3, 8, and 9) were obtained from ImmunoChemistry Technologies
(Bloomington, MN, USA). Phosphate buffer saline (PBS) was obtained from Fisher Scien-
tific (Hampton, NH, USA), and dimethylsulphoxide (DMSO), methanol (MeOH), ethanol
(EtOH), and ethyl acetate (EtOAc) from Panreac (Barcelona, Spain). Ultrapure Millipore
water (Bedford, MA, USA) was used throughout the study.

4.2. Preparation, Purification, and Detection of Milk-Derived EXOs

Raw bovine milk was collected from a local farm (Madrid, Spain). Milk-derived EXOs
were isolated and purified as previously described [23], using sequential centrifugation,
ultracentrifugation, and size exclusion chromatography (SEC) steps. The protein concen-
tration of each eluted fraction after SEC was determined by the BCA method (Thermo
Scientific, Waltham, MA, USA), using BSA as the standard and following the manufac-
turer’s instructions. The identification of EXOs was assessed by Western blot (WB) analysis
using anti-Hsp90 (610418, BD, Madrid, Spain), anti-CD63 (bs-1523R, Bioss, Woburn, MA,
USA), anti-TSG101 (A303-506A, Bethyl, Montgomery, TX, USA), anti-calnexin (A303-694A,
Bethyl), and anti-β-casein (ab112595, Abcam, Cambridge, UK) as primary antibodies. Anti-
rabbit or anti-mouse conjugated secondary antibodies were used with either Alexa FluorTM

680 or IRDye® 800. Blots were visualized using an Odyssey® infrared imaging system
(LI-COR, Lincoln, NE, USA) and analyzed for image processing with the Image Studio Lite
5.2.5 software (LI-COR) [23].

4.3. CUR and RSV Loading into Milk-Derived EXOs

CUR and RSV were loaded into exosomes following three different loading methods:
passive incubation, sonication, and electroporation.

4.3.1. Polyphenols Preparation

CUR or RSV were dissolved in EtOH:PBS (1:1) and then exposed to exosomes (10%) at
a final concentration of 250 µg/mL, reaching a 5% maximum concentration of EtOH in the
EXO solution.

4.3.2. EXOs Loading Methods

For passive incubation, the EXO solution was left for 1 h at 37 ◦C in the dark. Son-
ication methods consisted of (i) 4 cycles of 20 s and 2 min of waiting time in a sonicator
or (ii) 6 cycles of 2 s and 2 min waiting time between cycles using a 1 Hz 150 W sonicator
(J.P. Selecta, Barcelona, Spain). Electroporation was performed as previously reported [52].
Briefly, two conditions were tested: (i) 400 V, 2 pulses of 1 s and 5 s of waiting time between
cycles or (ii) 400 V, 2 pulses of 0.5 msec and 5 s of waiting time between cycles. After
electroporation, EXO solutions were purified by SEC to remove non-loading polyphenols.
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Next, EXO fractions loaded with polyphenols were pooled and concentrated by ultracen-
trifugation, and finally, purified milk-derived EXOs were aliquoted and stored at −80 ◦C
for further assays.

4.4. Characterization of Milk-Derived EXOs
4.4.1. Nanoparticle Tracking Analysis (NTA)

EXOs’ particle size distributions and concentrations were measured by NTA with a
LM10 nanoparticle characterization system (NanoSight, Malvern, UK). Three replicates of
60 sec capture videos were performed using a 638 nm laser, and analysis was performed
using a NanoSight NTA 3.1. program. EXO samples were appropriately diluted (1:1000–
1:10,000) using 1 × PBS, and the size distributions and concentrations were analyzed at
23–27 ◦C. NTA analysis was performed on thawed samples.

4.4.2. Transmission Electron Microscopy (TEM)

Milk-derived EXOs were visualized by TEM with negative staining. First, EXOs were
placed on copper grids (200 mesh) for 3 min. Next, the samples were stained by adding
30 µL of phosphotungstic acid hydrate 1% (PTA 1%) on the grid for 1 min. Then, the excess
solution was removed with filter paper, and each sample was air-dried before examining at
100 kV on a JEOL JEM 1400 TEM at the Spanish National Centre for Electron Microscopy
(ICTS, Madrid, Spain).

4.5. Kinetic Disposition of CUR and RSV in the Rat Mammary Tissue

The Ethics Committee for Animal Experimentation (University of Murcia, Spain)
and the local government (reference 624/2020) approved the study. The experimental
protocol followed the Directive of the European Council 63/2010/UE and the guidelines
of the Spanish government (RD 53/2013). Female Sprague–Dawley rats (230–250 g) were
provided by the Experimental Animal Facility of the University of Murcia. The rats were
housed 3–4 in a cage in a room with controlled temperature (22 ± 2 ◦C), 55 ± 10% relative
humidity, and a 12 h light–dark cycle. Animals were fed a rat standard chow diet (Panlab,
Barcelona, Spain). Diet and tap water were administered ad libitum until the start of
the experiments.

