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A B S T R A C T

Breast cancer (BC) is the second most common cause of brain metastasis onset in patients, with the cerebellum
accounting for the 33% of cases. In the current study, using a 4T1 triple-negative mouse BC model, we revealed
that an orally administered medicinal mushrooms (MM) blend, rich in β-glucans, played a direct and specific
anti-cancer action on cerebellar metastases, also bettering locomotor performances. The neuroprotective effect of
the MM blend plays through (i) a direct and specific inhibition of cerebellar metastatization pattern typical of
TNBC (with an induced reduction of about 50% of metastases density) and (ii) the regulation of apoptosis and
proliferation-related genes, as suggested by expression changes of specific molecular markers, i.e. PCNA, p53,
Bcl2, BAX, CASP9, CASP3, Hsp70 and AIF. Therefore, inhibiting the metastatization process, triggering a sig-
nificant apoptosis increase, and lessening cell proliferation, this MM supplement, employed as adjuvant treat-
ment in association with conventional therapy, could represent a promising approach, in the field of Integrative
Oncology, for patients’ management in both prevention and treatment of brain metastases from BC.

1. Introduction

Female breast cancer (BC) is the most commonly diagnosed cancer
worldwide, with an incidence of 2,261,419 cases and mortality of
684,996 individuals in 2020 [1]. BC is a heterogeneous disease, showing
a tumour phenotype characterized by peculiar histological and meta-
static features, as well as different therapeutic response and clinical
outcome [2,3]. Nowadays, 5 clinical subtypes of BC have been identi-
fied, based on their gene expression profile or biomarkers expression
[4]. Among these tumours, approximately 10–20% are triple-negative
breast cancer (TNBC), testing negative for estrogenic and progesterone

receptors, and for the epidermal growth factor receptor 2 (HER2). TNBC
is the most aggressive BC, with either high proliferation or metastatic
phenomena, high rate of recurrence, often associated with poor prog-
nosis, and unresponsiveness to current targeted therapies [5–7].

Metastatic colonization in TBNC involves cellular and molecular
processes, which act to stimulate angiogenesis and tumour-stroma in-
teractions, as well as intravasation through the basement membrane
with subsequent extravasation into the distant target organs [8]. Actu-
ally, BC is the second most common cause of brain metastasis onset. In
particular, Central nervous system (CNS) is the first metastatic target in
12% of BC patients, being also detected in 30% of autopsy series [9–11].
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During the last 40 years an increase in the onset of brain metastases from
BC (BMBC) has been perceived, possibly due to the discovery and use of
novel therapies, which result in longer patient survival, as well as to
advances in neuroimaging allowing a punctual detection of early me-
tastases [12,13]. Notably, among the different regions of CNS, cere-
bellum is the main site of metastases occurrence accounting for the 33%
of cases, together with basal ganglia, [14–16]. This preferential location
is probably ascribable to the high blood supply of this area [17] and to a
“leaky” blood brain barrier (BBB) that allows the passage of metastatic
cells into the CNS [17,18], a process characterized by a close cross-talk
between the microenvironment and the tumour cells [19].

Currently, the standard of care consists of chemotherapy in case of
BMBC, although with reduced efficacy due to the presence BBB, which
limits the efficacy of chemotherapic drugs to reach the CNS. Alternative
conventional therapeutic approaches, resulting in longer patients’ sur-
vival, include surgery, whole-brain radiation and stereotactic radio-
surgery. Nevertheless, the lack of an effective targeted therapy and the
TNBC heterogeneity emphasized the urgent need to identify new ther-
apeutic targets and develop novel effective medicines capable to over-
come drug resistance.

One of the most promising sources of “drug discovery” in cancer
adjuvant therapy are medicinal mushrooms (MM), which possess a long
story of use in traditional oriental medicine mainly in China and Asia,
also employed as nutritionally functional foods. A bulk of literature
clearly evidenced that MM own peculiar anticancer, onco-
immunological, and immunomodulatory properties, also improving
quality of life during conventional oncological treatment protocols in
humans [20,21].

Indeed, in the last years, the use of several MM has been approved as
adjuvant supplements in antitumor therapy in different countries.
Different MM produce hundreds of bioactive compounds which are able
to influence, often in a synergistic way, numerous cancer-related path-
ways, modulating cellular targets typically involved in cell proliferation,
survival, and angiogenesis [21,22]. In particular, anticarcinogenic,
antimutagenic, onco-immunological and immunomodulatory effects in
BC are closely linked to the type and amount of β1–3 and β1–6 glucans
and to their modulation of the innate and cell-mediated immune
response [7,23]. Such compounds act as biological response modifiers
(BRMs), stimulating the immune system and consequently helping on
cancer fighting. In fact, β-glucans are recognized by dectin-1 receptors
by antigen presenting cells, thus “training innate immunity”, which re-
sults in enhanced host reaction. This trained immunity holds great po-
tential for boosting immune responses in frail subjects, i.e. oncological
patients, and even some of these fungal β-glucans are already under
evaluation on clinical trials [24–27].

Numerous literature data evidenced that the use of MM extracts or
their compounds is secure and helpful when employed alone or even
combined with conventional anticancer treatments [21,22].

One of the cellular mechanism that is involved in cancer is the
evasion of apoptosis which results in therapy resistance [28]. Further-
more, inefficient apoptotic pathway activation and proliferation are two
combined mechanisms leading to further cancer progression and met-
astatization. New apoptosis-targeted agents developed in breast cancer,
such as Bcl2-inhibitors, are in front line and are undergoing clinical
trials and other are needed as a new way to treat cancer [28].

Our previous studies employing a syngeneic mouse of 4T1 triple-
negative BC demonstrated the striking beneficial effects of an oral sup-
plementation with “Micotherapy U-care” (MU-care), a MM blend, con-
taining a combination of extracts of mycelia and sporophores. In
particular, we proved that three month-lasting MU-Care supplementa-
tion ameliorated murine quality of life and contextually led to a
remarkable decrease of metastases density and nodules number in pul-
monary district, paralleled by a substantial decrease of inflammation
and oxidative stress in metastases [7,29]. Moreover, we revealed that
MU-Care was efficacious to influence cell death/proliferation balance,
being these mechanisms strictly joined and inversely associated. Hence,

our findings highlighted that MM blend owns a direct effect on tumour
cells compelling cancer cells to apoptosis.

Recently, the same MM blend was employed for cancer patients’
management after the failure of conventional treatment; specifically,
MU-care has been administered in four subjects suffering from different
tumour types, including breast cancer, with an improvement of survival
and quality of life [30].

Herein, we evaluated the effect of MU-care in the before reported
experimental conditions, using the 4T1 triple-negative mouse BC model,
focusing on cerebellum. In particular, we addressed distinctive end-
points relative to cell death pathway also exploring pathological out-
comes of the murine cerebellar tissue, comparing metastatic areas and
neighbouring Purkinje cells. Specifically, cerebellar histopathology was
investigated, together with the immunohistochemical assessment of key
molecules, i.e., PCNA, p53, Bcl2, BAX, CASP9, CASP3, Hsp70 and AIF.
Parallelly, locomotor performances were examined in vivo, being the
cerebellum critically implicated in the control of motor behavior over
cortical regions via cerebello-thalamic-cortical loops, also playing a
pivotal role in balance and locomotion. In particular, we intended to
evaluate possible functional changes due to damages in the cerebellar
circuits [29–32].

