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ABSTRACT
Porcini (Boletus edulis Bull.) are a reservoir of pharmacological biomolecules with health‐promoting properties. Here, we investigated 
the cytotoxic activity of edulitin 2, a ribotoxin‐like protein purified from B. edulis fruiting bodies, against two human colon cancer cell 
lines (Caco‐2 and HT29), and assessed its potential impact on gut microbiota. Edulitin 2 exhibited marked cytotoxicity toward both 
cell lines in a dose‐ and time‐dependent manner. The effect was particularly evident after 72‐h, with EC50 values in the 10−7 M range 
for both cell lines. Moreover, edulitin 2 significantly affected barrier integrity in Caco‐2 monolayer models. Edulitin 2 kills cells 
mainly by triggering apoptotic mechanisms, with limited involvement of necroptosis and absence of necrosis. These results support 
edulitin 2 as a potential therapeutic agent due to the reduced risk of inducing inflammation‐related damage. Furthermore, this toxin 
proved to be harmless to microbial consortia simulating the gut microbiota. Overall, these findings make edulitin 2 a promising 
bioactive compound that combines cytotoxicity toward colorectal tumor cells with microbiota compatibility. This dual profile 
supports its further exploration in preclinical models (for loco‐regional treatment and as payload of immunotoxins) and highlights the 
potential of edible mushrooms as a source of novel ribotoxin‐like proteins with biomedical relevance.

1 | Introduction 

Boletus edulis Bull., known as the king bolete (porcini), is an 
edible mushroom native to Europe that has since spread to all 
temperate regions of the Northern Hemisphere (Hall et al. 1998; 
Sitta and Floriani 2008). Pliny the Elder's writings refer to a 
mushroom called ‘boletus’ (then classified as B. edulis), con
sumed by ancient Romans for its flavor, nutritional value and 
medicinal properties (Hobbs 2021; Tan et al. 2022).

Recently, B. edulis has gained popularity as a rich source of 
nutrients (e.g. raw proteins, essential amino acids, unsaturated 
fatty acids, dietary fibers, vitamins and key minerals) and 
for its pharmacological benefits, given that it contains several 
biomolecules with health‐promoting properties (Casado‐ 
Hidalgo et al. 2025; Quero et al. 2024). Indeed, B. edulis con
tinues to be consumed as traditional food (Central Europe and 
especially Northern Italy) due to its antioxidant, hepatoprotec
tive, immunomodulatory, antiviral, antimicrobial, antiparasitic, 
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anti‐hypercholesterolemic and anti‐diabetic properties (Casado‐ 
Hidalgo et al. 2025; Sivamaruthi et al. 2024; Tan et al. 2022). 
Furthermore, several studies highlight that B. edulis fruiting 
bodies are a rich reservoir of anti‐tumor compounds, which 
prevent oxidative stress or induce apoptosis. Most of them 
are polyphenols, flavonoids, terpenoids, polysaccharides 
(β‐glucans) and a specific extract rich in ribonucleic acid 
(Lemieszek et al. 2019), either separated or as mixtures 
(Casado‐Hidalgo et al. 2025; Lemieszek et al. 2017; Tan 
et al. 2022). On the other hand, also some proteins isolated from 
B. edulis fruiting bodies were characterized for their anti
proliferative activity against tumor cells. They include: i) two 
lectins (BEL and BEL β‐trefoil) with antineoplastic properties 
that selectively bind to specific monosaccharides and dis
accharides (Bovi et al. 2011; Bovi et al. 2013); ii) a hemagglu
tinin with antiproliferative activity towards hepatoma (Hep G2) 
and mouse lymphocytic leukemia cell lines (Sun et al. 2014); iii) 
an anti‐tumor protein (BEAP) that exhibits anti‐cancer activity 
on A549 cell lines both in vitro and in vivo, by inducing apo
ptosis and arresting cells in the G1 phase of the cell cycle 
(Zhang et al. 2021); and, iv) edulitin 2, a ribotoxin‐like protein 
that displays cytotoxic effects against HeLa and HepG2 cell lines 
triggering the apoptotic pathway (Landi et al. 2021). Among 
these proteins, only edulitin 2 possesses enzymatic activity; it is 
a 14‐kDa specific ribonuclease belonging to the ribotoxin‐like 
protein (RL‐P) family that damages the large ribosomal RNA 
(Landi et al. 2021).

