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A B S T R A C T   

Glioblastoma (GBM) is the most common and mortal primary brain tumor in human. After standard therapies, 
that include surgical resection followed by radiotherapy and chemotherapy, it is difficult to completely remove 
the tumor and the development of relapses and resistance is almost inevitable. The chemotherapy now available 
also show important side effects, to overcame those limitation, new platinum-based drugs are being synthetized, 
Pt(IV)Ac-POA, (OC-6–44)-acetate-diamine-chloride(2-(2-propynyl)octanoato)platinum(IV), a prodrug having an 
Histone-3-DeAcetylase-Inhibitor as axial ligands, is one of them. Moreover, new compounds of plant origin are 
increasingly seen as potential sources of benefits in oncological treatments. The aim of the study is to investigate 
the possible contribution of micotherapy in the fight against GBM, its role in the metabolism of reactive oxygen 
species (ROS) and its synergic effect with a new platinum-based compound, Pt(IV)Ac-POA, on human glio-
blastoma U251 cells. Through cytofluorimetric and immunofluorescence analysis, the ability of the micotherapy 
in study to regulate the cell cycle was assessed, and its importance in controlling the cellular redox state was also 
revealed, opening to the possibility of a new therapy in which micotherapy can support the activity of new 
chemotherapy while reducing its side effects controlling inflammatory conditions in the microenvironment. 
Additionally, the combined therapy appeared able to induce regulated form of necrosis, such as ferroptosis, and 
to hinder the establishment of resistance mechanisms.   

1. Introduction 

Glioblastoma (GBM) is the most common and lethal primary brain 
tumor in human, it had, indeed, an extremely poor prognosis with 5-year 
survival around 5 % [6,11]. GBM is a glioma, in particular a 
fourth-degree astrocytoma, a diffusive, invasive, vascularized and het-
erogeneous tumor, which grow into surrounding brain tissue. The US 
National Brain Tumor Society, in 2021, accounts that glioblastoma is the 
14.3 % of all tumors and 49.1 % of all malignant tumors. IDH mutant 
glioblastomas account for approximately 10 % of all glioblastomas. 

Currently, standard therapies include surgical resection followed by 
radiotherapy and chemotherapy; surgical operability depends on the 
anatomical location and extension of the tumoral mass [6]. The most 
widely used anti-tumor agent is radiotherapy and temozolomide (TMZ), 
a chemotherapy that acts as an alkylating agent to cause lethal DNA 
damage, but it leads to a median survival of 14.6 months. Despite of the 
initial response, development of resistance is almost inevitable, with 90 
% of patients suffering from early disease recurrence [2]. 

The great intra- and inter-tumor heterogeneity defines the basis of 
therapeutic failure, thus, at the moment, there is no effective targeted 
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therapy in the treatment of GBM. 
Cisplatin (cis-dichlorodiammine platinum, CDDP), a metal-based 

alkylating agent, is the standard therapy for different types of solid tu-
mors, including GBM. Cisplatin enters the cell via passive diffusion and 
DNA, with which it forms adducts, is the main target of its action. In 
particular cisplatin reacts preferentially with the N7 ring of adenine and 
guanine causing the establishment of cross-link DNA-protein and DNA- 
DNA. However, this molecule presents important side effects such as 
nephrotoxicity, neurotoxicity and ototoxicity. It also determines the 
onset of acquired drug resistance and consequently a reduction in its 
antitumor action [4,8]. 

In the endeavor to reduce systemic toxicity and enhance the anti-
cancer activity a large number of molecules derived from platinum have 
been studied. Multi-action Pt(IV) drug have been synthesized, they are 
characterized by two axial ligands that, released along with the Pt(II) 
metabolite, can be synergistic or adjuvant agents. 

Pt(IV)Ac-POA, (OC-6–44)-acetate diamine chloride (2-(2-propynyl) 
octanoato) platinum(IV), is a prodrug with two axial ligands, which are 
released together with the metabolite Pt (II) by reduction in the hypoxic 
microenvironment of cancer cells, limiting cytotoxicity in healthy 
tissues. 

One of these ligands is an inert acetate, while the other is a medium 
chain fatty acid having Histone 3-DeAcetylase Inhibitor (HDACi) ac-
tivity at the 9th lysine residue. Acetylation of histones allows access to 
the DNA also of the demethylases responsible for the removal of methyl 
groups; these modifications decrease DNA affinity for histones and in-
crease de-condensation of chromatin.This appears to have a good effect 
on DNA adducts formation and chemo-sensitization [5]. 

Moreover, compounds of plant origin are increasingly recognized as 
potential sources in cancer therapy, as useful complementary treatments 
for oncological patients [12,27]. Those are considered valid alimentary 
sources of antioxidant substances that could interfere in the metabolism 
of reactive oxygen species (ROS) and defend the cells from damage 
caused by oxidative stress [24]. 

ROS are important bioproducts of cellular metabolism; mitochondria 
are a major source of ROS, suggesting their crucial role in maintaining 
cellular redox balance [11]. 

The balance between ROS production and scavenging is of high 
importance as ROS have been linked to numerous biological processes 
and disease conditions [7]. 

Most tumors show an increasing of ROS levels compared to normal 
tissues, an elevated ROS production would generate tumorigenesis by 
preventing DNA repair mechanisms, resulting in the accumulation of 
DNA damage, as well as an increase in cell proliferation [18]. Further-
more, oxidative stress controls it involved in the responsiveness of the 
tumor to treatments in multiple ways, including chemosensitivity, 
apoptosis, angiogenesis, metastasis and inflammatory responses [16]. 