Using a comparative approach, overall results were evaluated with
the final goal to assess whether MU-care could exert beneficial effects
also on CNS secondary breast cancer.

2. Results

As previously described [7] using the same preclinical model, i.e. the
4T1 triple-negative mouse BC, we demonstrated that MU-Care supple-
mentation was accompanied by a betterment of QoL. Among selected
parameters, we analyzed locomotor performances, demonstrating an
astonishingly improvement of locomotor capabilities of treated mice,
paralleled by a striking beneficial effect in pulmonary tissue [7].

In current investigation, we focused on theMU-care supplementation
effect on the cerebellum, the main metastatic target area in BMBC pa-
tients. Therefore, functional measures of locomotor performances were
complemented by histopathological characterization and immunohis-
tochemical data about the expression of specific biomarkers represen-
tative of proliferation/cell death pathway in treated and not treated
syngeneic mice compared to healthy control animals.

2.1. MU-care supplementation increased locomotor activities

We monitored locomotor parameters of mice before and after 4T1
cells injections in treated and not treated mice. In a variant of the open-
field test, mice were left to explore freely an open and safety environ-
ment for eight minutes. We measured three locomotor parameters, i.e.
the total distance, the mean speed, and the resting time. Specifically,
open arena test was performed in treated mice (i) before starting MU-
care treatment and prior to the tumor injection, namely “pre” condi-
tion (experimental time T1), and (ii) 20 days after 4T1 cells inoculation
(T2). In untreated mice open arena test were performed (i) prior to the
tumor injection, namely “pre” condition, and (ii) 20 days after 4T1 cells
inoculation, namely “post” condition, in which pre and post represent
T1 and T2, respectively.

Notably, concerning untreated mice only, all the examined param-
eters were similar pre- and post-4T1 injection, while the MU-care sup-
plementation significantly improved locomotor performances (Fig. 1 A,
B, C and Table 1). In particular, in untreated mice the total distance
Fig. 1A), the mean speed Fig. 1B), and the resting time Fig. 1C) recorded
“pre” and “post” were comparable. Any statistically significant differ-
ence was measured between “pre” and “post” condition in untreated
mice and “pre” condition in the treated experimental group.

MU-care supplementation significantly enhanced murine locomotor
activities despite 4T1 cells injection, as evidenced by a 57.2% increase in
total distance Fig. 1A), a 22.2% increment in mean speed Fig. 1B) and a
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9.5% decrease in resting time Fig. 1C).

2.2. Cerebellar metastases density reduction in syngeneic mice by MU-
care blend

Cerebellar vermes (sagittal sections) were processed to evaluate
injury extent in cerebellar cortex comparing healthy controls, untreated,
and MU-care treated mice by H&E, Nissl and PSR staining. All evalua-
tions were performed focusing the attention on both cortical and bottom
areas of cerebellar lobules.

Morphological picture obtained by H&E and Nissl staining in healthy
controls (a), MU-care treated (b-c) and Untreated (d-f) mice are illus-
trated in Fig. 2. Healthy controls displayed a physiological cerebellar
cytoarchitecture. Diversely, both Untreated and MU-care treated mice
displayed the presence of a similar amount of micrometastases, localized
in the entire thickness of cerebellar cortex, (Fig. 2, Panel H and Table 2).

Furthermore, in the same experimental groups, metastases were
identified, mainly located within the internal granular layer (IGL)
thickness and in the white matter (WM). These pathological formations
were frequently surrounded by hemorrhagic foci scattered in the deep
portions of the cerebellar lobules. Strikingly, the successive quantitative
analyses revealed a statistically significant reduction (about 50%) in the
number of deep WM cerebellar metastases after MU-care supplementa-
tion (Fig. 2, Panel I and Table 2). Focusing on the different cell types of
cerebellar cortex layers, any morphological change was perceived in the
three experimental groups.

Therefore, based on the significant metastases’ density difference
between Untreated and MU-care treated mice, we focused our attention
on metastases.

2.3. Effect of MU-care on collagen staining in syngeneic mice

Results acquired after PSR cerebellum staining in healthy controls (a,
d), and MU-care treated (b, c) and Untreated (e, f) mice are depicted in
Fig. 3. This staining allows the study of collagen networks in normal and
pathological paraffin-embedded tissues. The PSR labeling was mainly
evident both at meningeal level as well as in the IGL cells in all exper-
imental groups. In particular, a statistically extremely significant in-
crease of PSR OD was measured in the meninges of Untreated mice
compared to healthy controls. Remarkably, in MU-care treated animals

the measured OD fell between the two aforementioned values, being
therefore significantly different compared to that determined both in
Untreated mice and healthy controls, (Fig. 3, Panel H and Table 2).
Otherwise, concerning the PSR OD assessed at IGL cells level, any sig-
nificant difference was established among the three experimental groups
(Fig. 3, Panel I and Table 2). Concerning metastatic areas, although no
quantifiable collagen-positivity was detectable in the cerebellar metas-
tases, PSR staining enabled an easier identification of metastatic tissue,
evidencing the occurrence of surrounding hemorrhaging foci engulfed
by yellow-labeled erythrocytes.

2.4. MU-care neuroprotection affecting proliferation/cell death
imbalance in cerebellar metastases of syngeneic mice

The persistence of inflammation and oxidative state can lead to
extensive cell and tissue damage over time. As adaptive response to
injury, cells can trigger several defense mechanisms such as increasing
antioxidant enzyme levels or activating programmed cell death path-
ways. The following sections report the data obtained investigating
precise molecules, as specific markers of cell death pathways with the
goal to explore the occurrence of such hypothesized adaptive
mechanism.

The maintenance of a balance between proliferation and cell death is
crucial for physiological cells and tissues homeostasis. PCNA is one of
the keymolecules involved in DNA replication, as a nuclear proliferation
marker typically overexpressed in cancer cells. PCNA immunopositivity
was detected at metastatic level (Fig. 4). The quantitative analysis
revealed an extremely statistically significant increase in the number of
immunoreactive metastatic cells OD (Fig. 4, Panel I and Table 3) and,
with a similar trend, an extremely statistically significant enhancement
of immunopositive cell density was detected in the metastatic areas of
Untreated animals compared to MU-care treated mice (Fig. 4, Panel H
and Table 3).

p53 is one of the most studied transcription regulators molecules and
a tumor suppressor factor which regulates a wide range of genes
involved in countless cellular functions, ranging from the DNA repair
mechanisms to cell cycle regulation as well as to cell death mechanisms,
i.e. apoptosis and autophagy, being these latter two critical points in
cancer [33]. Our current data demonstrated that p53 immunoreactivity
was mainly localized in the IGL both in MU-care treated and Untreated
animals (Fig. 5). The presence of some p53-immunopositive micro-
metastases was also observed in the IGL of MU-care treated mice. Con-
cerning metastases, a scarce number of p53-immunopositive cells were
present, while an extremely significant increase of p53 immunopositive
cells OD was detected comparing MU-care treated and Untreated mice
(Fig. 5, Panel H and Table 3).