EXO-CUR (300 µL, equivalent to 0.45 mg EXO protein, containing 2 µM CUR) or
EXO-RSV (300 µL, equivalent to 0.78 mg EXO protein, and containing 15 µM RSV) were
injected into the tail vein of isoflurane-sedated rats. After 1.5, 3, 6, and 15 min of exosomes
administration (a minimum of n = 3 per time point), sedated rats were sacrificed using a
CO2 chamber. In parallel, the same approach was followed for administering free CUR
(2 µM) or RSV (15 µM) dissolved in PBS:EtOH (95:5).

4.6. Sample Processing and Polyphenol Analysis

Purified milk-derived EXOs containing CUR (200 µL, 0.3 mg/mL) or RSV (200 µL,
0.5 mg protein/mL) were mixed with ethyl acetate (1:4) acidified with 0.1% formic acid,
vortexed for 1 min, and sonicated for 5 min. After centrifugation at 10,000× g for 5 min
at 4 ◦C, the organic phase was collected and reduced to dryness in a speed vacuum
concentrator. The evaporated samples were re-suspended in MeOH, filtered through a
0.22 µm polyvinylidene fluoride filter, and analyzed.

After the animals were sacrificed, blood samples were collected in EDTA-treated tubes
by cardiac puncture and processed as described elsewhere [39]. Next, the mammary tissue
was collected, extensively washed with PBS to avoid external blood contamination, and
processed as previously reported [39].

CUR and derived metabolites in exosomes, blood, and mammary tissue were analyzed
using UPLC-ESI-QTOF-MS as previously described [32]. RSV and derived metabolites
were analyzed using GC-MS as reported elsewhere [53] (Supplementary Material).
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4.7. Cell Lines and Assay Conditions

MCF-7 estrogen receptor (ER)-positive breast adenocarcinoma (p53 wild), MDA-MB-
231 ER-negative breast adenocarcinoma (p53 mutant), and MCF-10A breast non-tumorigenic
epithelial human cell lines were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were grown according to Giménez-Bastida et al. [34].

Each cell line was exposed to CUR- or RSV-loaded EXOs (EXO-CUR and EXO-RSV, re-
spectively) at concentrations found in the rat mammary tissue for 4–72 h, depending on the
assay. In parallel, free CUR and RSV (non-encapsulated in EXOs) at similar concentrations
and non-loaded EXOs (EXO-CT, controls) were also assayed.

4.8. Cell Viability Assays

We first determined the maximum milk-derived EXO percentage in the cell culture
without affecting the osmolarity and pH of the cell, using a 5520 vapor pressure osmometer
(VAPRO, Wescor, Logan, Utah, USA) and pH indicator paper (Neutralit, pH 5.5-9.0, Merck)
inside the incubator. Then, the effects of free RSV (375 nM) and free CUR (48 nM) or
EXO-RSV (75, 150, 300, 375, and 750 nM) and EXO-CUR (9.6, 19.2, 38, 48, and 96 nM) on
MCF-7, MDA-MB-231, and MCF-10A cell viability and proliferation were measured using
the MTT reduction assay according to Giménez-Bastida et al. [54]. Data are presented as
the mean ± standard deviation (SD) of at least three independent experiments (n = 6 wells
per experiment).

The antiproliferative effect of free CUR and RSV, and EXO-CUR and EXO-RSV on
MCF-7 cells was assayed in the presence and absence of a mixture containing the three
ABC inhibitors (1 µM each) after 72 h. The inhibitors were co-incubated with free CUR
(48 nM) or RSV (375 nM) and the corresponding EXO-CUR and EXO-RSV at the same
concentrations for 72 h.

4.9. Cell Cycle Analysis

The effects of free CUR (48 nM) and free RSV (375 nM) or EXO-CUR (48 nM) and
EXO-RSV (375 nM) for 3 days of treatment on cell cycle distribution in both MCF-7 cell
lines were measured as described previously [34]. Data are shown as the mean ± SD of
3 independent experiments (2 wells per treatment) for each time point.

4.10. Assessment of Apoptosis Induction

The apoptosis induction (by identifying both early and late apoptosis) exerted by free
CUR (96 nM) and free RSV (375 nM) or EXO-CUR (48 and 96 nM) and EXO-RSV (375
and 750 nM) for 3 days of treatment was examined using the Annexin V/PI detection kit
(Molecular Probes, ThermoFisher Scientific, Madrid, Spain) as described previously [55].
Briefly, 25,000 MCF-7 cells per sample were analyzed by flow cytometry (Coulter, EPICS
XL-MCL, Miami, USA), and staurosporine 5 µM was used as a positive control. Data are
shown as the mean ± SD of 3 independent experiments (2 wells per treatment) for each
time point.

4.11. Caspase Activation Assay

The activation of caspase-3, -8, and -9 was evaluated by flow cytometry using the car-
boxyfluorescein (FAM) FLICA apoptosis detection kits FAM-DEVD-FMK, FAM-LETD-FMK,
and FAM-LEHD-FMK, respectively (ImmunoChemistry Technologies LLC, Bloomington,
MN, USA) [56]. Experiments were carried out three times for each treatment (n = 2 plates
per experiment) in an FL1-A channel (Coulter, EPICS XL-MCL). A minimum of 2 × 104 cells
were analyzed for each sample.