RL‐Ps have been found in most edible basidiomycete mushrooms 
(Landi et al. 2017; Ragucci et al. 2021), which are commonly 
consumed for their flavor, nutritional value and nutraceutical 
properties (Mayirnao et al. 2025). These enzymes are analogous 
to ribotoxins (e.g. α‐sarcin), which are specific extracellular 
ribonucleases isolated from ascomycetes (Martínez‐Ruiz 
et al. 2001). Both enzyme families have the same target sub
strate, the α‐Sarcin Ricin Loop (SRL) (Herrero‐Galán et al. 2013; 
Olombrada et al. 2017), and cleave a single phosphodiester bond 
within the SRL of the large rRNA, a conserved hairpin‐like 
structure that interacts with eukaryotic elongation factors 
(Correll et al. 1998; Wool et al. 1992). The cleavage of the SRL 
causes a structural change that prevents ribosomes from inter
acting with elongation factors, thereby irreversibly blocking 
translation (Szewczak et al. 1993). Although the physiological 
role of these ribonucleases is still not clear, experimental evi
dence suggests that they take part in the defense against antag
onistic fungi, insects and other pathogens (Landi et al. 2022; 
Olombrada et al. 2014; Tayyrov et al. 2019). In this context, it is of 
interest to gain insight into the biological role of these enzymes, 
investigating their biotechnological applications, considering 
their potential use as tools in agriculture (e.g. biopesticides) and 
biomedicine (e.g. targeted therapeutic agents) (Olombrada 
et al. 2017; Ragucci et al. 2021; Tayyrov et al. 2019).

Thus, given the high specificity of edulitin 2 for its ribosomal 
target and the high resistance to digestive proteolytic enzymes 
(Landi et al. 2021), we investigated edulitin 2 toxicity towards 
two human colon cancer cell lines: Caco‐2 and HT29. In 
addition, considering the potential use of this enzyme (both 
independently for loco‐regional treatment and as part of im
munotoxins or nanoconstructs) (Polito et al. 2016; Sharma 
et al. 2022) in the treatment of colon neoplasms, we evaluated 
the impact of edulitin 2 on the human gut microbiota in vitro.

2 | Materials and Methods 

2.1 | Materials 

The chemicals for chromatography were previously reported 
(Landi et al. 2021; Ragucci et al. 2021). The nuclease‐treated 
rabbit reticulocyte lysate system was purchased from Promega 
(Madison, WI, USA), while Escherichia coli ribosomes (New 
England Biolabs) from Euroclone S.p.A (Pero, Milan, Italy). 
Other chemicals (analytical grade) were from Sigma‐Aldrich 
Solutions (Merck Life Science, Milan, Italy).

2.2 | Protein Purification 

Edulitin 2 was obtained as previously reported (Landi et al. 2021), 
starting from B. edulis fruiting bodies and using a general protocol 
for the purification of RL‐Ps (Ragucci et al. 2021). Briefly, the crude 
soluble proteins extracted from B. edulis fruiting bodies were clar
ified by acid precipitation and subjected to three sequential chro
matographic steps: (i) stepwise cation exchange chromatography to 
select basic proteins; (ii) gel filtration chromatography (~14‐kDa 
globular proteins separation); and (iii) cation exchange chroma
tography. Purified edulitin 2 was pooled, dialyzed against water, 
freeze‐dried and stored at −20°C until use. Moreover, ageritin from 
C. aegerita fruiting bodies was purified as previously reported 
(Landi et al. 2017) and used as a marker of Endo's fragment.

2.3 | Analytical Methods 

Protein purity was checked by: (i) SDS‐PAGE (Bio‐Rad, Milan, 
Italy) using a 6.0% stacking and 15% separating polyacrylamide 
gel with and without reducing agent, and (ii) RP‐HPLC using a 
BioBasic‐4 column (150 mm × 4.6 mm, 5 µm particle size; 
Thermo Fisher Scientific, Waltham, MA, USA). For RP‐HPLC, 
the following solvents were used: solvent A (Milli‐Q water + 
0.1% TFA); and solvent B (acetonitrile + 0.1% TFA). Protein was 
loaded into the column equilibrated at 95% of solvent A, and 
eluted using an increasing linear gradient of solvent B, from 5% 
to 65% of B over 60 min, 1.0 mL/min. Peak elution was mon
itored at 214 nm (Chambery et al. 2007). The protein concen
tration was determined by Pierce BCA Protein Assay Kit (Life 
Technologies Italia Fil., Monza, Italy).