Bcl2 protein is a well-known anti-apoptotic factor. In the present
study, Bcl2 immunoreactivity was mainly localized at PCs level in all
experimental groups and also in metastatic areas (Fig. 6). Notably,
focusing onmetastases, a slight decrease was measured in metastatic cell
density comparing MU-care treated and Untreated animals (Fig. 6,
Panel H and Table 4). Interestingly, concerning metastases OD, a very
significant immunopositivity decrease was perceived in MU-care treated
mice compared to Untreated animals () (Fig. 6, Panel I and Table 4).

Fig. 1. Locomotor activity measured before (pre) and after (post) 4T1 cell injections in Untreated (red) and MU-care treated (blue) mice. A: Total distance (cm). B:
Mean speed (cm/s). C: Resting time (s). p < 0.05 (*) and p < 0.01 (**) was calculated by One-way Anova followed by Bonferroni’s post hoc test.

Table 1
Quantitative measurement of selected parameters, i.e. total distance (cm), mean
speed (cm/s) and resting time (s), for studying locomotor performances before
(pre) and after (post) 4T1 cell injections in Untreated and MU-care treated mice.

Total distance (cm) Mean Speed
(cm/s)

Resting time (s)

pre post pre post pre post

Untreated 425.07
± 70.35

373.15
± 66.66

4.36
±

0.13

4.33
±

0.15

417.14
± 10.96

427.14
± 9.57

MU-care
treated

397.42
± 59.67

624.82
± 83.41

4.32
±

0.17

5.28
±

0.27

424.74
± 9.07

384.19
± 9.24

F. De Luca et al.
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Concerning the pro-apoptotic molecule BAX, its expression was
particularly manifest at metastatic level in all synergic tumor-bearing
mice, both Untreated and MU-care treated (Fig. 7). In detail, an
extremely statistically significant enhancement of both immunopositive
cells OD and density were measured in MU-care treated mice compared
to those determined in Untreated animals (Fig. 7, Panel H and I, and

Table 4). Notably, in the same experimental groups, at parenchyma level
the immunoreactivity was not measurable, similarly to the situation
observed in healthy controls.

CASP9 is the most well-studied initiator caspase, playing a key role
in the mitochondrial or intrinsic pathway. In particular, CASP9 immu-
nolabeling was primarily detected at PCs soma level as well as in the
metastases (Fig. 8). In particular, as regards to metastases, an extremely
significant increase of immunopositive cell density was assessed in MU-
care treated mice compared to Untreated (Fig. 8, Panel H and Table 5).
Similarly, an extremely significant augment of immunopositive cells OD
was measured in MU-care treated mice compared to Untreated animals
(Fig. 8, Panel I and Table 5).

CASP3 is one of the effector molecules triggering apoptosis (Fig. 9).
A slight augment was determined evaluating metastases cell density in
MU-care treated compared to Untreated animals). (Fig. 9, Panel I and
Table 5). Likewise, a slight increase of CASP3 immunopositive cells OD
was measured in MU-care treated mice compared to Untreated animals
(). (Fig. 9, Panel J and Table 5).

As a chaperone protein, Hsp70 is chiefly involved in inhibiting
apoptosis. Hsp70 immunostaining was mainly observed at PCs level
(both soma and main dendrites) in all experimental groups, and also in

Fig. 2. Histological characterization by H&E and Nissl staining. Representative serial cerebellar vermis sections, showing parenchyma and metastatic areas (both
macro- and micro-metastases), from healthy control (a), MU-care treated (b, c), and Untreated (d–f) mice. The physiological cerebellar structure appeared well
preserved in healthy controls (a). Peculiar structural alterations evident in cerebellar parenchyma are presented, together with different metastatic features, in both
MU-care treated and Untreated mice. ML: Molecular layer; PCL; Purkinje cells layer; IGL: Internal granular layer; WM: White matter. Circle and dotted arrow: deep
metastasis identified in WM. Arrowhead: micro-metastasis localized in ML. Light microscopy magnification: 10x (a, b and e); 40 × (c, d and f); 60 × (insert in f).
Panels H and I: Histograms showing quantification of micrometastases and metastases density, respectively. p value calculated by unpaired Student’s t-test:
(*) < 0.05.

Table 2
Quantitative assessment of (i) metastases and micrometastases density by H&E
and NISSL staining and (ii) Meninges and IGL cells OD by PSR staining. —: not
present.

H&E and NISSL Picrosirius Red

Density of
micrometastases

Density of
metastases

Meninges
OD

IGL cells
OD

Control
Untreated
MU-care
treated

— — 75.80
± 2.80

55.80
± 0.93

59.52 ± 11.64 61.22 ± 9.24 101.06
± 3.09

57.05
± 1.15

45.63 ± 11.52 31.74 ± 8.46 90.62
± 3.11

58.72
± 1.04

F. De Luca et al.
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metastatic areas in 4T1 injected mice (Fig. 10). (Fig. 10, Panel H and I,
and Table 6). Notably, Hsp70 immunopositive cell density was generally
extremely elevated in cerebellar metastatic tissues. In particular, Un-
treated mice displayed a significantly higher Hsp70 immunopositive cell
density compared to MU-care treated animals (Fig. 10, Panel H and I
and Table 6) Parallelly, concerning Hsp70 immunopositive cells OD, a
significant lessening was measured comparing MU-care treated and
untreated mice (Fig. 10, Panel H and I and Table 6).

2.5. MU-care parthanatos induction in cerebellar metastases of syngeneic
mice

Parthanatos is a cell death mechanism which differs from all other
known types of cell death, e.g. apoptosis or necrosis. This multistep cell
death pathway plays a key role in tumorigenesis and includes several
critical molecules involved in tumor progression, invasion and meta-
statization.AIF is one of the main molecules involved in parthanatos and
the translocation of this factor from the cytoplasm to the nucleus is a
critical event in this cell death [34]. Results obtained after AIF immu-
nohistochemistry in healthy controls (a), MU-care treated (b - d) and
Untreated (e – i) mice are reported in Fig. 11 and Table 6. The AIF la-
beling was mainly evident in ML and metastatic tissue of both MU-care

treated (c, d) and Untreated (g, i) mice, as well as in the IGL of Untreated
animals only (e). Focusing on metastatic regions, a slight increase of AIF
immunopositive cell density was observed comparing MU-care treated
and Untreated animals (Fig. 11, Panel J and Table 6). Showing a similar
trend, a significant increase of AIF immunopositive cell OD was
measured in metastases of MU-care treated mice compared to the Un-
treated animals (Fig. 11, Panel K and Table 6).

3. Discussion

MU-care is a MM blend rich in β-glucans. In the current study, using a
syngeneic tumour-bearing mouse of TNBC, we explored the MU-care
effects on secondary breast cancer in cerebellum. We previously
described, in the same animal model, MU-care beneficial action on lung
metastases and in mice QoL. MM and their main active constituents
β-glucans are known for their anticancer, anti-inflammatory and
immunomodulatory properties both in vitro and in vivo [35–37] Few
available papers focused on MM-derived β-glucans effects on brain
cancer in vivo [26]. In the present study, we describe, for the first time,
the in vivo effect of a MM blend rich in β-glucans on cerebellar sec-
ondary breast cancer in a triple negative syngeneic mouse. Notably, any
other therapy was associated with MU-care during experimental time,

Fig. 3. Bright-field PSR staining. Representative cerebellar specimens, showing parenchyma and metastasis, from healthy control (a, d), MU-care treated (b, c), and
Untreated (e, f) mice. Intensely labeled meninges were observable in Untreated mice (e). A weaker PSR OD positivity was detected in the IGL of healthy controls (a,
d), MU-care treated (b, c), and Untreated (e, f) mice. The presence of a hemorrhagic core, engulfed with PSR yellow-labeled erythrocytes, surrounding unstained
metastatic cells, was also evident (f). Light microscopy magnification: 10x (c and d); 20x (f); 40 × (a, b and e; insert in f). Panel H and I: Quantification of meninges
and IGL cells OD, respectively. p values calculated by one-way ANOVA followed by Bonferroni’s post-hoc test: (*) < 0.05; (**) < 0.01; (***) < 0.001.