4.12. Cellular Uptake of Milk Exosomes

MCF-7 cells were co-treated with either EXO-CUR or EXO-RSV plus specific inhibitors
involved in cellular uptake mechanisms (phenylarsine oxide as a general endocytosis
inhibitor and chlorpromazine, involved in clathrin-mediated endocytosis), microtubule
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assembly (cytochalasin D), and lysosome binding (monensin) [50]. After evaluating the cell
viability for increasing inhibitor concentrations and incubation times (results not shown),
non-cytotoxic doses of each inhibitor were selected (100 nM for phenylarsine oxide and
monensin and 2.5 µM for cytochalasin D and chlorpromazine), together with a maximum
incubation time of 4 h. For the proliferation analysis, MCF-7 cells were seeded in 96-well
plates at a cell density of 10,000 cells/well and incubated for 24 h before adding the
compounds to be evaluated. Once the incubation time had elapsed, the cells were treated
for 4 h with the respective treatments, i.e., EXO-CUR (144 nM) or EXO-RSV (1.1 µM), and
with each inhibitor individually. EXO-CUR and EXO-RSV concentrations corresponded to
the maximum EXO percentage (7.5%) in the cell culture without affecting osmolarity in
the cell medium. After incubation for 4 h, the medium was removed, and the cells were
incubated for an additional 48 h with a fresh culture medium without additional treatment,
i.e., without EXO-CUR, EXO-RSV, or inhibitors. After 48 h, the cellular proliferation was
quantified by the MTT method, as previously described. Experiments were carried out
three times for each treatment (n = 3 plates per experiment).

4.13. Statistics

Data are expressed as the mean ± SD. The empirical distribution of data with the
normality assumption was tested using the Shapiro–Wilk test. The comparison of the
data according to treatments, was evaluated via parametric statistics (Student’s t-test) or
non-parametric statistics (Mann–Whitney U test) depending on whether the data presented
a normal or non-normal distribution, respectively. Graphics and figures were prepared
using SigmaPlot 14.5 (Systat Software, San Jose, CA, USA) and MS Office Professional Plus
2016 (Microsoft, Redmond, WA, USA). Statistically significant differences were considered
at * p < 0.05, ** p < 0.01, and *** p < 0.001.

5. Conclusions

To the best of our knowledge, we have described the delivery of CUR and RSV to
mammary tissue for the first time via administration of milk-derived EXO-CUR and EXO-
RSV. Furthermore, this is the first report on the fast and robust antiproliferative activity,
apoptotic induction, cell cycle alteration, and caspases activation exerted by nanomolar
concentrations of EXO-CUR and EXO-RSV in two different human breast cancer cells,
probably compatible with the CUR and RSV concentrations occurring in breast tissue, and
without affecting non-tumorigenic breast cells. Remarkably, the administration of both free
(non-encapsulated) polyphenols failed to exert the same effects observed for EXO-CUR
and EXO-RSV at the same concentrations. Our results suggest that the internalization
of EXO-CUR and EXO-RSV via clathrin-mediated endocytosis could escape the ABC
transporter-mediated chemoresistance mechanisms of breast cancer cells, releasing free
CUR and RSV inside the cells to exert their fast and potent anticancer effects. This study
offers new scenarios for further in vivo investigation of milk-derived EXOs as nanocarriers
to enhance the tissue delivery and biological effects of (poly)phenols, including CUR and
RSV. Specific future actions might include validating our results in breast-cancer-induced
animal models to compare free CUR and (or) RSV effects vs. those exerted by EXO-CUR
and (or) EXO-RSV.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23052860/s1.

Author Contributions: Conceptualization, J.C.E.; methodology, A.G.-S., C.E.I.-A., A.C.-M., F.V., A.C.,
M.C.L.d.l.H., L.d.P.-A., A.D.S. and A.D.; software, C.E.I.-A., A.C.-M. and F.V.; validation, A.G.-S.,
A.C.-M., A.C., F.V., M.C.L.d.l.H., A.D. and J.C.E.; formal analysis, A.G.-S., C.E.I.-A., L.d.P.-A., A.D.S.
and M.C.L.d.l.H.; investigation, A.G.-S., C.E.I.-A., A.C.-M. and M.C.L.d.l.H.; resources, A.D. and
J.C.E.; data curation, A.G.-S., A.D. and J.C.E.; writing—original draft preparation, J.C.E.; writing—
review and editing, A.G.-S., M.C.L.d.l.H., A.D. and J.C.E.; visualization, J.C.E.; supervision, A.G.-S.,

https://www.mdpi.com/article/10.3390/ijms23052860/s1
https://www.mdpi.com/article/10.3390/ijms23052860/s1


Int. J. Mol. Sci. 2022, 23, 2860 14 of 16

A.D. and J.C.E.; project administration, J.C.E.; funding acquisition, A.D. and J.C.E. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by the projects PID2019-103914RB-I00, PID2019-109369RB-
I00, and RTI2018-093873-A-I00 from the Ministry of Science and Innovation (MICINN, Spain) and
European FEDER funds. C.E.I.-A. is the holder of a predoctoral grant (FPU18/03961) from MICINN
(Spain). M.C.L.H. is a recipient of a Juan de la Cierva Grant IJC2020-044353-I/MCIN/AEI/10.13039/
501100011033/EU/PRTR (MICINN, Spain).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee for Animal Experimentation of the
University of Murcia (Ministry of Universities, Spain) (ref. 624/2020, 16 November 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to Daniel Espín-Aguilar from IES Alcántara (Alcantar-
illa, Murcia, Spain) for his technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]