2.4 | Endo's Assay 

The release of α‐fragment was evaluated by Endo's assay as pre
viously described with a few modifications (Landi et al. 2025). 
Briefly, T. harzianum S30 supernatants (100 µL) or E. coli ribo
somes [50 μg in 100 μL TMKB buffer 1× (10 mM Tris‐acetate, 
pH 7.6, containing 14 mM Mg‐acetate, and 60 mM K‐acetate); final 
concentration 0.22 μM] were incubated with edulitin 2 (5.0 µg; 
3.6 µM) for 1 h at 30°C. The same amount of ageritin, the proto
type of RL‐Ps from C. aegerita was used as a positive control, while 
the substrate incubated without enzyme was used as a negative 
control. At the end of treatment, RNA was extracted by phenoli
zation and precipitated with cold ethanol. RNA aliquots (4.0 µg) 
were subjected to 7.0 M urea/5% (w/v) polyacrylamide gel 
electrophoresis at 15 mA for ⁓1.5 h and stained for 30 min with 
the fluorescent nucleic acid stain GelRed (10,000× water) diluted 
1:3,300 (v:v) in water (Merck Life Science).
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2.5 | Cell Maintenance 

Human colon adenocarcinoma cell lines Caco‐2 (lot number 
300137‐220424) and HT29 (lot number 300215‐921) were 
obtained from Cytion (Eppelheim, Germany). Cells were grown 
in complete medium, consisting of Eagle's minimum essential 
medium (EMEM), supplemented with 2 mM L‐glutamine, 
10% (v/v) heat‐inactivated fetal bovine serum (FBS), 1% (w/v) 
non‐essential amino acids (100×), 100 U/mL penicillin G and 
100 μg/mL streptomycin (Sigma Aldrich, Saint Louis, Dorset, 
MO, USA). Cells were maintained at 37°C in a humidified 
atmosphere containing 5% CO2 in a HeraCell incubator 
(Heraeus, Hanau, Germany). The culture medium was changed 
every 2–3 days and cells were regularly split at 90% confluence. 
All cell lines were routinely tested to confirm the absence of 
mycoplasma contamination.

2.6 | Cell Viability 

Cell viability was assessed using the MTT Cell Growth Assay 
Kit (Merck). Caco‐2 and HT29 were seeded at a density of 
3 × 103/well in 96‐well microtiter plates (Falcon, Mexico City, 
Mexico). Following a 24 h‐incubation, cells were treated with 
scalar concentrations of edulitin 2 (ranging from 10−10 to 
3 × 10−5 M) for 24, 48, 72 h at 37°C. The tested edulitin 2 con
centration range was chosen to evaluate cell viability in both 
sub‐toxic and cytotoxic conditions. These concentrations are 
consistent with those commonly used in vitro studies with other 
ribotoxins. It should be noted that some of these concentrations 
(until 10−6 M) could be achieved in vivo eating porcini, con
sidering that i) 0.76 mg (about 5 × 10−7 M) of edulitin 2 are 
present in 100 g of fresh raw porcini mushrooms and ii) edulitin 
2 is highly resistant to proteolytic enzymes and temperature 
(Landi et al. 2021). After the indicated time points, the culture 
medium was removed and replaced with 100 μL/well of 
fresh medium and 10 μL/well of kit were added. After a 2 
h‐incubation at 37°C, 100 μL/well of isopropanol, 0.04 M HCl were 
added in order to dissolve the formazan. Within 1 h, the absorb
ance at 570 nm was measured by the microtiter plate reader 
Multiskan EX (ThermoLab systems, Waltham, MA, USA). Each 
experiment was performed in triplicate. The half maximal effective 
concentration (EC50), representing the concentration of edulitin 2 
required to reduce cell viability by 50% was calculated by linear 
regression analysis (Bortolotti, Zanello, et al. 2023).

2.7 | Measurement of Transepithelial Electrical 
Resistance (Teer) 

Caco‐2 monolayer: Cells (6.25 × 104 cells/cm2/insert) were 
seeded on the apical chamber of Transwell inserts in 24‐well 
plates (0.4 µm PET pore membrane, Falcon).

Caco‐2/collagen model: Transwell inserts were pre‐coated with 
0.1 µg/ml of type 1 collagen (Corning, New York, NY, USA) in 
complete medium and incubated for 1 h at 37°C. At the end of 
incubation, Caco‐2 cells (6.25 × 104 cells/cm2/insert) were 
seeded on the apical compartment. In both models, cells were 
cultured at 37°C in a humidified atmosphere containing 5% CO2 

with complete medium (0.3 mL on the apical side and 0.9 mL 
on the basolateral side) changed every 2–3 days.

The integrity of the intestinal barrier models is commonly 
evaluated using Transepithelial Electrical Resistance (TEER) 
measurements. Edulitin 2 (10−6 M) was added to cell layers 
once TEER reached values ≥ 500 Ω × cm2, approximately after 
10 days. TEER was subsequently measured at different time
points using a Millicel® ERS 3.0 digital voltohmmeter (Merck) 
as previously described (Biscotti et al. 2025).