F. De Luca et al.
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therefore we assumed that all described effects could be ascribable to the
preventive and therapeutic (namely, effective during supplementation)
effect of the MM blend.

In our experimental design, the syngeneic tumour-bearing mice were
supplemented starting two months before 4T1 injection and lasting for
an additional 35 days during tumour development, employing the MU-
care drink, consisting of a mixture of five MM species, and characterized
by a high 1,3–1,6 β-glucans content [7].

Through behavioural test experiments to assess locomotor activity,
we revealed that supplemented mice, after 4T1 injection, were more
active compared to untreated animals. Cerebellum is known to mediate
sensorimotor adaptation, fine movement and coordination control, as

well as instrumental conditioning [38–40]; hence, different behavioural
tests could be conducted in lab animals. Nonetheless, it has to be
highlighted that only a spontaneous behavioural test, namely open
arena test, was chosen in our study, due to physiological BALB/c mice
characteristics, e.g. high anxiety-like behaviour and limited exploratory
performance [41,42]. All the tested locomotor parameters, i.e., the
mean speed, the total distance, and the resting time, demonstrated a
significant improvement in locomotor performances in MU-care mice.
For fairness, it has to be mentioned that we cannot completely ruled out
that the improvement of the locomotor activity could be attributable to
MM beneficial effect on other brain regions and/or on muscular system,
but the cerebellar metastatic areas observed in untreated mice tends to
suggest a possible decline in their cerebellar network function.
Remarkable, MU-care supplementation significantly increased the mu-
rine mean speed, a parameter analogous to the gait speed in humans.
Gait speed is an important measure of functional status and health, since
the ability to walk is one of the basic everyday activities [43–45], but it
is a complex task that requires higher cognitive processes [46]. In
particular, gait is related to and supported by cerebellar functions [47]
and cerebellar volume loss was recorded in patients with decline in
memory and gait speed [48,49]. Indeed, it is known that the cerebellum
plays a fundamental role in gait and motor functioning, as demonstrated
by poor gait in patients with cerebellar ataxia [48,50] and also by
neuroimaging studies confirming the cerebellar involvement in

Fig. 4. Immunohistochemical labelling for PCNA in healthy control (a), MU-care treated (b, c), and Untreated (d–f) mice. A marked PCNA immunopositivity was
evident mainly at metastatic level, more intense in Untreated (f) mice compared to MU-care treated (c). A strong immunolabeling was also visible in the deep WM of
Untreated mice only (d). Light microscopy magnification: 10 × (a); 20 × (b, e); 40 × (d); 60 × (c, f, insert in d). Panels H and I: Histograms illustrating the
quantitative assessment of immunoreactive metastases cell density and OD, respectively. p value calculated by unpaired Student’s t-test: (***) < 0.001.

Table 3
Quantitative measurement of key proliferation/suppression molecules, namely
PCNA and p53, in metastases. n.c.: not comparable.

PCNA P53

Cell density OD Cell
density

OD

Untreated
MU-care
treated

2.13
± 0.20

196.90
± 4.14

n.c. 112.27
± 1.99

0.58
± 0.10

144.49
± 4.52

n.c. 139.21
± 1.67

F. De Luca et al.
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sensorimotor coordination [51,52].
Histological, histochemical and immunohistochemical analyses in

cerebellum were devoted to examine potential pathological features, in
terms of cytoarchitectural alterations (with attention to different cere-
bellar cortex layers and cell types) and occurrence/number/extension of
metastases.

H&E, having stood the test of time as the standard stain for histologic
examination of tissues, enabling the recognition of different cells types
and morphological changes, still remains the basis of contemporary
cancer diagnosis [53,54].

In the current study, data obtained by means of H&E and Nissl
techniques let us to highlight strong alterations in cerebellum of 4T1
tumour-bearing mice. In particular, the occurrence of several micro-
metastases and deep metastases was revealed, both in Untreated and in
MU-care treated animals. This outcome fully matched with previous
literature demonstrating that cerebellum is a typical metastatic site in
BC patients [55]. These cerebellar neoformations were scattered both in

WM as well as in ML of 4T1-injected mice. Notably, focusing on WM
deep metastases, it has to be underlined that MU-care supplementation
triggered a strikingly significant reduction in their number (about 50%).
This data suggests that MU-care directly and specifically inhibit cere-
bellar metastasis of TNBC. Metastases were typically surrounded by
haemorrhagic foci, appearing engulfed by yellow-labelled erythrocytes.
It has also to be reported that, concerning the other different cell types of
cerebellar cortex, any significant morphological alteration was observed
neither in Untreated nor in MU-care treated animals.

Regarding collagen detection, PSR staining represents one of the
most selective technique to identify and quantitatively estimate collagen
deposition in histological sections. Fibrosis, resulting from chronic in-
flammatory process, is caused by an imbalance between collagen
deposition and reabsorption. Tissue collagen quantification represents
an important tool in the clinical diagnosis as well as for patients’
outcome prediction and therapy individualization [56]. In the present
investigation, PSR staining revealed a significant increase in collagen

Fig. 5. Representative micrographs showing p53 immunohistochemical reaction in healthy control (a), MU-care treated (b-d), and Untreated (e-g) mice. An
intensely marked p53 immunopositivity was observable particularly in micrometastases of MU-care treated mice (c, d); in these animals, metastases were also
evidently immunoreactive (c, d). In Untreated mice, immunoposivity was clearly detected in metastatic areas (f, g). Light microscopy magnification: 40 × (a, b, c, e,
f); 60 × (d, g). Panel H: histogram illustrating the quantitative analysis of immunopositive metastases OD. p values calculated by unpaired Student’s t-test: (*)
< 0.05, (**) < 0.01, (***) < 0.001.
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expression level in the meninges of 4T1-injected animals, with the Un-
treated mice resulting the most affected. In fact, cerebellar fibrosis
tended to be reduced after MU-care supplementation. It has to be
mentioned that, even though no quantifiable collagen-positivity was
perceived in cerebellar metastases, Picric Acid itself enabled an easier
recognition of deep metastases, highlighting the presence of
yellow-labelled erythrocytes constituting haemorrhaging foci.

Based on our previous findings [7,29,57], we putatively assumed
that MM blend could determine an imbalance between proliferation and
cell death, driving to a significant increase in apoptotic event in meta-
static tissue.

To test our hypothesis, we firstly assessed PCNA expression pattern

after MM blend supplementation. In detail, a selective effect on the
reduction of proliferation in cerebellar metastatic areas was evidenced
in MU-care treated mice compared to untreated mice. Consequently, we
postulated a protective role played by MM extract in DNA replication
mechanism, and a direct and specific inhibitory effect on cancer cell
proliferation.