Rising ROS levels have therefore been linked not only to the onset of 
cancer, but also to malignant transformation and resistance to chemo-
therapy [16,24]. 

However, the crucial role of ROS in various conditions is still 
controversial. On one hand an unregulated ROS formation is considered 
as a cause of pathological disease, on the other it is thought to be a 
downstream effect [24]. 

Another aspect that deserves to be evaluated is that if the increase in 
ROS reaches a certain threshold level which is incompatible with cell 
survival, ROS can exert a cytotoxic effect, leading to the death of ma-
lignant cells and thus limiting cancer progression. However, under 
conditions of persistent intrinsic oxidative stress, many cancer cells 
adapt well to it and develop antioxidant capacity [25]. Furthermore, 
GBM cells have a high metabolism and produce an extraordinary 
amount of ROS, accordingly, metabolic adaptation responsible for 
resistance in these cells deserves further studies [18]. Manipulating ROS 
levels in cancer cells could be an opportunity to selectively eliminate 
even highly drug-resistant tumor without causing significant off-target 
toxicity [25]. 

A crucial role in cell-wide stress responses has been given to OPA1 
(optic atrophy-1), a member of the family of large GTPases. This protein 
is involved in the process of fusion of the inner mitochondrial mem-
brane; loss of mitochondrial membrane potential in response to stress 
conditions may lead to disassembly of OPA1. This loss of fusion causes 
mitochondrial fission and deregulation of the mitochondrial structure 
and functionality. OPA1 homeostasis contributes to cell death pathways, 
proving a wider impact of mitochondrial dynamics on cellular survival 
[9]. 

Here, we evaluated the levels of protein involved in the response to 
oxidative stress condition. The superoxide dismutase 1, SOD1, consti-
tutes the first line of defense against ROS generated by tissue and 
cellular damage. Similarly, SOD2, form of Mn-dependent superoxide 
dismutase, is found in the mitochondrial matrix where it catalyzes the 
free radical superoxide dismutase first into oxygen and then into H2O2. 
In cancer cells, overexpression of these enzymes is involved in the in-
hibition of the primary tumor and the proliferation of metastases, as ROS 
can produce mutations in DNA. The overexpression of SOD2 can also 
modulate the activity of nitric oxide by preventing its reaction with 
oxygen [2,7]. 

Mitochondrial cytochrome c oxidase (COX, complex IV) is the ter-
minal electron acceptor of the mitochondrial respiratory chain that 
catalyzes the transfer of electrons from cytochrome c to molecular ox-
ygen, contributing to the electrochemical gradient used by ATP synthase 
to form ATP [7]. COX4 is the last enzyme complex involved in the 
electron transport chain, so its alteration could potentially lead to the 
accumulation of ROS and oxidative stress. Its downregulation affects 
mitochondrial respiration, defining reduced oxygen consumption and 
ATP production, thus resulting in the induction of apoptosis in cells [1]. 

Among the features of oxidative stress in cells, lipid peroxidation in 
membrane bilayers has emerged as an important regulator of cell fate, 
leading cells to death via ferroptosis, a non-apoptotic cell death [13]. 
Iron is a key molecule for cell proliferation and function, but it can 
accumulate leading to cytotoxicity; ferroptosis can be initiated by 
iron-induced ROS production through the Fenton reaction, or by the 
activation of iron-containing enzymes such as lipoxygenases [28,29]. 
The aconitase 2 protein, ACO2, is an iron-containing enzymes charac-
terized by a 4Fe-4S iron-sulfur cluster, that facilitates the elimination of 
the citrate hydroxyl group, the enzyme is, indeed, involved in the con-
version of citric acid into isocitric acid in the tricarboxylic acid cycle 
[17], whose dysregulation is associated with tumor growth. In partic-
ular, the reduction of ACO2 would seem to be linked to mitochondrial 
dysfunction, with the release of Fe2+ and H2O2 ions as well as oxidative 
stress and ferroptosis [3]. 

The antiferroptosis activity of GSH, reduced glutathione, is mainly 
related to the protein glutathione peroxidase 4 (GPX4), which oxidizes 
GSH, acting as a phospholipid hydroperoxidase. GPX4 is also involved in 
antioxidant defense and the regulation of cell death [13]. 

Thanks to their antioxidant, anticancer, oncoimmunological and 
immunomodulating properties, compounds of fungal origin are gaining 
a new place in cancer therapy. 

In this study we want to evaluate the effect of a mixture of mycelium 
and sporophores extracts of five species of medicinal mushrooms, 
including Agaricus blazei, Ophiocordyceps sinensis, Ganoderma luci-
dum, Grifola frondosa, and Lentinula edodes (Micotherapy U-care, A.V. 
D Reform s.r.l., Noceto, Parma, Italy) used in combination with tradi-
tional chemotherapy. 

The properties of this phytotherapy have been previously described 
in the in vivo studies conducted by Roda et al. [21], in which the reg-
ulatory activity on cell proliferation, cell survival, cell invasion and 
angiogenesis, mainly determined by modulation of the immune 
response by fungal beta-glucans, emerged [21]. 