2.8 | Evaluation of Edulitin 2‐Induced Cell Death 
Mechanism 

To determine the cell death mechanism induced by edulitin 2 
(apoptosis, necroptosis and/or necrosis), Caco‐2 and HT29 
cells were treated with edulitin 2 and subsequently stained 
with Annexin V‐ Enhanced Green Fluorescent Protein 
(EGFP)/propidium iodide (PI) as previously described 
(Bortolotti, Biscotti, et al. 2023). Flow cytometry analysis was 
performed to quantify the distribution of cell death popula
tion. This method allows for the discrimination between cells 
in necrosis (PI‐positive and Annexin V‐EGFP‐negative), in 
late apoptosis/necroptosis (PI‐positive and Annexin V‐EGFP‐ 
positive) and in early apoptosis (PI‐negative and Annexin 
V‐EGFP‐positive) (Pietkiewicz et al. 2015). Briefly, cells 
(4 × 105/well) were seeded in 6‐well plates (Corning) and 
incubated with 10−6 M edulitin 2 for 48 h. Cells were then 
collected, pelleted, washed twice in cold PBS and resuspended 
in 300 µL of binding buffer, containing Annexin V‐EGFP 
(3 µL) and PI (3 µL). After 10 min incubation in the dark at 
room temperature, cells were analyzed by the flow cytometer 
CytoFLEX S (Beckman Coulter, Brea, CA, USA), using the 
CytExpert Software (version 2.4.0.28, 2011–2019). The 
involvement of apoptosis in Caco‐2 cells was confirmed by a 
further experimental set, in which cells were pre‐treated with 
the pan‐caspase inhibitor Z‐VAD (100 µM) 3 h before edulitin 
2 intoxication. Apoptosis was then determined by Annexin 
V‐EGFP/PI staining, as above described.

The protective effect of Z‐VAD and of the necroptosis inhibitor 
necrostatin‐1 (NEC) was evaluated through cell viability. 
Caco‐2 cells (3 × 103/well) were seeded in 96‐well microtiter 
plates. After 24 h, cells were pre‐treated for 3 h with 100 µM 
Z‐VAD or 100 µM NEC, followed by 72 h edulitin 2 (10−6 M) 
treatment. Inhibitors were added to cells every 24 h. Cell 
viability was assessed as above described.

2.9 | Effects on Intestinal Microorganisms 

The impact of edulitin 2 on gut microorganisms was assessed 
by comparing their growth with or without the ribotoxin‐like 
protein. Gram‐negative (Salmonella enterica typhi ATCC 
1402, Escherichia coli DH5α) and Gram‐positive (Bacillus 
cereus MV19, B. subtilis PY79 and Lactobacillus rhamnosus 
GG) were cultivated in LB broth (8 g/L NaCl, 10 g/L tryptone, 
5 g/L yeast extract) at 37°C in shaking condition. Different 
species of Candida (C. albicans ATCC 14028, C. glabrata and 
C. parapsilosis, intestinal isolates gift of A. Tavanti from the 
University of Pisa) were cultivated in Potato Dextrose broth 
(BD Difco, Franklin Lakes, NJ, USA) at 37°C in shaking 
condition, overnight. Edulitin 2 (1.43 × 10−5 M; 200 µg/mL) 
was added to the cultures and the growth was monitored 

3 of 13 eFood, 2026

 26663066, 2026, 3, D
ow

nloaded from
 https://iadns.onlinelibrary.w

iley.com
/doi/10.1002/efd2.70138 by L

etizia Polito - A
rea Sistem

i D
ipart &

 D
oc , W

iley O
nline L

ibrary on [24/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



through measurements overtime with a micro‐plate reader 
device (Synergy HTX) in parallel with a control culture not 
supplemented with the toxin. The experiments were con
ducted in triplicate.

The effects of edulitin 2 on intestinal microbial consortia were 
evaluated as previously described (Landi et al. 2025). In summary, 
fecal samples, collected from children aged 4 to 7 years under 
sterile conditions, were used for total DNA extraction with the 
QIAamp Fast DNA Stool Mini Kit (QIAGEN S.r.l., Milan, Italy), 
as previously described (Buglione et al. 2022). DNA yield and 
integrity were determined using the NanoDrop ND‐2000 
(NanoDrop, Wilmington, DE, USA) and the Qubit 3.0 Fluorom
eter (Thermo Fisher Scientific). Each sample was divided into two 
parts: one aliquot was used directly for total DNA extraction using 
the same kit, while the other was serially diluted in Modified Gifu 
Anaerobic Medium [MGAM; Nissui, Tokyo, Japan; (Rettedal 
et al. 2014)] up to 10⁻⁸ following the procedure previously re
ported (Landi et al. 2025). The samples were then incubated 
anaerobically at 37°C for 3 days in an anaerobic chamber (PLAS 
LABS, INC. 810‐series; Lansing, MI, USA) to allow bacterial 
growth. The 10−⁴ dilution, representing an intermediate growth 
phase, was divided into two groups: a treated group, exposed to 
edulitin 2 (2.86 × 10−5 M; 400 µg/mL), and a control group, 
without the RL‐P. Both cultures were further incubated anaero
bically at 37°C for 3 days and subsequently used for total DNA 
extraction prior to 16S rRNA gene sequencing.