Subsequently, we investigated the effect of MU-care on different
apoptotic pathways. Initially, we examined Bcl2 immunohistochemical
expression pattern [58–60]. Based on our data, we supposed that the
lower Bcl-2 OD levels measured in cerebellar metastases of MU-care
treated mice could be related to an imbalance between proliferation
and apoptosis. Concerning cerebellar parenchyma (namely, PCs), Bcl-2
expression levels were comparable both in Untreated as well as in
MU-care treated mice, thus suggesting a selective and specific apoptotic
effect triggered by MM blend on metastases only.

Our aforementioned postulate was further reinforced by results ob-
tained investigating BAX and p53. In particular, BAX, predominantly
detected at metastatic level, displayed the highest expression levels in
MU-care treated mice. This significant increase appeared to be in line
with the well-known role of BAX, which acts as a proapoptotic protein.
Thus, we could assume that an enhancement in BAX levels after MM
supplementation could trigger tumour suppression. In accordance with
our results, literature data demonstrated that, conversely, a decreased

Fig. 6. Representative micrographs showing Bcl2 immunohistochemical reaction in healthy control (a), MU-care treated (b, c), and Untreated (d–f) mice. An
intensely marked Bcl2 immunopositivity was observable particularly in PCs soma of MU-care treated mice (b); in these animals, metastases were also evidently
immunoreactive (c). In Untreated mice, immunopositivity was detected in metastatic areas (f). Light microscopy magnification: 40 × (a, b, e); 60 × (c, d, f). Panel H
and I: histograms illustrating the quantitative analysis of immunopositive metastases cell density and OD, respectively. p value calculated by unpaired Student’s t-
test: (**) < 0.01.

Table 4
Quantitative appraisal of crucial pro- and anti-apoptotic factors, namely Bcl2
and BAX, in cerebellar metastases.

Bcl2 BAX

Cell density OD Cell density OD

Untreated
MU-care
treated

0.75
± 0.03

168.01
± 9.84

0.39
± 0.04

120.99
± 6.75

0.67
± 0.04

127.23
± 4.14

0.74
± 0.05

168.37
± 5.04
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BAX expression would provide tumour cells with a selective survival
advantage, contributing to their expansion and invasion [58]. Showing a
similar trend, p53 exhibited the most marked increase in metastatic
regions of MU-care treated mice. This enhanced immunopositivity for
the wild type p53 isoform (wtp53), playing a crucial role deciding
whether DNA would be repaired or the damaged cell would
self-destruct, could indicate a possible attempt to cell cycle arrest, in
order to inhibit proliferation of damaged cells. In fact, wtp53, a key
regulator of cellular homeostasis, frequently referred to as the “guardian
of the genome”, fosters apoptosis and also inhibits VEGF-dependent
angiogenesis, thereby opposing tumor growth and metastatization
[61]. Concerning apoptosis, the selectivity of MM blend-mediated reg-
ulatory effect on this programmed cell death pathway was further
confirmed analysing CASP9 and CASP3 expression patterns.

Specifically, the modulatory action of the MM blend on apoptotic
pathway observed in cerebellar metastatic tissue was highlighted by the
presence of enhanced CASP9 levels reported in MU-care treated mice
only, thus evidencing increased cell death events in the metastases after
supplementation. Our findings are in agreement with previous literature
data revealing that a reduction in CASP9 expression levels can represent
a tumour escape mechanism of apoptosis [62]. Furthermore, caspase-9
inhibition was related to increased resistance of cancer cells to chemo-
therapeutics treatment [63].

Then, following the known molecular apoptotic cascade, with the

aim to explore the occurrence of a specific apoptotic pathway, we
addressed the effect of MU-care supplement on CASP3. Caspase-3 is a
key regulator of the apoptotic response, chiefly involved in tumorigen-
esis. Several studies demonstrated that increased CASP3 expression
levels are closely associated with adverse breast cancer-specific patients’
survival [64]. Notably, showing a different expression trend compared
to other aforementioned markers, a lack of a direct CASP3 apoptotic
effect on metastases was revealed.Concerning Hsp70, evidence that it is
overexpressed in cancer, and that its high expression correlates with
increased tumour grade and poor prognosis, is extensive also in patients
affected by breast cancer [65]. In particular, this chaperon acts
endowing malignant cells selective advantage by suppressing multiple
apoptotic pathways (including autophagy), regulating necrosis, evading
cellular senescence program, also promoting angiogenesis and thus
supporting metastatization [66,67] Based on its clinical significance,
assessment of several Hsp70-based immunotherapy protocols is still
ongoing in clinical trials, together with the experimental use of Hsp70
inhibitors as promising chemotherapeutics. In accordance with these
literature evidences, our current results in cerebellum revealed a strik-
ingly high Hsp70-immunopositive cell density in metastases, with a
value 50–100-fold higher compared to all other evaluated markers in the
same metastatic regions. Notably, a significant reduction of Hsp70 levels
(in terms of both cell density and OD) was assessed equally in metastases
and parenchyma (namely, PCs) of MU-care treated mice compared to

Fig. 7. Immunohistochemical labelling for BAX in healthy control (a), MU-care treated (b, c), and Untreated (d–f) mice. An intensely marked BAX immunoreactivity
was clearly evident in metastatic areas of MU-care treated mice (c). Light microscopy magnification: 40 × (a, b, c, d, e); 60 × (f, insert in c). Panels H and I:
Histograms showing the quantitative analysis of immunopositive metastases OD and cell density, respectively. p value calculated by unpaired Student’s t-test:
(***) < 0.001.

F. De Luca et al.



Biomedicine & Pharmacotherapy 159 (2023) 114262

10

Untreated animals. This extremely significant decrease was accompa-
nied by the above-mentioned lessening in PCNA expression. This con-
current trend appeared in line with previous clinical findings reporting a
conversely positive correlation between elevated PCNA and Hsp70
expression levels measured in human breast cancer patients [65].

The significant increase of CASP9 expression levels in metastatic
areas of MU-care animals, was not succeeded by the expected increase of
CASP3 in the same tissue, opening the hypothesis that other caspase
effectors could be involved in the proapoptotic effects. Furthermore, the
significant reduction of apoptosis-inducing factor (AIF) in metastases of

syngeneic tumour-bearing mice suggests that metastatic BC cells would
be able to escape cellular mechanisms which lead to both caspase-
dependent and -independent apoptotic pathways, nonetheless leaving
the hypothesis standing that an involvement of other cell death mech-
anisms would occurred in metastatic cells after MM supplementation.

Whether this beneficial action is to be ascribable to a direct β-glucans
or other MM blend active metabolites effect, carried out crossing the
BBB, or rather to a systemic anti-tumoral, immunomodulatory MM
extract effect still needs to be clarified. We could even hypothesize that
both mechanisms may contribute to the observed CNS outcomes. To
elucidate this hypothesis, our recent in vitro data investigated the
possible contribution of micotherapy in the fight against GBM and its
synergic effect with a newly synthesized platinum-based compound,
using human GBMU251 cells [68]. Interestingly, in line with the present
in vivo results, we demonstrated that MU-care was able to regulate cell
cycle, control cellular redox state, and to induce regulated form of ne-
crosis, such as ferroptosis in U251 cells, thereby supporting the efficacy
of this new combined therapy.