In the present study, we explored the effects induced by the combi-
nate therapy of Micotherapy U-care with Cisplatin (cis-dichlorodiamine 
platinum (II)) and with a new prodrug, Pt(IV)Ac-POA, focusing on the 
link between oxidative stress and mitochondrial dysfunction, with the 
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purpose of finding a new strategy for anticancer therapy. The study is 
conducted on the human cell line U251, model for GBM and drug 
resistance properties. 

2. Material and methods 

2.1. Cell culture and treatment for U251 MG cell line 

Human glioblastoma U251 MG cells were cultured in 75 cm2 flasks in 
Eagle’s minimal essential medium supplemented with 10 % fetal bovine 
serum, 2 % glutamine, 1 % sodium pyruvate, and 1 % of MEM non- 
essential amino acids solution and 100 U/ml penicillin and strepto-
mycin in a 5 % CO2 humidified atmosphere at 37 ◦C. 4 * 106 cells were 
plated in T75 flasks, or 6 * 105 cells were plated on coverslips positioned 
in 6-well plates, and treated, as below indicated, after 48 h having 
reached the 80 % of confluence. Then, cells were treated with CDDP 40 
μM or Pt(IV)Ac-POA 10 μM for 48 h used alone or in combination with 
Micotherapy U-Care 5 mg/ml at continuous exposure. Chemotherapy 
concentrations were chosen by considering previous in vitro and in vivo 
experimental data [10,20], while micotherapy concentration was cho-
sen according to the results obtained with the following experiment. 

2.2. Flow cytometry 

U251 cells were treated in 75 cm2 flasks with Micotherapy U-Care for 
48 h of continued exposure at 37 ◦C in a 5 % CO2 humidified atmo-
sphere. Three different concentrations were tested: 1 mg/ml, 5 mg/ml 
and 10 mg/ml. After treatments, cells were washed in sterile PBS, de-
tached by trypsinisation and filtered with 40 µm cell strainers. The cells 
were washed in PBS, permeabilized in 70 % ethanol for 10 min, treated 
with RNase A 100 U/ml, and stained for 10 min at room temperature 
with propidium iodide 50 μg/ml (Sigma-Aldrich, Milan, Italy) 1 h. The 
preparation was processed with a Partec PAS III flow cytometer 
(Münster, Germany), PI red fluorescence was detected with a 610- nm 
long-pass emission filter. Data were analyzed with Flowing Software 
2.5.1. 

2.3. Immunofluorescence reactions 

After treatment, cells grown on coverslips were fixed with 4 % 
formaldehyde for 20 min at room temperature and with 70 % ethanol for 
24 h at − 20 ◦C. Samples were rehydrated in PBS-Tween 0.2 % and 
washed in PBS-Tween 0.2 %-BSA 4 % as blocking buffer, coverslips were 
then incubated in a humidified chamber with the primary antibodies 
(Table 1) prepared in PBS-Tween 0.2 % for 1 h at room temperature. 
After three washes, cells were incubated for 45 min with a solution of the 
secondary antibodies (Alexa 594 or 488 conjugated anti-mouse or anti- 
rabbit antibody, Alexa Fluor, Molecular Probes, Invitrogen) diluted at 
1:200 in PBS-Tween 0.2 %. Nuclei were counterstained with 0.1 μg/ml 
of Hoechst 33,258 for 5 min, then washed twice in PBS 1X, and cover-
slips were mounted with Mowiol (Calbiochem). 

2.4. Fluorescence microscopy and fluorescence intensity determination 

An Olympus BX51 microscope was used. Images were recorded with 
an Olympus MagnaFire camera system and processed with the Olympus 
Cell F software. Each image related to the same marker in the experi-
mental conditions was acquired with a constant exposure time selected 
on the control sample, making the fluorescence intensity comparable to 
avoid bias in the analysis. ImageJ Program was used to measure fluo-
rescence intensity for quantitative analysis of protein expression. 

The quantitative analysis of fluorescence intensity was carried out on 
11 fields for each sample under analysis. In particular, the mean fluo-
rescence intensity was calculated for each field of view net of back-
ground noise and, hence, the mean fluorescence intensity of the samples. 

2.5. Statistical analyses 

Analyses of mean value ± SEM were done using one-way ANOVA 
with Tukey test (GraphPad Prism 5.01). ρ values from ρ < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Cell cycle cytofluorimetric assessment 

In order to evaluate dose of usage and effect of Micotherapy U-Care 
on U251 cell line, the cells were exposed for 48 h to the mushrooms 
blend at concentrations of 10 mg/ml, 5 mg/ml and 1 mg/ml; subse-
quently they were fixed, colored with IP and analyze with flow cytom-
etry. As shown in Fig. 1, at the dose 1 mg/ml there was an increase by 
2.26 % of the number of cells in the G2/M phase. At 5 mg/ml there was a 
decrease by 6.99 % of cells in G1 and a increasing peak by 8.83 % 
corresponding to the G2/M phase, S-phase cells were reduced by 5.17 % 
compared to control condition. Furthermore, in this histogram, the 
presence of a new subpopulation, a sub-G1 peak (3.34 %) emerged. After 
treatment with Mic U-Care 10 mg/ml a further 6.36 % of the cells in G1 
phase were observed, while the number of the population in the G2 
phase was almost constant (8.63 %), the cells in the S phase returned 
increasing by 6.19 % compared to the sample treated with Mic U-Care 5 
mg/ml, in addition, it has been possible to note the presence of a more 
defined sub-G1 peak (3.72 %). 