2.10 | Sequencing, Bioinformatics and Statistical 
Analyses of 16S rRNA Gene Sequences 

The taxonomic composition and diversity of the microbial 
communities were assessed through 16S rRNA gene amplifi
cation of the V3 region using the primers Probio_Uni (5′‐ 
CCTACGGGRSGCAGCAG‐3′) and Probio_Rev (5′‐ATTACCGC 
GGCTGCT‐3′) and subsequently sequenced on the Illumina 
MiSeq platform at GenProbio S.r.l. (University of Parma, Italy; 
www.genprobio.com). All raw sequences were imported into R 
and processed using the DADA2 package (Callahan et al. 2016). In 
accordance with the package guidelines, quality 
profiles were inspected, and low‐quality reads were trimmed using 
the filter and Trim comand [truncLen = c(260,190), maxN = 0, 
maxEE = c(2,2), truncQ = 2, rm. phix = TRUE, trimLeft = c 
(20,21)]. Paired‐end reads were merged, and exact Amplicon 
Sequence Variants (ASVs) were inferred using the dada algorithm. 
Chimeric sequences were removed, and taxonomic assignment of 
prokaryotic sequences was performed using the naive Bayesian 
classifier implemented in QIIME2, with the latest version of SILVA 
database (138.2) as reference. The obtained sequences are available 
in the NCBI Sequence Read Archive (SRA) database under the bio‐ 
project number PRJNA1291050. Bio‐Sample accession number for 
each sequence is included in Table S1.

Alpha diversity metrics, including the observed number of ASVs, 
Chao1 richness, and Shannon diversity indices, were calculated to 
evaluate within‐sample diversity. Unpaired Student's t‐test was 
used to determine statistical differences of alpha diversity. 
Beta diversity, representing differences in microbial community 
composition among samples, was analyzed using Principal 
Coordinates Analysis (PcoA). GraphPad Prism 9 (San Diego, CA; 
USA) was used as statistical software.

2.11 | Statistical Analysis 

Statistical analysis to evaluate the results of antifungal 
growth was performed using GraphPad Prism software, ver
sion 8 (GraphPad Software, La Jolla, CA, USA). The results 
from antifungal activity were statistically analyzed using two‐ 
way ANOVA test followed by Tukey's multiple comparison 
test. Normally distributed data were represented as mean ± 
S.E.M. The significance was accepted for p < 0.05. Statistical 
analyses to evaluate cell viability and the protective effects of 
cell death inhibitors were conducted using XLSTAT‐Pro 
Software, version 6.1.9, 2003 (Addisoft Inc., Brooklyn, NY, 
USA). The results are presented as means ± S.D. of three 
different experiments. The data were analyzed using AN
OVA/Bonferroni test or Mann–Whitney U test. Dunnett's test 
was used in addition to ANOVA, when necessary.

3 | Results 

3.1 | Edulitin 2 Is Purified From B. edulis 
Fruiting Bodies 

The purification of edulitin 2 was achieved according to a 
procedure previously reported (Landi et al. 2021). The en
zymatic activity of edulitin 2 was ascertained by evaluating 
the ability to release the α‐fragment, enzymatic hallmark of 
RL‐Ps, by rabbit reticulocytes in vitro through Endo's assay 
(data not shown), while its purity was assessed by RP‐HPLC 
and SDS‐PAGE (Figure 1).