In conclusion, these data demonstrated that MU-care inhibit breast
cancer cerebellar metastasis both by (i) a direct and specific inhibition of
cerebellar metastatization pattern typical of TNBC, as well as by (ii)
regulating apoptosis and proliferation-related genes. Therefore, this

Fig. 8. Immunohistochemical labelling for CASP9 in healthy control (a), MU-care treated (b, c), and Untreated (d–f) mice. CASP9 immunopositivity was perceivable
in the PCs soma of MU-care treated (b) and Untreated animals (d, e). An intensely marked immunolabeling was also evident in metastatic areas of MU-care treated
mice (c). Immunopositivity was also noticeable in Untreated animals’ metastases (f). Light microscopy magnification: 40 × (a, b, e); 60 × (c, d, f, insert in b). Panels
H and I: Histograms illustrating quantitative evaluation of immunopositive metastases cell density and OD, respectively. p value calculated by unpaired Student’s t-
test: (***) < 0.001.

Table 5
Quantitative evaluation of initiator and effector caspases, i.e. CASP9 and CASP3,
in cerebellar metastatic area.

CASP9 CASP3

Cell density OD Cell density OD

Untreated
MU-care
treated

0.57
± 0.04

113.40
± 6.49

0.49
± 0.04

187.35
± 5.16

1.28
± 0.05

150.31
± 5.98

0.50
± 0.04

193.65
± 5.39
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MU-care-induced pleiotropic action make this MM blend a powerful,
non-pharmacological therapeutic tool to be employed in integrative
oncology, aiding the fight against TNBC-derived BM occurrence. Fig. 12.

4. Materials and methods

4.1. MU-care blend: raw materials from medicinal mushrooms, extraction
procedure, beta-glucan title

The MU-care blend consisted of a mixture of five fungal species,
produced and supplied by A.V.D. Reform s.r.l. (Noceto, Parma, Italy),
and registered by the Italian Ministry of Health as a dietary supplement
(registration number 627 I.5.i.h.2/2020/627). The detailed MU-care
supplement (batch n. XMBLEND25032020) composition is reported
here following (Table 7).

By sequencing Internal Transcribed Spacer (ITS) regions of nuclear
DNA and confirming the ID code, specific MM species strains were
established (for primers selection, see [29]). The PCR products were
purified and sequenced by Eurofins Genomics (Konstanz, Germany). The
identification was performed by using NCBI Nucleotide Blast software,
version 2.9.0 (Table 7, ID code).

Subsequently, the sporophores and mycelia were cultivated for two

to four months at 23 ◦C in a 1000 ± 100 ppm CO2 atmosphere. After
harvesting, the fresh material was extracted for 3 h at 95 ◦C in distilled
water plus ethanol 10% (1 kg of raw material in 15 L of water/ethanol
solution). After extraction, the fluid component was dehydrated until it
reached less than 7% of humidity. Dry extracts were grounded and
blended to obtain the 20% of each selected mushroom in the MU-care
(Table 7).

All raw materials and final products were regularly verified
following GMP, accordingly to the Hazard Analysis and Critical Control
Points (HACCP) system, also to ensure traceability, even in accordance
to Regulation (EC) No. 178/2002.

Finally, using a β-Glucan Assay Kit (Megazyme, LTD., Wicklow,
Ireland), the MU-care blend was checked to measure the polysaccharide
content, expressed as total (α plus β) glucan content and 1,3–1,6 β-glu-
cans. This analysis revealed a polysaccharide content more than 30%.
Out of this percentage (30%), > 15% were identified as 1,3–1,6 β-glu-
cans, the main key active ingredients in MU-care.

4.2. Animals and experimental design

Wild-type (strain BALB/c) female (n = 34) mice (Charles River Italia,
Calco, Italy) entered the Animal Care Facility of the University of Pavia

Fig. 9. Representative micrographs showing CASP3 immunohistochemical expression in healthy control (a), MU-care treated (b-d) and Untreated (e–h) mice. An
intensely marked CASP3 immunopositivity was observed in ML of Untreated mice (e, f) as well as in IGL of both MU-care treated (c) and Untreated animals (g). Few
immunolabeled cells were spotted in metastases, both in Untreated (h) and MU-care treated (d) mice. Light microscopy magnification: 40 × (a, b, f); 60 × (c, d, e, g,
h, insert in b and f). Panels I and J: Histograms demonstrating quantitative data concerning metastases cell density and OD, respectively. p value calculated by
unpaired Student’s t-test: > 0.05.
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at ~8 weeks of age. The pathogen-free mice were acclimatized for three
weeks before experiments, housed in temperature and humidity-
controlled (21 ± 2 ◦C with humidity at 50 ± 10%) vivaria (two ani-
mals/cage) under a 12:12 h light/dark cycle throughout the experi-
ments. 12:12 h light: dark cycles. Mice had ad libitum access to food and
water. Experimental procedures were performed in agreement with the
European Council Directive 2010/63/EU on the care and use of labo-
ratory animals, also following the guidelines established by the in-
stitution’s animal welfare committee, the Ethics Committee of Pavia
University (Ministry of Health, License number 364/2018-PR, approval
date:17 May 2018). All animals employed have been treated humanely,

with due concern for distress and discomfort alleviation.
To prevent any bias in study results, researchers were blinded to the

group assignment for all experimental procedures.
For a threemonth-period, after acclimatization and until sacrifice, 16

(MU-care treated) out of 34 mice were provided with a Micotherapy U-
care drink, consisting of a mixture of mycelium plus sporophores ex-
tracts of five MM species, including (20%) Agaricus blazei Murrill,
Agaricaceae, (20%) Ganoderma lucidum (Curtis) P. Karst., Polyporaceae,
(20%) Grifola frondosa (Dicks.) Gray, Grifolaceae, (20%) Lentinula edodes
(Berk.) Pegler, Omphalotaceae, and (20%) Ophiocordyceps sinensis (Berk.)
G.H. Sung, J.M. Sung, Hywel-Jones & Spatafora, Ophiocordycipitaceae.
The fungal scientific names are currently accepted according to Index
fungorum (http://www.indexfungorum.org/). The blend was solubi-
lized in water and the dose of 4 mg supplement/day/mouse (corre-
sponding to 0.16 g/kg/day) was selected to simulate human oral
supplementation. The residual n = 14 not-treated mice (namely Un-
treated) and n = 4 healthy controls were fed without any supplemen-
tation. The syngeneic tumour-bearing mice were generated by injecting
4T1 cells (106) into the nape of the neck of the BALB/c female animals.
The healthy controls were inoculated with the vehicle (i.e. phosphate-
buffer saline, PBS). The quality of life (QoL), measured in terms of
body weight gain and water consumption, and locomotor activity were

Fig. 10. Representative serial cerebellar sections immunostained for Hsp70 in healthy control (a), MU-care treated (b, c), and Untreated (d–f) mice. A marked Hsp70
immunopositivity was detectable in the PCs (soma and main dendrites) of healthy controls (a), MU-care treated (b, c) and Untreated (d, e) animals. An extremely
intense immunolabeling was also evident in the metastases of Untreated mice (f). Immunopositivity was also strong in metastases of MU-care treated animals (c).
Light microscopy magnification: 40 × (a, b, c, e, f); 60 × (d, insert in c, insert in f). Panels H and I: Quantification of immunopositive metastases cell density and
OD, respectively. p value calculated by unpaired Student’s t-test: (***) < 0.001.