The dose of micotherapy chosen for the subsequent studies has been 
5 mg/ml, whose histogram featured a sub-G1 peak demonstrating the 
activation of cell death, moreover, the founding suggested that the use of 
this supplement could be useful for synchronizing cells in a single phase 
of the cell cycle and subsequently subjecting them to targeted chemo-
therapy treatment. 

3.2. Immunocytochemical analysis of the redox equilibrium 

Firstly, we conducted a doble-immunolabeling of OPA1 and mito-
chondria to evaluate their distribution and morphology (Fig. 2). 

Mitochondria showed a homogenous distribution within the cyto-
plasm upon 48 h exposure to the treatments, nonetheless, their shape 
resulted more elongated after the treatment with the micotherapy 5 mg/ 

Table 1 
Primary antibodies used for the fluorescence immunocytochemistry reactions.  

Antigen Primary antibody Dilution in 
PBS 

OPA1 Rabbit polyclonal anti-OPA1 
(Abcam, Cambridge, UK) 

1:200 

SOD1 Rabbit polyclonal anti-SOD1 
(Santa Cruz Biotechnology, Dallas, USA) 

1:200 

SOD2 Rabbit polyclonal anti-SOD2/MnSOD 
(Abcam, Cambridge, UK) 

1:200 

COX4 Mouse monoclonale [20E8C12] anti-COX4 
(Abcam, Cambridge, UK) 

1:200 

ACO2 Rabbit polyclonal anti-Aconitase2 
(Abcam, Cambridge, UK) 

1:200 

GPX4 Rabbit polyclonal anti-Glutathione Peroxidase 4 
(Abcam, Cambridge, UK) 

1:200 

PCNA Mouse monoclonale [PC10] anti-PCNA 
(Calbiochem, San Diego, USA) 

1:200 

H3K9ac Rabbit polyclonal anti-Histone H3 (acetyl K9) 
(Abcam, Cambridge, UK) 

1:100 

CDC42 Rabbit polyclonal anti-CDC42 
(Abcam, Cambridge, UK) 

1:200 

Mitochondria Human autoimmune serum recognizing the 70 kDa 
E2 subunit of pyruvate dehydrogenase complex 

1:200 

Alpha- 
tubulin 

Mouse monoclonal anti-Alpha-tubulin 
(Cell Signaling Technology, Danvers, USA) 

1:1000 

Beta-actin Rabbit polyclonal anti-Beta-actin 
(GeneTex, Irvine, USA) 

1:300  

L. Gaiaschi et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 155 (2022) 113729

4

ml used alone. In combined therapy, with Cisplatin 40 µM + Mic U-Care 
5 mg/ml and Pt(IV)Ac-POA 10 µM + Mic U-Care 5 mg/ml, the elon-
gated mitochondria, a typical feature of drug resistance mechanism 
[22], were not visible, instead, it was observable an accumulation of 
these organelles in the nuclear periphery. 

OPA1 labeling appeared diffuse and weak in the control, its intensity 
increased after the exposition to Mic U-Care 5 mg/ml. In this condition 
the colocalization of OPA1 and mitochondria was clear as like as in the 
cells treated with only Cisplatin 40 µM or Pt(IV)Ac-POA10 µM. After 
combined therapy with the mushroom mixture and chemotherapy, 
however, the colocalization hasn’t been found so neat, in fact the 
staining appeared diffuser. OPA1, crucial protein to preserve normal 
mitochondrial crests, is more detectable, albeit in a non-statistically 
significant way, in samples treated with chemotherapeutic agents 
alone, in particular, after treatment with Cisplatin 40 µM. (Cisplatin 
+ 39.85 %, SEM 0.53 (ρ = 0.1558), Cisplatin + Mic U-Care + 27.44 %, 
SEM 0.38, Pt(IV)Ac-POA + 35.05 %, SEM 0.64 (ρ = 0.1951), Pt(IV)Ac- 
POA + Mic U-Care + 22.41 %, SEM 0.34 (all vs. CTR)) (Table 2). 

On the base of the results relating to mitochondrial functionality, we 
investigated the possible implication of therapy with Mic U-Care in the 
managing of cellular oxidative balance. 

The first cellular line defense antioxidants include superoxide dis-
mutase (SOD). Primarily, the distribution of SOD1 was evaluated 
through a doble-immunolabeling of this enzyme and alpha-tubulin 
(Fig. 3). 

The tubulin cytoskeleton showed structure changes in the cells 
exposed to the micotherapy, it was possible to find morphological cell 
alteration, i.e. fusiform cell structure and more flattened nuclei. The 
treaties with CDDP 40 µM or Pt(IV)Ac-POA 10 µM revealed a collapsed 
cytoskeleton, modification in the cells organization were also observed 
after the combined treatments. In those cells, the nucleus is polylobed 
and segregated on the edges of the cell, moreover, in the same popula-
tion coexist cells with collapsed cytoskeleton and others with a more 

orientated tubular structure. 
The localization of SOD1 didn’t change much from the control sit-

uation, it’s homogeneous in the cytoplasm for all the cell samples, even 
if in the ones exposed to the micotherapy, fourth generation platinum 
therapy and the combination of the two the staining has been visible in 
the nuclear region, too. SOD1 is increased in samples receiving combi-
nation therapy and with micotherapy alone (+ 43.12 %, SEM 1.25 
(ρ = 0.0185)). (Cisplatin + 12.43 %, SEM 0.55, Cisplatin + Mic U- 
Care + 40.57 %, SEM 1.21 (ρ = 0.0317), Pt(IV)Ac-POA + 20.98 %, SEM 
0.55 and Pt(IV)Ac-POA + Mic U-Care + 42.46 %, SEM 1.38 
(ρ = 0.0213) (all vs. CTR)) (Table 2). 