FIGURE 1 | Purity of edulitin 2 preparations. Elution profile of 
edulitin 2 (100 µg) from a RP‐HPLC system by using a BioBasic‐4 
analytical column. In the insert, SDS‐PAGE analysis of edulitin 2 (lane 
E2; 3.0 μg) in the presence of β‐mercaptoethanol (under reducing con
ditions). Lane M, molecular weight markers. SDS‐PAGE was carried out 
in 12% polyacrylamide separating gel. 
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FIGURE 2 | Edulitin 2 cytotoxicity in Caco‐2 and HT29 cells in concentration‐ and time‐response experiments. (A) Cells (3 × 103/well) were 
treated with scalar doses of edulitin 2 (10−10 –3 × 10−5 M) for 24, 48 and 72 h. Cell viability was evaluated using a colorimetric assay based on 
MTT reduction. The results are expressed as means ± SD of three independent experiments, each conducted in triplicate. Asterisks indicate 
the first concentration at which a statistically significant reduction in viability was observed compared to controls. All results are plotted as 
relative percentage of untreated controls. Data were analyzed by ANOVA/Bonferroni test, followed by a comparison with Dunnett's test 
(confidence range 95%; **p < 0.01 vs. untreated controls, ****p ≤ 0.0001 vs. untreated controls). (B) Morphology changes of Caco‐2 and HT29 
cells through light microscopy after 72 h of treatment without (Ctrl) or with 10−6 or 10−7 M edulitin 2. The images are representative of three 
experiments (100× magnification). 
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3.2 | Edulitin 2 Reduces the Viability of Colon 
Adenocarcinoma Cells 

The cytotoxic activity of edulitin 2 was assessed on Caco‐2 
and HT29 cell lines. Cells were exposed to scalar concen
trations of edulitin 2 (10−10 – 3 × 10−5 M) and cell viability 
was evaluated after 24, 48 and 72 h (Figure 2A). Dose‐ and 
time‐response experiments revealed that the cytotoxic ef
fects induced by edulitin 2 progressively increased over time 
in both cell lines. After 24 h, edulitin 2 caused a slight 
reduction in cell viability only in HT29 cells at 10−6 M 
(p < 0.01). At 48 h, edulitin 2 significantly reduced cell via
bility, starting from 10−8 and 10−7 M in Caco‐2 and HT29 
cells, respectively. However, the reduction in cell viability 
was quite slow, as evidenced by the flat trend of 
concentration‐response curves. Indeed, even at the highest 
tested concentration (3 × 10−5 M) edulitin 2 was able to 
cause a reduction in viability of just over 50%. The highest 
cytotoxic effect was observed after 72 h of treatment, with 
edulitin 2 reducing cell viability by more than 80% in both 
cell lines, with EC₅₀s in the 10⁻⁷ M range (Table 1). 
Microscopic analysis revealed strong cellular morphological 
alteration after 72 h of treatment, confirming the cytotoxic 
effect of edulitin 2 (Figure 2B).

3.3 | Edulitin 2 Affects the Epithelial Barrier 
Integrity Assessed by Transepithelial Electrical 
Resistance (TEER) Measurement in Caco‐2 
Monolayer 

The effect of edulitin 2 on the epithelial barrier integrity 
was evaluated by measuring the Transepithelial Electrical Resist
ance (TEER) in in vitro models represented by Caco‐2 monolayer 
cultured alone or on collagen. The effect of edulitin 2 on the 
barrier properties was monitored by TEER measurements at dif
ferent timepoints from 0 to 72 h. Edulitin 2 significantly affected 
barrier integrity in both models (Figure 3). TEER values in Caco‐2 
monolayer were significantly reduced with respect to controls after 
72 h of treatment with edulitin 2 at 10−6 M concentration, whereas 
in the Caco‐2/collagen model TEER values started to significantly 
decrease after 48 h of treatment.

3.4 | Edulitin 2 Mainly Triggers Apoptosis in 
Caco‐2 and HT29 Cells 

The cell death pathways activated in edulitin 2‐treated cells 
were evaluated by double staining with Annexin V‐ EGFP/PI 
through flow cytometry analysis. After 48 h of treatment 
with edulitin 2 at 10−6 M concentration, a significant rise in 
the early apoptotic population was observed in both 
cell lines, 39.75% (Caco‐2) and 38.05% (HT29). Interestingly, 
only a minimal increase in late apoptosis/necroptosis and 
no increase in necrosis were detected in both cell lines 
(Figure 4A,B). To better elucidate the cell death mechanisms 
induced, the flow cytometry analysis was also carried out 
after treating Caco‐2 cells for a longer time (72 h) 
with edulitin 2, pre‐treating cells with or without the pan‐ 
caspase inhibitor Z‐VAD. Annexin V‐EGFP/PI double 
staining confirmed that edulitin 2 triggered apoptosis 
as the main death mechanism, even after 72 h. Notably, the 

TABLE 1 | Concentrations of edulitin 2 that reduce cell viability by 
50% (EC50), calculated by linear regression analysis of concentration‐ 
response curves.