Table 6
Quantitative measurement of essential markers of apoptosis and parthanatos, i.
e. Hsp70 and AIF, respectively, in metastases.

HSP70 AIF

Cell density OD Cell density OD

Untreated
MU-care
treated

390.63
± 15.32

179.92
± 5.90

0.60
± 0.05

124.67
± 5.70

254.16
± 15.82

146.81
± 4.26

0.66
± 0.04

146.67
± 4.43
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checked every day. Experimental time plan comprised: T0, animals’
randomization; T1, Micotherapy U-care oral supplementation initiation
(for MU-care treated mice, only); T2 (about 2 months later), 4T1 cells
inoculation in both Untreated and MU-care treated mice; T3 (about 20
days later): monitoring and evaluations beginning; T4 (about 15 days
later): monitoring and evaluations ongoing. At T1 and T3, the locomotor
activity was examined by using a behavioural test. Twenty-four hours
after T4, mice were euthanized and cerebella were removed and pro-
cessed for histopathological and immunohistochemical investigations.

4.3. Emergence test

At chosen timepoints, i.e. T1 and T3, all mice performed the emer-
gence task, a spontaneous behavioural test being a variant of the open-
field test, properly designed to reduce anxiety by providing a safe
enclosure within the open field. The emergence task was used to assess
exploratory behaviour and locomotor activities. The free exploration
test consisted of housing mice in a compartment prior to giving the
animal a free choice between a familiar compartment and a novel one.
During the test, each animal was located in a familiar environment (cage
measures: 13 cm x 15 cm x 33 cm, length x width x height) with a hole in
one side (4 cm wide and 5 cm long) through which it could emerge in a
larger arena (60 cm x 90 cm, width x length) without walls but with a
laminated floor. The observation lasted 8 min/mouse, during the free
exploring of the arena. Three locomotor parameters were assessed: total
distance (cm), mean speed (cm/s), and resting time (s). The animals’
movement was tracked and quantified using a SMART video automated

tracking system (2 Biological Instruments, Besozzo, Varese, Italy) with
40 ms/point sampling time and a Sony CCD colour video camera (PAL;
Sony Europe B.V.- Italian headquarters, Milan, Italy) [69]. Emergence
test results were expressed as a score index, calculated as reported
below.

4.4. Histology and immunohistochemistry

4.4.1. Cerebellar tissue
Thirty-five days after 4T1 injection, mice were deeply anesthetized

before decapitation by using isoflurane inhalation (Aldrich, Milwaukee,
WI, USA). Cerebella were immediately excised as previously described
[57], washed in 0.9% NaCl, and post-fixed by immersion for 7 h in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4), dehydrated
through a graded series of ethanol and finally embedded in Paraplast
X-TRA. Using a manual rotatory microtome, sagittal Section (8 µm
thick) of cerebellar vermis, were cut serially and collected on
silane-coated slides.

4.4.2. Morphological and histochemical evaluations
To reveal cerebellar cortex cytoarchitecture and estimate potential

structural alterations by light microscopy, Haematoxylin and Eosin
(H&E), Nissl and Picrosirius Red (PSR) staining were executed as pre-
viously described [70–73]. Briefly, serial tissue sections were processed
as follows: (i) H&E: 10 min staining with Carazzi’s Haematoxylin
(Bio-Optica Milano S.p.A., Milano, Italy), followed by 20 min wash in
running tap water and counterstaining with 1% eosin solution

Fig. 11. Representative cerebellar sections immunostained for AIF in healthy control (a), MU-care treated (b-d), and Untreated (e-i) mice. An intensely marked AIF
immunopositivity was observed in IGL of Untreated mice (e) as well as in ML of both MU-care treated (c) and Untreated (g) animals. Several immunolabeled cells
were spotted in metastases, both in Untreated (i) and MU-care treated (d) mice. Light microscopy magnification: 40 × (a, b, f); 60 × (c, d, e, g, h, i); 100x (insert in
e). Panels J and K: Histograms demonstrating quantitative data concerning metastases cell density and OD, respectively. p value calculated by unpaired Student’s t-
test: (*) < 0.05.
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(Bio-Optica Milano S.p.A., Milano, Italy); the nucleic acids stain violet to
dark blue while the proteins stain pink to red; (ii) Nissl: 1% cresyl violet
(Sigma, St. Louis, MO, USA) solution for 3 min followed by differenti-
ation in acetic acid in 100% ethanol (at 1:50,000 dilution) for 5 s; (iii)
PSR: 1 h staining with Picrosirius Red solution (0.1% of Sirius Red in
saturated aqueous picric acid), followed by a wash in 5% acidified water
[71–73]. Lastly, all differently stained cerebellar sections were dehy-
drated in ethanol, cleared in xylene, and mounted in Eukitt (Kindler,
Freiburg, Germany).

4.4.3. Immunohistochemistry
With the aim at preventing potential staining discrepancies due to

minor changes in the protocol, immunocytochemical reactions were
performed simultaneously on slides from different experimental groups.
Immunohistochemistry was carried out using commercial antibodies on
murine cerebellar specimens, to localize presence and distribution of
different cell death markers: (i) Proliferating Cell Nuclear Antigen
(PCNA), (ii) B-cell lymphoma 2 (Bcl-2), (iii) Bcl2 Associated X (BAX),
(iv) Caspase 9 (CASP9), (v) Caspase 3 (CASP3), and (vi) 70 kDa Heat
shock protein (Hsp70).

After being de-paraffinized in xylene and rehydrated, cerebellar
sections of healthy controls, Untreated, and MU-care treated mice

underwent antigen retrieval and were then incubated overnight at room
temperature in a dark moist chamber with selected monoclonal and
polyclonal primary antibodies (Table 8) diluted in PBS.

Subsequently, proper biotinylated secondary antibodies (Table 8)
and an avidin biotinylated horseradish peroxidase complex (Vector
Laboratories, Burlingame, CA, USA) were employed to uncover the an-
tigen/antibody interaction sites. The 3,3’-diaminobenzidine tetrahy-
drochloride peroxidase substrate (Sigma, St. Louis, MO, USA) was
utilized as the chromogen, while the nuclear counterstaining was done
using Carazzi’s Haematoxylin.

Next, sections were dehydrated in ethanol, cleared in xylene, and
mounted in Eukitt (Kindler, Freiburg, Germany). As negative untreated,
some tissues were incubated with PBS in absence of primary antibodies:
no immunoreactivity was detected in this condition.