Next, our attention moved on SOD2 and COX4, respectively shown in  
Figs. 4 and 5, as expected the was a clever localization of superoxide 
dismutase 2 and cytochrome c oxidase 4 in the mitochondria, that 
revealed the same features previously described, as the reduction in size 
after the micotherapy used together the chemotherapy. In the condition 
CDDP 40 µM + Mic U-Care 5 mg/ml and Pt(IV)Ac-POA 10 µM + Mic U- 
Care 5 mg/ml, the cells changed morphology with a decrease of the cell 
volume. Mitochondria lose their initial localization concentrating in the 
perinuclear area, probably as the result of a collapsed cytosolic organi-
zation. In this study, SOD2 expression increased in samples treated with 
combined therapies, particularly in Pt(IV)Ac-POA 10 µM + Mic U-Care 
5 mg/ml treated samples. (Cisplatin + 3.72 %, SEM 0.61, Cisplatin + -
Mic U-Care + 86.55 %, SEM 0.89 (ρ < 0.0001), Pt(IV)Ac- 
POA + 30.52 %, SEM 0.70 (ρ = 0.0483) and Pt(IV)Ac-POA + Mic U- 
Care + 109.35 %, SEM 1.15 (ρ < 0.0001) (all vs. CTR)) (Table 2) These 
finds could be significant of reduction of oxidative stress and therefore of 
a reduced tumorigenesis favored by the use of Mic U-Care. 

In our samples, COX4 expression decreases in combined therapy, 
particularly with Cisplatin 40 µM + Mic U-Care 5 mg/ml, compared to 
respective chemotherapies used alone, (Cisplatin − 2.01 %, SEM 1.23, 
Cisplatin + Mic U-Care − 14.01 %, SEM 1.52, Pt(IV)Ac- 
POA + 31.30 %, SEM 1.55 and Pt(IV)Ac-POA + Mic U-Care + 26.60 %, 

Fig. 1. U251 cells show different cell cycle features after the administration of different concentrations of Micotherapy U-Care. (A) Cytofluorimetric analysis of cell 
cycle status (Sub-G0, G0/G1, S, G2/M) of U251 cells, cytograms of the DNA content in U251 cells after IP staining, in control conditions (CTR) and after treatment 
with Micotherapy U-Care 1 mg/ml, 5 mg/ml and 10 mg/ml for 48 h. (B) Distributions of U251 cells in the cellular cycle phases after each treatment. 
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Fig. 2. Double immunolabeling for OPA1 protein (in green) and mitochondria (in red) in the controls, differently treated U251 cells, i.e., after 48 h-CT with 
Micotherapy U-Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac-POA. DNA was stained with 
Hoechst 33258 (blue fluorescence). Magnification 60X, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical 
significance calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined 
treatment; ◦Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. 
***p < 0.001; **p < 0.01; *p < 0.1. 
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SEM 1.74 (all vs. CTR)) (Table 2), indicating a defect in mitochondrial 
function. 

3.3. Immunocytochemical analysis of the ferroptotic pathway 

To further investigate the oxidative stress pathway, the enzyme 
Aconitase 2 (Fig. 6) was considered. In the control samples the expres-
sion of ACO2 was diffuse in the cytoplasm, after the exposition to the 
chemotherapy the enzyme appears more concentrated in the perinuclear 
region where it partially colocalizes with the mitochondria. In the 
condition of combined therapy with CDDP 40 µM and Pt(IV)Ac-POA 
10 µM + Micotherapy U-Care 5 mg/ml, a stronger colocalization of 
ACO2 and mitochondria is observed. 

Aconitase 2 expression was lower in samples treated with combined 
therapy compared to chemotherapy alone, especially with micotherapy 
in combination with Cisplatin, this could be an indication of mito-
chondrial dysfunction and cause of a block of proliferation. 
(Cisplatin + 26.84 %, SEM 0.48 (ρ < 0.0001), Cisplatin + Mic U-Care-
− 35.71 %, SEM 0.28 (ρ < 0.0001), Pt(IV)Ac-POA + 14.19 %, SEM 
0.36 (ρ = 0.0772), Pt(IV)Ac-POA + Mic U-Care − 3.18 %, SEM 0.36 (all 
vs. CTR)) (Table 2). 

Shrinkage of the mitochondria, as well as increase in their membrane 
density and reduction of mitochondrial crests, is a typical characteristic 
of ferroptosis. It has been evaluated the influence of the considered 
compounds on the activation of the ferroptosis pathway through the 
detection of glutathione peroxidase 4 (GPX4) (Fig. 7). 