EC50 (M)
24 h 48 h 72 h

Caco‐2 > 3 × 10−5 6.79 × 10−7 2.85 × 10−7

HT29 > 3 × 10−5 > 3 × 10−5 4.98 × 10−7

FIGURE 3 | Time‐dependent impact of edulitin 2 on TEER values in Caco‐2 and Caco‐2/collagen culture models. Caco‐2 cells (6.25 × 104 cells/ 
cm2) in both models were seeded on the apical chamber of Transwell inserts in 24‐well plates. In Caco‐2/collagen model Transwell inserts were pre‐ 
coated with 0.1 µg/ml of type 1 collagen in complete medium and incubated for 1 h at 37°C. At the end of incubation, Caco‐2 cells were seeded on the 
apical compartment. Caco‐2 cells were maintained about 10 days, replacing culture medium every 2–3 days. When TEER reached values ≥ 500 
Ω × cm2 (about 10 days), cell monolayers were treated with 10−6 M edulitin 2. TEER values were assessed at the indicated timepoints after edulitin 2 
intoxication. Each time point represents the means ± SD of three independent experiments conducted in triplicate. Data were analyzed by ANOVA/ 
Bonferroni test, followed by a comparison with Dunnett's test (confidence range 95%; ****p < 0.0001 vs. untreated controls). Asterisks indicate the 
first timepoint at which a statistically significant reduction in TEER was observed compared to controls. 
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pre‐treatment with Z‐VAD completely protected cells from 
edulitin 2‐induced apoptosis (Figure 5A,B). These results 
were confirmed by the viability experiments; the inhibitors 
Z‐VAD and necrostatin‐1 significantly rescued cells by edu
litin 2‐induced cell death (Figure 5C). These data strongly 
indicate that edulitin 2 promotes cell death primarily through 
the activation of a caspase‐dependent apoptotic pathway. 
The partial protective effect observed upon necrostatin‐1 
treatment suggests a possible contribution of necroptotic 
pathway after long incubation time (72 h).

3.5 | Edulitin 2 Affects the Ribosomes  
of T. harzianum, but Not Those of E. coli 

Like other RL‐Ps, the target of edulitin 2 is the SRL structure (Landi 
et al. 2021), a critical region for ribosome function and elongation 
factors interaction in both prokaryotes and eukaryotes (Szewczak 
et al. 1993). However, this region shows different structural features 
in prokaryotic and eukaryotic rRNA (García‐Mayoral et al. 2005; 
Seggerson and Moore 1998). In light of this, the Endo assay was 
carried out on both eukaryotic (T. harzianum, ascomycete fungus) 

FIGURE 4 | Assessment of apoptosis, necroptosis and necrosis following Annexin V‐EGFP/PI staining and flow cytometric analysis. (A) Caco‐2 
and HT29 cells (4 × 105 cells/well) were cultured for 48 h without (Ctrl) or with 10⁻6 M edulitin 2. Apoptotic, necroptotic and necrotic cells were 
subsequently evaluated by flow cytometry. Representative plots of Annexin V‐EGFP (FITC channel)/PI (PE channel) staining of Caco‐2 and HT29 
cells are shown. Early apoptotic (PI‐negative and EGFP‐positive) cells are in the lower right quadrant, late apoptotic/necroptotic (PI‐positive and 
EGFP‐positive) are in the upper right quadrant, necrotic cells (PI‐positive and EGFP‐negative) are in the upper left quadrant. The dot plots are 
representative of three independent experiments, each performed in triplicate. (B) In the table the percentages of live, early apoptotic, late apoptotic/ 
necroptotic and necrotic cells after edulitin 2 intoxication are reported. 
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and prokaryotic (E. coli) ribosomes, in order to gain insight into the 
edulitin 2 substrate specificity. As shown in Figure 6, edulitin 2 was 
able to release the α‐fragment, when incubated with T. harzianum, 
while it was unable to damage E. coli ribosomes.

3.6 | Edulitin 2 Does Not Affect Intestinal 
Microorganisms 

The growth of pure cultures of intestinal microbes in the 
presence or absence of edulitin 2 was monitored by optical 
density measurements over 24 h. The growth of Gram‐positive 
or Gram‐negative bacteria, as well as microscopic fungi of 
intestinal origin was not affected when supplemented with 
concentrations of edulitin 2 from 1.43 × 10−7 to 1.43 × 10−5 M 
(2.0 up to 200 µg/mL; data not shown).

The effects of edulitin 2 were also analyzed using intestinal 
microbial consortia in an in vitro cultivation‐based system 
(Landi et al. 2025; Rettedal et al. 2014). Human fecal samples 
were collected from healthy children (n = 3) not under anti
biotic or probiotic treatment for at least 3 months before the 
sampling day. An aliquot of each sample (200 mg) was used 
to immediately extract total DNA (Control group) while other 
aliquots of the same weight of each sample were indepen
dently resuspended in MGAM medium (see Materials and 
Methods), supplemented (Treated group) or not (Untreated 
group) with 2.86 × 10−5 M (400 µg/mL) of edulitin 2. Samples 
were incubated in anaerobic conditions for 3 days and total 
DNA of each sample was extracted and subjected to 16S 
rRNA gene sequencing, as previously reported (Landi 
et al. 2025; Milani et al. 2013).