[PubMed]
2. Soekmadji, C.; Li, B.; Huang, Y.; Wang, H.; An, T.; Liu, C.; Pan, W.; Chen, J.; Cheung, L.; Falcon-Perez, J.M.; et al. The future of

Extracellular Vesicles as Theranostics—An ISEV meeting report. J. Extracell. Vesicles 2020, 9, 1809766. [CrossRef] [PubMed]
3. Keller, S.; Sanderson, M.P.; Stoeck, A.; Altevogt, P. Exosomes: From biogenesis and secretion to biological function. Immunol. Lett.

2006, 107, 102–108. [CrossRef]
4. Teruel-Montoya, R.; Luengo-Gil, G.; Vallejo, F.; Yuste, J.E.; Bohdan, N.; García-Barberá, N.; Espín, S.; Martínez, C.; Espín, J.C.;

Vicente, V.; et al. Differential miRNA expression profile and proteome in plasma exosomes from patients with paroxysmal
nocturnal hemoglobinuria. Sci. Rep. 2019, 9, 3611. [CrossRef]

5. Vallejo, F.; Yuste, J.E.; Teruel-Montoya, R.; Luengo-Gil, G.; Bohdan, N.; Espín, S.; García-Barberá, N.; Martínez, C.; Vicente, V.;
Espín, J.C.; et al. First exploratory study on the metabolome from plasma exosomes in patients with paroxysmal nocturnal
hemoglobinuria. Thromb. Res. 2019, 183, 80–85. [CrossRef] [PubMed]

6. Gurung, S.; Perocheau, D.; Touramanidou, L.; Baruteau, J. The exosome journey: From biogenesis to uptake and intracellular
signalling. Cell Commun. Signal. 2021, 19, 47. [CrossRef] [PubMed]

7. Soltész, B.; Buglyó, G.; Németh, N.; Szilágyi, M.; Pös, O.; Szemes, T.; Balogh, I.; Nagy, B. The Role of Exosomes in Cancer
Progression. Int. J. Mol. Sci. 2021, 23, 8. [CrossRef]

8. Zamani, P.; Fereydouni, N.; Butler, A.E.; Navashenaq, J.G.; Sahebkar, A. The therapeutic and diagnostic role of exosomes in
cardiovascular diseases. Trends Cardiovasc. Med. 2019, 29, 313–323. [CrossRef] [PubMed]

9. Howitt, J.; Hill, A.F. Exosomes in the Pathology of Neurodegenerative Diseases. J. Biol. Chem. 2016, 291, 26589–26597. [CrossRef]
[PubMed]

10. Colombo, M.; Raposo, G.; Thery, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular
vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289. [CrossRef] [PubMed]

11. Sun, D.; Zhuang, X.; Xiang, X.; Liu, Y.; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.; Zhang, H.-G. A Novel Nanoparticle
Drug Delivery System: The Anti-inflammatory Activity of Curcumin Is Enhanced When Encapsulated in Exosomes. Mol. Ther.
2010, 18, 1606–1614. [CrossRef] [PubMed]

12. Mehryab, F.; Rabbani, S.; Shahhosseini, S.; Shekari, F.; Fatahi, Y.; Baharvand, H.; Haeri, A. Exosomes as a next-generation drug
delivery system: An update on drug loading approaches, characterization, and clinical application challenges. Acta Biomater.
2020, 113, 42–62. [CrossRef] [PubMed]

13. Song, H.; Liu, B.; Dong, B.; Xu, J.; Zhou, H.; Na, S.; Liu, Y.; Pan, Y.; Chen, F.; Li, L.; et al. Exosome-Based Delivery of Natural
Products in Cancer Therapy. Front. Cell Dev. Biol. 2021, 9, 650426. [CrossRef]

14. Zhao, X.; Wu, D.; Ma, X.; Wang, J.; Hou, W.; Zhang, W. Exosomes as drug carriers for cancer therapy and challenges regarding
exosome uptake. Biomed. Pharmacother. 2020, 128, 110237. [CrossRef] [PubMed]

15. Tomé-Carneiro, J.; Fernández-Alonso, N.; Tomás-Zapico, C.; Visioli, F.; Iglesias-Gutierrez, E.; Dávalos, A. Breast milk microRNAs
harsh journey towards potential effects in infant development and maturation. Lipid encapsulation can help. Pharmacol. Res.
2018, 132, 21–32. [CrossRef]