In the control cells, GPX4 is mainly localized in nucleoplasm and on 
the mitochondria; cells incubated with the different therapies exhibit the 
same distribution of GPX4 fluorescence. However, with the Pt(IV)Ac- 
POA and the mushrooms blend it seemed more homogeneously 
distributed outside the nucleus. GPX4 expression decreased in statisti-
cally significant way in samples receiving combination therapy in 
comparison with the counterpart chemotherapy. (Cisplatin + 19.53 %, 
SEM 1.92 (ρ = 1599), Cisplatin + Mic U-Care − 10.79 %, SEM 0.79, Pt 
(IV)Ac-POA + 27.61 %, SEM 1.74 (ρ = 0.0129) and Pt(IV)Ac-POA + -
Mic U-Care − 5.74 %, SEM 0.83 (all vs. CTR)) (Table 2) This may be 
indicative of increased sensitivity to ferroptosis following combined 
therapy. 

3.4. Immunocytochemical analysis of proliferation and migration 

To study the role of the compounds considered in this study in the 
regulation of the proliferation and migration process, two specific 
markers such as PCNA and CDC42 were analyzed. 

A double-immunolabeling of PCNA and H3K9ac was performed; as 
shown in Fig. 8, in all the samples PCNA localized in the nucleus, 
forming foci corresponding to the sites of ongoing DNA replication. In 
control conditions an intense signal was evident indicating the presence 
of active proliferating cells. After treatment whit chemotherapy and 
micotherapy, and in particular after the usage of Pt(IV)Ac-POA 10 µM 
alone and in combination with Mic U-Care 5 mg/ml, were noticeable 
whole cells without any staining. A labeling located out of the nucleus 
was also detectable suggesting a rupture of the nuclear membrane. 
Quantifying the fluorescence intensity of PCNA emerged an important 
reduction of the signal in the samples treated with chemotherapy, cells 
exposed to CDDP 40 µM shown a major decreasing compared to those 
exposed to Pt(IV)Ac-POA 10 µM, but the combined therapy of Pt(IV)Ac- 
POA 10 µM + Mic U-Care 5 mg/ml resulted equally effective. 
(Cisplatin − 59.19 %, SEM 3.21 (ρ < 0.0001), Cisplatin + Mic U-Care-
− 42.96 %, SEM 4.62 (ρ < 0.0001), Pt(IV)Ac-POA − 28.74 %, SEM 
5.11 (ρ = 0.0069) and Pt(IV)Ac-POA + Mic U-Care − 53.51 %, SEM 
2.40 (ρ < 0.0001) (all vs. CTR)) (Table 2). 

We evaluated the expression of H3K9ac, an epigenetic modification 
to the DNA packaging protein, to further characterized the action of the 
2-propynyl-octanoic acid (POA) molecule as HDACi. As expected an 
important increase of H3K9ac was detectable in the samples treated Ta
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Fig. 3. Double immunolabeling for SOD1 protein (in green) and alpha-tubulin (in red) in the controls, differently treated U251 cells, i.e., after 48 h-CT with 
Micotherapy U-Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac- POA. DNA was stained with 
Hoechst 33258 (blue fluorescence). Magnification 60X, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical 
significance calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined 
treatment; ◦Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. 
***p < 0.001; **p < 0.01; *p < 0.1. 
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Fig. 4. Double immunolabeling for SOD2 protein (in green) and mitochondria (in red) in the controls, differently treated U251 cells, i.e., after 48 h-CT with 
Micotherapy U-Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac- POA. DNA was stained with 
Hoechst 33258 (blue fluorescence). Magnification 60 ×, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical 
significance calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined 
treatment; ◦Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. 
***p < 0.001; **p < 0.01; *p < 0.1. 
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Fig. 5. Double immunolabeling for COX4 (in red) and mitochondria (in green) in the controls, differently treated U251 cells, i.e., after 48 h-CT with Micotherapy U- 
Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac-POA. DNA was stained with Hoechst 33258 
(blue fluorescence). Magnification 60 ×, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical significance 
calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined treatment; 
◦Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. ***p < 0.001; 
**p < 0.01; *p < 0.1. 
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Fig. 6. Double immunolabeling for ACO2 (in green) and mitochondria (in red) in the controls, differently treated U251 cells, i.e., after 48 h-CT with Micotherapy U- 
Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac-POA. DNA was stained with Hoechst 33258 
(blue fluorescence). Magnification 60 ×, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical significance 
calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined treatment; 
◦Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. ***p < 0.001; 
**p < 0.01; *p < 0.1. 
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Fig. 7. Double immunolabeling for GPX4 protein (in green) and mitochondria (in red) in the controls, differently treated U251 cells, i.e., after 48 h-CT with 
Micotherapy U-Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac- POA. DNA was stained with 
Hoechst 33258 (blue fluorescence). Magnification 60 ×, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical 
significance calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined 
treatment; Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. 
***p < 0.001; **p < 0.01; *p < 0.1. 
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Fig. 8. Double immunolabeling for PCNA protein (in red) and H3K9ac (in green) in the controls, differently treated U251 cells, i.e., after 48 h-CT with Micotherapy 
U-Care 5 mg/ml, with CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic U-Care + CDDP, with Mic U-Care + Pt(IV)Ac-POA. DNA was stained with Hoechst 33258 
(blue fluorescence). Magnification 60 ×, bar of 25 µm. The histogram below shows the fluorescence intensity value of the immunolabeling. Statistical significance 
calculated as follows: *control vs. each experimental condition; #Mic U-Care vs. other treatments; §Cisplatin vs. Pt(IV)Ac-POA and each combined treatment; 
◦Cisplatin + Mic U-Care vs. Pt(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. ****p < 0.0001. ***p < 0.001; 
**p < 0.01; *p < 0.1. 
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with Pt(IV)Ac-POA 10 µM, the results offered also the founding of 
increasing of histone acetylation in the cells exposed not only to Pt(IV) 
Ac-POA 10 µM + Mic U-Care 5 mg/ml but to CDDP 40 µM + Mic U-Care 
5 mg/ml too. (Cisplatin − 7.91 %, SEM 0.31, Cisplatin + Mic U-Care-
+ 130.70 %, SEM 2.20 (ρ = 0.0107), Pt(IV)Ac-POA + 118.46 %, SEM 
0.66 (ρ = 0.0271) and Pt(IV)Ac-POA + Mic U-Care + 151.00 %, SEM 
1.15 (ρ = 0.0020) (all vs. CTR)) (Table 2). 