4.4.4. Microscopes, imaging systems and histochemical/
immunohistochemical measurements

After morphological and histochemical reactions, slides were
observed and scored using a bright-field Zeiss Axioscop Plus 612 mi-
croscope (Carl Zeiss S.p.A., Milan, Italy). Five slides (about 18–20 ran-
domized sections) per animal were analysed; 5 microscopic fields were
examined in each section for each mouse per time/condition. The im-
ages were recorded with an Olympus Camedia C-5050 digital camera
and stored on a PC running Olympus software (Olympus Italia, Segrate,
MI, Italy). Following immunohistochemical procedures, slides were
examined using an Olympus BX51 optical microscope (model BX51TF).
The images were acquired with an Olympus CAMEDIA C4040ZOOM
camera (Olympus Italia, Segrate, MI, Italy). For each marker, six slides
(about 30 sections) per animal were analysed. Cerebellar specimens
from all experimental group displayed different immunolabelling extent
and the figures show the most representative changes for each immu-
nohistochemical reaction. The diverse labelling extents were evaluated
on acquired digitized section images under exposure time avoiding any
pixel saturation effect. The labelling intensity was measured exploiting
densitometric analysis (Image-J 1.46p; NIH, Bethesda, MA, USA). The
mask shape was adjusted depending on the spatial distribution of the cell
type and/or tissue specimens under measurement; the labelling was
measured as the mean intensity value over the area. The immunocyto-
chemical intensity, specified as optical density (OD), was assessed in 3
randomized images/section (making at least 10 measurements/image)
per 5 slides/animal from each experimental group, with the operator
blinded to the experimental condition. Results were recorded on
Microsoft Office Excel Software spreadsheets and the analysis was ach-
ieved using the ImageJ software. The following additional measure-
ments were carried out: immunopositive metastases and
micrometastases density count (number of metastases and micro-
metastases/area in cm2); immunopositive cells density count (*103)
(number of immunopositive cells/area in mm2).

4.5. Statistics

Data were expressed as means ± standard error of the mean (SEM).
The Bartlett and Shapiro Wilk Tests was used to establish and confirm
the normality of parameters. Then, data were analysed to verify statis-
tically significant differences. One-way ANOVA and Bonferroni post-hoc
tests were performed to compare the different groups as regards to the
behavioural test analysis. The statistical analysis for histology (namely
H&E) was performed using unpaired Student’s t-test. Concerning Pic-
rosirius Red staining, one-way ANOVA followed by Bonferroni’s post-
hoc test was carried out. Regarding immunohistochemistry, unpaired
Student’s t-test was employed for metastatic areas to measure significant
changes between MU-care treated and Untreated mice. The differences
were considered statistically significant for p < 0.05 (*), p < 0.01 (**),
and p < 0.001 (***). Statistical analyses were performed by using
GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, USA) and R
software.

Fig. 12. Illustrative picture summarizing main findings and take-
home message.

Table 7
MU-care blend: MM composition.

Medicinal mushroom Fungal part % ID code

Agaricus blazei Fruiting body 20 7700
Ganoderma lucidum Fruiting body 20 Gac
Grifola frondosa Fruiting body 20 Gf3
Lentinula edodes Fruiting body 20 Le.ed.1
Ophiocordyceps sinensis Fruiting body + mycelium 20 Cm2
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5. Conclusions

Overall, our current findings revealed that MU-care display a selec-
tive anti-cancer effect addressed on cerebellar metastases, accompanied
by a beneficial action on locomotor performances, thus supporting the
efficacy of the MM blend on CNS secondary breast cancer. This MU-care
played mechanism, inhibiting the metastatization pattern, triggering an
imbalance between proliferation and cell death, hence driving to a sig-
nificant apoptosis increase, could therefore representing a promising
approach for patients’ management as adjuvant therapy in the preven-
tion and treatment of secondary breast cancer in brain. In fact, being the
TNBC the most aggressive malignant BC, characterized by unrespon-
siveness to current clinical treatments, high relapse rate and typical
metastatization pattern targeting CNS, the synergistic effect of MU-care
supplement joint with conventional therapies targeting crucial cancer
signalling pathways, i.e., proliferation and apoptosis, may hamper
cellular and molecular processes feeding TNBC growth, thus delaying or
even impeding the TNBC metastatic pattern, often associated with poor
prognosis. Therefore, taken as a whole, the reported data support the use
of MU-care oral supplementation as a new promising adjuvant strategy,
in the field of integrative oncology, which could help to fight the
occurrence of TNBC-derived BM.
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Table 8
Primary/secondary antibodies employed for light microscopy experimental procedures.

Antigen Immunogen Manufacturer, Species, Mono-Polyclonal, Cat./Lot.
No., RRID

Dilution

Primary
antibodies

Anti-B-Cell Leukemia/
Lymphoma 2 protein (N-19)

Purified antibody raised against a peptide mapping at the
N-terminus of Bcl-2 of human origin

Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Rabbit polyclonal IgG, Cat# sc-492,
RRID: AB_2064290

1:100

Anti-Bcl-2-associated X
protein (P-19)

Purified antibody raised against a peptide mapping at the
amino terminus of BAX of mouse origin

Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Rabbit polyclonal IgG, Cat# sc-526,
RRID: AB_2064668

1:100

Anti- caspase-3 (31A1067) Purified antibody raised against an epitope mapping
between amino acids 50–86 of caspase-3 p17 of human
origin

Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Mouse monoclonal IgG, Cat# sc-56053, RRID:
AB_781826

1:100

Anti-Caspase 9 p35 (A-9) Purified antibody raised against amino acids 100–270 of
caspase-9 p35 of human origin.

Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Mouse monoclonal IgG, Cat# sc-133109, RRID:
AB_2073466

1:100

Anti-HSP 70/HSC 70 (5A5) Purified antibody raised against recombinant HSP 70/HSC
70 of human origin

Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Mouse monoclonal IgG, Cat# sc-32239, RRID:
AB_627759

1:100

Anti-apoptosis-inducing
factor (E-1)

Purified antibody raised against amino acids 1–300 of AIF
of human origin

Santa Cruz Biotechnology (Santa Cruz, CA, USA),
Mouse monoclonal IgG, Cat# sc-13116, RRID:
AB_626654

1:100

Anti-p53 (Ab-5) Purified antibody raised against the ~53 kDa wild type
p53 protein of mouse origin

Sigma-Aldrich (St. Louis, MO, USA), Mouse
monoclonal IgG2a, Cat# OP33–100UG, RRID:
AB_564977

1:100

Anti-Proliferating Cell
Nuclear Antigen (Ab-1)

Purified antibody raised against the ~37 kDa PCNA
protein of mouse origin

Sigma-Aldrich (St. Louis, MO,
USA), Mouse monoclonal
IgG2a, Cat# NA03–200UG,
RRID: AB_213111

1:500

Secondary
antibodies

Biotinylated goat
anti-rabbit IgG

Gamma
immunoglobulin

Vector Laboratories
(Burlingame, CA,
USA), Goat, lot# PK-
6101, RRID:
AB_2336820

1:200

Biotinylated horse
anti-mouse IgG

Gamma
immunoglobulin

Vector Laboratories
(Burlingame, CA,
USA), Horse, Cat# PK-6102,
RRID: AB_2336821

1:200
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[40] J.-B. Passot, D. Sheynikhovich, É. Duvelle, A. Arleo, Contribution of cerebellar
sensorimotor adaptation to hippocampal spatial memory, PLoS One 7 (2012),
e32560, https://doi.org/10.1371/journal.pone.0032560.

[41] J.N. Crawley, J.K. Belknap, A. Collins, J.C. Crabbe, W. Frankel, N. Henderson, R.
J. Hitzemann, S.C. Maxson, L.L. Miner, A.J. Silva, et al., Behavioral phenotypes of
inbred mouse strains: implications and recommendations for molecular studies,
Psychopharmacology 132 (1997) 107–124, https://doi.org/10.1007/
s002130050327.
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