http://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
http://doi.org/10.1080/20013078.2020.1809766
http://www.ncbi.nlm.nih.gov/pubmed/33144926
http://doi.org/10.1016/j.imlet.2006.09.005
http://doi.org/10.1038/s41598-019-40453-5
http://doi.org/10.1016/j.thromres.2019.10.001
http://www.ncbi.nlm.nih.gov/pubmed/31671376
http://doi.org/10.1186/s12964-021-00730-1
http://www.ncbi.nlm.nih.gov/pubmed/33892745
http://doi.org/10.3390/ijms23010008
http://doi.org/10.1016/j.tcm.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30385010
http://doi.org/10.1074/jbc.R116.757955
http://www.ncbi.nlm.nih.gov/pubmed/27852825
http://doi.org/10.1146/annurev-cellbio-101512-122326
http://www.ncbi.nlm.nih.gov/pubmed/25288114
http://doi.org/10.1038/mt.2010.105
http://www.ncbi.nlm.nih.gov/pubmed/20571541
http://doi.org/10.1016/j.actbio.2020.06.036
http://www.ncbi.nlm.nih.gov/pubmed/32622055
http://doi.org/10.3389/fcell.2021.650426
http://doi.org/10.1016/j.biopha.2020.110237
http://www.ncbi.nlm.nih.gov/pubmed/32470747
http://doi.org/10.1016/j.phrs.2018.04.003


Int. J. Mol. Sci. 2022, 23, 2860 15 of 16

16. Del Pozo-Acebo, L.; López de Las Hazas, M.C.; Margolles, A.; Dávalos, A.; García-Ruiz, A. Eating microRNAs: Pharmacological
opportunities for cross-kingdom regulation and implications in host gene and gut microbiota modulation. Br. J. Pharmacol.
2021, 178, 2218–2245. [CrossRef]

17. Somiya, M.; Yoshioka, Y.; Ochiya, T. Biocompatibility of highly purified bovine milk-derived extracellular vesicles. J. Extracell.
Vesicles 2018, 7, 1440132. [CrossRef] [PubMed]

18. Manca, S.; Upadhyaya, B.; Mutai, E.; Desaulniers, A.T.; Cederberg, R.A.; White, B.R.; Zempleni, J. Milk exosomes are bioavailable
and distinct microRNA cargos have unique tissue distribution patterns. Sci. Rep. 2018, 8, 11321. [CrossRef]

19. Adriano, B.; Cotto, N.M.; Chauhan, N.; Jaggi, M.; Chauhan, S.C.; Yallapu, M.M. Milk exosomes: Nature’s abundant nanoplatform
for theranostic applications. Bioact. Mater. 2021, 6, 2479–2490. [CrossRef]

20. Feng, X.; Chen, X.; Zheng, X.; Zhu, H.; Qi, Q.; Liu, S.; Zhang, H.; Che, J. Latest Trend of Milk Derived Exosomes: Cargos,
Functions, and Applications. Front. Nutr. 2021, 8, 747294. [CrossRef] [PubMed]

21. Tian, Y.; Li, S.; Song, J.; Ji, T.; Zhu, M.; Anderson, G.J.; Wei, J.; Nie, G. A doxorubicin delivery platform using engineered natural
membrane vesicle exosomes for targeted tumor therapy. Biomaterials 2014, 35, 2383–2390. [CrossRef] [PubMed]

22. Kandimalla, R.; Aqil, F.; Alhakeem, S.S.; Jeyabalan, J.; Tyagi, N.; Agrawal, A.; Yan, J.; Spencer, W.; Bondada, S.; Gupta, R.C.
Targeted Oral Delivery of Paclitaxel Using Colostrum-Derived Exosomes. Cancers 2021, 13, 3700. [CrossRef]

23. Del Pozo-Acebo, L.; López de las Hazas, M.-C.; Tomé-Carneiro, J.; Gil-Cabrerizo, P.; San-Cristobal, R.; Busto, R.; García-Ruiz, A.;
Dávalos, A. Bovine Milk-Derived Exosomes as a Drug Delivery Vehicle for miRNA-Based Therapy. Int. J. Mol. Sci. 2021, 22, 1105.
[CrossRef] [PubMed]

24. Aqil, F.; Munagala, R.; Jeyabalan, J.; Agrawal, A.K.; Gupta, R. Exosomes for the Enhanced Tissue Bioavailability and Efficacy of
Curcumin. AAPS J. 2017, 19, 1691–1702. [CrossRef] [PubMed]

25. Saint-Pol, J.; Gosselet, F.; Duban-Deweer, S.; Pottiez, G.; Karamanos, Y. Targeting and Crossing the Blood-Brain Barrier with
Extracellular Vesicles. Cells 2020, 9, 851. [CrossRef]

26. López de las Hazas, M.C.; del Pozo-Acebo, L.; Hansen, M.S.; Gil-Zamorano, J.; Mantilla-Escalante, D.C.; Gómez-Coronado,
D.; Marín, F.; Garcia-Ruiz, A.; Rasmussen, J.T.; Dávalos, A. Dietary bovine milk miRNAs transported in extracellular vesicles
are partially stable during GI digestion, are bioavailable and reach target tissues but need a minimum dose to impact on gene
expression. Eur. J. Nutr. 2021. [CrossRef]

27. Iglesias-Aguirre, C.E.; Cortés-Martín, A.; Ávila-Gálvez, M.Á.; Giménez-Bastida, J.A.; Selma, M.V.; González-Sarrías, A.; Espín, J.C.
Main drivers of (poly)phenol effects on human health: Metabolite production and/or gut microbiota-associated metabotypes?
Food Funct. 2021, 12, 10324–10355. [CrossRef] [PubMed]