In Fig. 9 was reported the immunofluorescence analysis on CDC42. 
This small GTPase in active state causes the formation of thin, actin- 
projections called filopodia. In our samples, it localized on the plas-
matic membrane in control condition, after the exposure to Mic U-Care 
5 mg/ml and to CDDP 40 µM alone, while in treatment with Pt(IV)Ac- 
POA 10 µM and combined therapies Pt(IV)Ac-POA 
10 µM + Micotherapy U-Care 5 mg/ml the signal was concentrated in 
the perinuclear area. If in the control samples, in those treated with the 
micotherapy alone and in those exposed to Cisplatin 40 µM were still 
recognizable elongated structures, the pseudopods, these have not been 
found in the other conditions. Promising differences weren’t verifiable 
in the fluorescence intensity among the sample subjected to the different 
treatment, a slight increasing of CDC42 signal was observable in the cells 
treated with Cisplatin, while a minor decrease appeared in the samples 
subjected to Pt(IV)Ac-POA and combined treatments. 
(Cisplatin + 23.29 %, SEM 1.17, Cisplatin + Mic U-Care − 13.16 %, 
SEM 0.40, Pt(IV)Ac-POA − 9.84 %, SEM 0.57 and Pt(IV)Ac-POA + Mic 
U-Care − 17.40 %, SEM 0.46 (all vs. CTR)) (Table 2). 

4. Discussion 

In the last decade, there have been many articles that have discussed 
the possibility of the use of antioxidants to assist chemotherapy drugs in 
the treatment of human cancers. Cancer cells show greater oxidative 
stress than healthy cells and exploit the upregulated antioxidant system 
to circumvent the ROS-mediated damage. Recently, the effect of sup-
plementation with antioxidants has been shown to induce a lowering of 
the toxicity of chemotherapy drugs, inducing greater therapeutic effi-
ciency and an increase in survival times in patients. Roda and collabo-
rators have shown that medicinal mushrooms not only have a range of 
health benefits [23] but that, due to the presence of bioactive metabo-
lites, they can be used as anticancer agents or in supportive treatment of 
chemotherapy. In fact, in 4T1 cell line, a triple negative mouse BC 
model, Micotherapy U-Care, led to a significant reduction in lung me-
tastases with a consequent decrease in oxidative stress and inflammation 
[21]. The data presented in this work confirm the potential of this 
supplement. Indeed, the results with the cytofluorimetric analysis show 
that used at a concentration of 5 mg/ml Micotherapy U-Care determines 
a decreasing of cells in G1 phase and an increasing of those in G2/M 
phase, suggesting a cell cycle block in the least. Additionally, the pres-
ence of a sub-G1 peak demonstrates the activation of cell death, in the 
applied condition. Moreover, the analysis relating to PCNA, i.e. Prolif-
erating Cell Nuclear Antigen, a processivity factor for 
DNA-polymerase-δ, revealed a decrease in proliferative activity in the 
samples subjected to combined therapy, and in particular following 
treatment with Micotherapy U-Care and the fourth generation 
platinum-based derivative. The foundings hint that the use of this sup-
plement could be advantageous for synchronizing cells in a single phase 
of the cell cycle and afterward subjecting them to targeted chemo-
therapy treatment. 

Promising morphological changes emerge from immunofluorescence 
and microscopy analysis. After the exposition to the micotherapy, the 
cell structure is elongated and the nucleus appears more flattened, 
moreover, cells don’t show the typical astrocytic-like structure. In 
samples treated with chemotherapy there is the collapsing of the cyto-
skeleton structure that appears also after the combined therapies with a 
decrease of the cell volume. Only in cells treated with the Mic U-Care 
alone and in those exposed to Cisplatin pseudopods-like protrusions are 
still recognizable, suggesting, instead, that Pt(IV)Ac-POA and combined 

therapy may offer support in the stemming of tumor cell migration. To 
support this thesis the reduction of the expression of CDC42, small 
GTPase responsible for the formation of filopodia, in the samples treated 
with the combination of micotherapy and chemotherapy compared to 
the corresponding chemotherapy alone. 

Therefore, if after the exposition to the chemotherapy alone elon-
gated mitochondria are visible in U251 cells, after combined therapy, 
this typical feature of drug resistance mechanism is lacking. Conversely, 
in samples subjected to Micotherapy U-Care and chemotherapy together 
an accumulation of mitochondria in the nuclear periphery is visible, 
probably as the result of a collapsed cytosolic organization. 