28. Ávila-Gálvez, M.Á.; Giménez-Bastida, J.A.; Espín, J.C.; González-Sarrías, A. Dietary Phenolics against Breast Cancer. A Critical
Evidence-Based Review and Future Perspectives. Int. J. Mol. Sci. 2020, 21, 5718. [CrossRef] [PubMed]

29. Williamson, G. The role of polyphenols in modern nutrition. Nutr. Bull. 2017, 42, 226–235. [CrossRef] [PubMed]
30. González-Sarrías, A.; Giménez-Bastida, J.A.; Núñez-Sánchez, M.Á.; Larrosa, M.; García-Conesa, M.T.; Tomás-Barberán, F.A.;

Espín, J.C. Phase-II metabolism limits the antiproliferative activity of urolithins in human colon cancer cells. Eur. J. Nutr.
2014, 53, 853–864. [CrossRef]

31. Ávila-Gálvez, M.Á.; García-Villalba, R.; Martínez-Díaz, F.; Ocaña-Castillo, B.; Monedero-Saiz, T.; Torrecillas-Sánchez, A.; Abellán,
B.; González-Sarrías, A.; Espín, J.C. Metabolic Profiling of Dietary Polyphenols and Methylxanthines in Normal and Malignant
Mammary Tissues from Breast Cancer Patients. Mol. Nutr. Food Res. 2019, 63, e1801239. [CrossRef] [PubMed]

32. Ávila-Gálvez, M.Á.; González-Sarrías, A.; Martínez-Díaz, F.; Abellán, B.; Martínez-Torrano, A.J.; Fernández-López, A.J.; Giménez-
Bastida, J.A.; Espín, J.C. Disposition of Dietary Polyphenols in Breast Cancer Patients’ Tumors, and Their Associated Anticancer
Activity: The Particular Case of Curcumin. Mol. Nutr. Food Res. 2021, 65, e2100163. [CrossRef]

33. Núñez-Sánchez, M.A.; González-Sarrías, A.; Romo-Vaquero, M.; García-Villalba, R.; Selma, M.V.; Tomás-Barberán, F.A.; García-
Conesa, M.T.; Espín, J.C. Dietary phenolics against colorectal cancer—From promising preclinical results to poor translation into
clinical trials: Pitfalls and future needs. Mol. Nutr. Food Res. 2015, 59, 1274–1291. [CrossRef] [PubMed]

34. Giménez-Bastida, J.A.; Ávila-Gálvez, M.Á.; Espín, J.C.; González-Sarrías, A. Conjugated Physiological Resveratrol Metabolites
Induce Senescence in Breast Cancer Cells: Role of p53/p21 and p16/Rb Pathways, and ABC Transporters. Mol. Nutr. Food Res.
2019, 63, e1900629. [CrossRef] [PubMed]

35. Muley, H.; Fadó, R.; Rodríguez-Rodríguez, R.; Casals, N. Drug uptake-based chemoresistance in breast cancer treatment. Biochem.
Pharmacol. 2020, 177, 113959. [CrossRef] [PubMed]

36. Doyle, L.A.; Yang, W.; Abruzzo, L.V.; Krogmann, T.; Gao, Y.; Rishi, A.K.; Ross, D.D. A multidrug resistance transporter from
human MCF-7 breast cancer cells. Proc. Natl. Acad. Sci. USA 1998, 95, 15665–15670. [CrossRef] [PubMed]

37. Planas, J.M.; Alfaras, I.; Colom, H.; Juan, M.E. The bioavailability and distribution of trans-resveratrol are constrained by ABC
transporters. Arch. Biochem. Biophys. 2012, 527, 67–73. [CrossRef]

38. Ávila-Gálvez, M.Á.; González-Sarrías, A.; Espín, J.C. In Vitro Research on Dietary Polyphenols and Health: A Call of Caution and
a Guide on How To Proceed. J. Agric. Food Chem. 2018, 66, 7857–7858. [CrossRef] [PubMed]

39. Ávila-Gálvez, M.Á.; Romo-Vaquero, M.; González-Sarrías, A.; Espín, J.C. Kinetic disposition of dietary polyphenols and
methylxanthines in the rat mammary tissue. J. Funct. Foods 2019, 61, 103516. [CrossRef]

40. Su, D.; Cheng, Y.; Liu, M.; Liu, D.; Cui, H.; Zhang, B.; Zhou, S.; Yang, T.; Mei, Q. Comparision of Piceid and Resveratrol in
Antioxidation and Antiproliferation Activities In Vitro. PLoS ONE 2013, 8, e54505. [CrossRef]

http://doi.org/10.1111/bph.15421
http://doi.org/10.1080/20013078.2018.1440132
http://www.ncbi.nlm.nih.gov/pubmed/29511463
http://doi.org/10.1038/s41598-018-29780-1
http://doi.org/10.1016/j.bioactmat.2021.01.009
http://doi.org/10.3389/fnut.2021.747294
http://www.ncbi.nlm.nih.gov/pubmed/34778341
http://doi.org/10.1016/j.biomaterials.2013.11.083
http://www.ncbi.nlm.nih.gov/pubmed/24345736
http://doi.org/10.3390/cancers13153700
http://doi.org/10.3390/ijms22031105
http://www.ncbi.nlm.nih.gov/pubmed/33499350
http://doi.org/10.1208/s12248-017-0154-9
http://www.ncbi.nlm.nih.gov/pubmed/29047044
http://doi.org/10.3390/cells9040851
http://doi.org/10.1007/s00394-021-02720-y
http://doi.org/10.1039/D1FO02033A
http://www.ncbi.nlm.nih.gov/pubmed/34558584
http://doi.org/10.3390/ijms21165718
http://www.ncbi.nlm.nih.gov/pubmed/32784973
http://doi.org/10.1111/nbu.12278
http://www.ncbi.nlm.nih.gov/pubmed/28983192
http://doi.org/10.1007/s00394-013-0589-4
http://doi.org/10.1002/mnfr.201801239
http://www.ncbi.nlm.nih.gov/pubmed/30690879
http://doi.org/10.1002/mnfr.202100163
http://doi.org/10.1002/mnfr.201400866
http://www.ncbi.nlm.nih.gov/pubmed/25693744
http://doi.org/10.1002/mnfr.201900629
http://www.ncbi.nlm.nih.gov/pubmed/31441212
http://doi.org/10.1016/j.bcp.2020.113959
http://www.ncbi.nlm.nih.gov/pubmed/32272110
http://doi.org/10.1073/pnas.95.26.15665
http://www.ncbi.nlm.nih.gov/pubmed/9861027
http://doi.org/10.1016/j.abb.2012.06.004
http://doi.org/10.1021/acs.jafc.8b03377
http://www.ncbi.nlm.nih.gov/pubmed/30024157
http://doi.org/10.1016/j.jff.2019.103516
http://doi.org/10.1371/journal.pone.0054505


Int. J. Mol. Sci. 2022, 23, 2860 16 of 16

41. Berrak, Ö.; Akkoç, Y.; Arısan, E.D.; Çoker-Gürkan, A.; Obakan-Yerlikaya, P.; Palavan-Ünsal, N. The inhibition of PI3K and NFκB
promoted curcumin-induced cell cycle arrest at G2/M via altering polyamine metabolism in Bcl-2 overexpressing MCF-7 breast
cancer cells. Biomed. Pharmacother. 2016, 77, 150–160. [CrossRef]

42. Prasad, C.P.; Rath, G.; Mathur, S.; Bhatnagar, D.; Ralhan, R. Potent growth suppressive activity of curcumin in human breast
cancer cells: Modulation of Wnt/β-catenin signaling. Chem. Biol. Interact. 2009, 181, 263–271. [CrossRef] [PubMed]

43. Matsuda, T.; Kato, T.; Kiyotani, K.; Tarhan, Y.E.; Saloura, V.; Chung, S.; Ueda, K.; Nakamura, Y.; Park, J.-H. p53-independent p21
induction by MELK inhibition. Oncotarget 2017, 8, 57938–57947. [CrossRef] [PubMed]

44. Larrosa, M.; Tomás-Barberán, F.A.; Espín, J.C. The dietary hydrolysable tannin punicalagin releases ellagic acid that induces
apoptosis in human colon adenocarcinoma Caco-2 cells by using the mitochondrial pathway. J. Nutr. Biochem. 2006, 17, 611–625.
[CrossRef] [PubMed]

45. Gao, Y.; Yin, J.; Tu, Y.; Chen, Y.C. Theaflavin-3,3′-Digallate Suppresses Human Ovarian Carcinoma OVCAR-3 Cells by Regulating
the Checkpoint Kinase 2 and p27 kip1 Pathways. Molecules 2019, 24, 673. [CrossRef] [PubMed]

46. Ma, Z.; Yang, J.; Yang, Y.; Wang, X.; Chen, G.; Shi, A.; Lu, Y.; Jia, S.; Kang, X.; Lu, L. Rosmarinic acid exerts an anticancer effect on
osteosarcoma cells by inhibiting DJ-1 via regulation of the PTEN-PI3K-Akt signaling pathway. Phytomedicine 2020, 68, 153186.
[CrossRef]

47. Sajedi, N.; Homayoun, M.; Mohammadi, F.; Soleimani, M. Myricetin Exerts its Apoptotic Effects on MCF-7 Breast Cancer Cells
through Evoking the BRCA1-GADD45 Pathway. Asian Pac. J. Cancer Prev. 2020, 21, 3461–3468. [CrossRef] [PubMed]

48. Akkoç, Y.; Berrak, Ö.; Arısan, E.D.; Obakan, P.; Çoker-Gürkan, A.; Palavan-Ünsal, N. Inhibition of PI3K signaling triggered
apoptotic potential of curcumin which is hindered by Bcl-2 through activation of autophagy in MCF-7 cells. Biomed. Pharmacother.
2015, 71, 161–171. [CrossRef] [PubMed]

49. Chen, F.-P.; Chien, M.-H. Phytoestrogens induce apoptosis through a mitochondria/caspase pathway in human breast cancer
cells. Climacteric 2014, 17, 385–392. [CrossRef] [PubMed]

50. Gao, H.; Yang, Z.; Zhang, S.; Cao, S.; Shen, S.; Pang, Z.; Jiang, X. Ligand modified nanoparticles increases cell uptake, alters
endocytosis and elevates glioma distribution and internalization. Sci. Rep. 2013, 3, 2534. [CrossRef]