Shrinkage of mitochondria and reduction of mitochondrial crests can 
be feature of an inadequate response to oxidative stress conditions, at 
the same time, mitochondrial dynamics is crucial for cellular survival 
[14]. Mitochondrial stress triggers an inflammatory phenotype, with the 
activation of the OPA1 protein whose role is essential in the mainte-
nance of normal mitochondrial crests and for protecting cells from 
apoptosis by preventing the release of cytochrome c [9]. Our studies 
support an increasing of this large GTPase in samples treated with 
chemotherapeutic agents alone, while the synergistic pharmacological 
action of the tested compounds seem to maintain the basal expression of 
OPA1, opening for a reduction of the capability of the tumoral cells to 
adapt to the anticancer therapy due to the use of the micotherapy. 
Further studies will be conducted to evaluate the presence of a relation 
between the expression of OPA1 and the kind of cell death that could 
interests our cell type after the treatment with Micotherapy U-Care, 
platinum-based chemotherapy and the combination of the two. 

An enhanced defect in mitochondrial function after samples expo-
sition to combined therapy is supported also by the decreased expression 
of COX4 cells treated with Micotherapy U-Care + chemotherapy, 
compared to respective chemotherapies used alone. COX4 levels alter-
ation could potentially lead to the accumulation of ROS and oxidative 
stress in mitochondria, it has to be evaluated if this event induces the 
activation of the mitophagic pathway in our samples. However, it is 
known that COX4 under-regulation has effects on mitochondrial respi-
ration and ATP production, resulting in induction of cell death pathways 
[19]. 

Successively, the study of redox condition reveals an increasing of 
the expression of SOD1 and SOD2 in samples treated with combined 
therapy and with micotherapy alone, these results can be significant of 
reduction of oxidative stress and therefore of a reduced tumorigenesis 
favored by the usage of Mic U-Care, since ROS can promote metastases 
proliferation due to DNA mutations. Recently, substances of vegetable 
origin have been added to chemotherapeutics, in particular mushrooms, 
used because they are considered as adjuvants in the response to drug 
therapies, as showed by Roda et al. [21]. 

It might be interesting to evaluate the interaction between SODs and 
proteins belonging to the sirtuins family (SIRT). SIRT1 is a NAD+- 
dependent histone lysine deacetylase that, among other things, regulates 
the acetylation of the K70 residue in SOD1 which could consequently 
inactivate the formation of the homodimer and therefore the correct 
functionality of the molecule. Sirtuin 1 is overexpressed in many types of 
solid tumors and hematopoietic neoplasms and is linked to the devel-
opment of drug resistance capability [26]. 

Another demonstration of mitochondrial disfunction favored by the 
administration of Micotherapy U-Care can be found in the reduction of 
ACO2 expression in combined therapy compared to chemotherapy 
alone. In particular, a decreasing of ACO2 seems to be linked to the 
release of Fe2+ and H2O2 ion, and, therefore, to the activation of auto-
phagy and/or mitophagy as well as oxidative stress and ferroptosis, 
harmful to cancer cells. 

Ferroptosis is a form of regulated cell death, caused by excessive 
iron-dependent lipid peroxidation, it can be initiated by iron-induced 
ROS production through the Fenton reaction, or by the activation of 
iron-containing enzymes [15]. GPX4, glutathione peroxidase 4, acting as 
a phospholipid hydroperoxidase is involved in the antiferroptotic 
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Fig. 9. Immunolabeling for CDC42 (in red) in the 
controls, differently treated U251 cells, i.e., after 
48 h-CT with Micotherapy U-Care 5 mg/ml, with 
CDDP 40 μM, with Pt(IV)Ac-POA 10 μM, with Mic 
U-Care + CDDP, with Mic U-Care + Pt(IV)Ac-POA. 
DNA was stained with Hoechst 33258 (blue fluo-
rescence). Magnification 60 ×, bar of 25 µm. The 
histogram below shows the fluorescence intensity 
value of the immunolabeling. Statistical signifi-
cance calculated as follows: *control vs. each 
experimental condition; #Mic U-Care vs. other 
treatments; §Cisplatin vs. Pt(IV)Ac-POA and each 
combined treatment; ◦Cisplatin + Mic U-Care vs. Pt 
(IV)Ac-POA and Pt(IV)Ac-POA + Mic U-Care; + Pt 
(IV)Ac-POA vs. Pt(IV)Ac-POA + Mic U-Care. 
****p < 0.0001. ***p < 0.001; **p < 0.01; 
*p < 0.1.   
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activity of GSH. GPX4 expression decreased in samples receiving com-
bination therapy in comparison with the counterpart chemotherapy. 
This may be indicative of increased sensitivity to ferroptosis following 
combined therapy. Further ferroptosis markers (e.g.: BAP1 and NRF2) 
will be studied to investigate the activation-mechanisms of this cell 
death pathway. 

5. Conclusions 

The results of the present study suggest that micotherapy effect can 
be synergic to the one of chemotherapy, moreover, the use of mico-
therapy could favor the control of oxidative stress states with the 
reduction of the induction of inflammatory conditions in the tumor 
microenvironment while not negatively affecting the control of prolif-
eration and migration processes and the activation of programmed cell 
death. Thus, fungi can act as an enhancers of host defense mechanisms 
and decrease adverse effects events in cancer patients undergoing con-
ventional therapies. 

New protocols for clinical studies are needed to elucidate the 
possible active mechanisms and clinical benefits of these fungi on 
various types of cancer. 
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