51. Wolf, T.; Baier, S.R.; Zempleni, J. The Intestinal Transport of Bovine Milk Exosomes Is Mediated by Endocytosis in Human Colon
Carcinoma Caco-2 Cells and Rat Small Intestinal IEC-6 Cells. J. Nutr. 2015, 145, 2201–2206. [CrossRef] [PubMed]

52. Lamichhane, T.N.; Jay, S.M. Production of Extracellular Vesicles Loaded with Therapeutic Cargo. Methods Mol. Biol.
2018, 1831, 37–47. [CrossRef] [PubMed]

53. Joseph, J.A.; Fisher, D.R.; Cheng, V.; Rimando, A.M.; Shukitt-Hale, B. Cellular and behavioral effects of stilbene resveratrol
analogues: Implications for reducing the deleterious effects of aging. J. Agric. Food Chem. 2008, 56, 10544–10551. [CrossRef]

54. Giménez-Bastida, J.A.; Ávila-Gálvez, M.Á.; Espín, J.C.; González-Sarrías, A. The gut microbiota metabolite urolithin A, but
not other relevant urolithins, induces p53-dependent cellular senescence in human colon cancer cells. Food Chem. Toxicol.
2020, 139, 111260. [CrossRef] [PubMed]

55. González-Sarrías, A.; Núñez-Sánchez, M.Á.; Tomás-Barberán, F.A.; Espín, J.C. Neuroprotective Effects of Bioavailable Polyphenol-
Derived Metabolites against Oxidative Stress-Induced Cytotoxicity in Human Neuroblastoma SH-SY5Y Cells. J. Agric. Food Chem.
2017, 65, 752–758. [CrossRef] [PubMed]

56. González-Sarrías, A.; Tomé-Carneiro, J.; Bellesia, A.; Tomás-Barberán, F.A.; Espín, J.C. The ellagic acid-derived gut microbiota
metabolite, urolithin A, potentiates the anticancer effects of 5-fluorouracil chemotherapy on human colon cancer cells. Food Funct.
2015, 6, 1460–1469. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biopha.2015.12.007
http://doi.org/10.1016/j.cbi.2009.06.012
http://www.ncbi.nlm.nih.gov/pubmed/19573523
http://doi.org/10.18632/oncotarget.18488
http://www.ncbi.nlm.nih.gov/pubmed/28938528
http://doi.org/10.1016/j.jnutbio.2005.09.004
http://www.ncbi.nlm.nih.gov/pubmed/16426830
http://doi.org/10.3390/molecules24040673
http://www.ncbi.nlm.nih.gov/pubmed/30769778
http://doi.org/10.1016/j.phymed.2020.153186
http://doi.org/10.31557/APJCP.2020.21.12.3461
http://www.ncbi.nlm.nih.gov/pubmed/33369440
http://doi.org/10.1016/j.biopha.2015.02.029
http://www.ncbi.nlm.nih.gov/pubmed/25960232
http://doi.org/10.3109/13697137.2013.869671
http://www.ncbi.nlm.nih.gov/pubmed/24299158
http://doi.org/10.1038/srep02534
http://doi.org/10.3945/jn.115.218586
http://www.ncbi.nlm.nih.gov/pubmed/26269243
http://doi.org/10.1007/978-1-4939-8661-3_4
http://www.ncbi.nlm.nih.gov/pubmed/30051423
http://doi.org/10.1021/jf802279h
http://doi.org/10.1016/j.fct.2020.111260
http://www.ncbi.nlm.nih.gov/pubmed/32179165
http://doi.org/10.1021/acs.jafc.6b04538
http://www.ncbi.nlm.nih.gov/pubmed/28142243
http://doi.org/10.1039/C5FO00120J
http://www.ncbi.nlm.nih.gov/pubmed/25857357

	Introduction 
	Results 
	Encapsulation of CUR and RSV into Milk-Derived EXOs 
	CUR and RSV Detection in Breast Tissue after Free and EXO-EncapsulatedPolyphenols Administration 
	Effect of CUR and RSV on the Viability of Cancerous and Normal Breast Cells (Free Polyphenols vs. Polyphenols Encapsulated into EXOs) 
	Effect on Cell Cycle Distribution and Apoptosis 
	Cellular Uptake Mechanisms of Milk-Derived Exosomes 

	Discussion 
	Materials and Methods 
	Reagents 
	Preparation, Purification, and Detection of Milk-Derived EXOs 
	CUR and RSV Loading into Milk-Derived EXOs 
	Polyphenols Preparation 
	EXOs Loading Methods 

	Characterization of Milk-Derived EXOs 
	Nanoparticle Tracking Analysis (NTA) 
	Transmission Electron Microscopy (TEM) 

	Kinetic Disposition of CUR and RSV in the Rat Mammary Tissue 
	Sample Processing and Polyphenol Analysis 
	Cell Lines and Assay Conditions 
	Cell Viability Assays 
	Cell Cycle Analysis 
	Assessment of Apoptosis Induction 
	Caspase Activation Assay 
	Cellular Uptake of Milk Exosomes 
	Statistics 

	Conclusions 
	References