FIGURE 5 | Evaluation of cell death mechanisms after edulitin 2 intoxication on Caco‐2 cells pre‐treated with cell death inhibitors. (A) Caco‐2 cells 
(4 × 105 cells/well) were treated with 10−6 M edulitin 2, without or in presence of 100 μM pan‐caspase inhibitor Z‐VAD. Cells were pre‐incubated for 3 h with 
Z‐VAD before edulitin 2 incubation. After 72 h, apoptotic, necroptotic and necrotic cells were evaluated by flow cytometry. Representative plots of Annexin 
V‐EGFP (FITC channel)/PI (PE channel) staining of Caco‐2 cells are shown. Early apoptotic (PI‐negative and EGFP‐positive) cells are in the lower right 
quadrant, late apoptotic/necroptotic (PI‐positive and EGFP‐positive) are in the upper right quadrant, necrotic cells (PI‐positive and EGFP‐negative) are in the 
upper left quadrant. (B) In the table the percentages of live, early apoptotic, late apoptotic/necroptotic and necrotic cells after edulitin 2 intoxication (alone or 
with Z‐VAD) are reported. (C) The protective effects of Z‐VAD and of the necroptosis inhibitor necrostatin‐1 (NEC) were evaluated on Caco‐2 cells. Cells 
(3 × 103/well) were pre‐treated with 100 μM Z‐VAD or NEC for 3 h before edulitin 2 (Edu) treatment. Cells were then treated with edulitin 2 for 72 h. Cell 
viability was evaluated using a colorimetric assay based on MTT reduction. The results are expressed as means ± S.D. of three independent experiments, 
each conducted in triplicate. Data were analyzed by the Mann–Whitney U test (confidence range 95%; ****p < 0.0001 vs. RL‐P‐treated samples). 
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Ten out of the seventeen bacterial phyla originally present in the 
fecal samples were recovered after cultivation with the phyla no 
longer present being mostly strict anaerobes, as previously 
reported (Landi et al. 2025). At the family level, 36 out of 
62 originally present families were found after cultivation in 
agreement with previous reports on this in vitro cultivation 
approach (Rettedal et al. 2014).

Statistical analyses (see Materials and Methods) indicated the 
increased abundance of members of the Patescibacteria phylum 
in the edulitin 2‐treated group as the only significant difference 
at the phylum level (Table S2). Similarly, at the genus level only 
one difference between the two experimental groups appeared 
statistically significant, with members of the Desulfotomaculum 
genus more abundant in the edulitin 2‐treated group (Table S3). 
These small differences consist of increased number of bacteria 
in the edulitin 2‐treated group, supporting the conclusion that 
the enzyme does not have any anti‐bacterial activity.

In line with this, the analysis of alpha diversity (Observed ASVs, 
Chao1, and Shannon indices; Figure 7A) and beta diversity 
(PCoA plot; Figure 7B) revealed no significant differences 
after edulitin 2‐treatment. In summary, the RL‐P exerted no 
influence on intestinal microorganisms under either pure 
culture conditions or simulated intestinal consortia.

4 | Discussion 

The consumption of B. edulis dates back to the time of the 
ancient Greeks and Romans, who influenced the cooking 
method and made this mushroom popular due to its intense 
flavor and enveloping aroma (Hobbs 2021). In addition, em
pirical evidence supports that B. edulis fruiting bodies promote 
beneficial effects on human health (Casado‐Hidalgo et al. 2025; 

Tan et al. 2022). In light of this, this mushroom plays a signif
icant role in the culture and traditions of many European 
regions. Nowadays, significant research into the beneficial ef
fects of consuming B. edulis confirms the empirical evidence, 
highlighting that B. edulis fruiting bodies are a rich reservoir of 
many intriguing bioactive molecules with immune‐modulating, 
tumor‐suppressing, antioxidant and liver‐protective effects 
(Casado‐Hidalgo et al. 2025; Quero et al. 2024).

In this study we investigated the antiproliferative activity of 
edulitin 2 on Caco‐2 and HT29 cells, which are widely recog
nized as standardized and reliable in vitro models of human 
colon carcinoma, due to their well‐characterized morphological 
and functional properties. Considering the increasing con
sumption of uncooked B. edulis mushrooms in fresh salads 
(Chefbikeski 2017) and the low susceptibility of edulitin 2 to 
proteases such as pepsin and trypsin (Landi et al. 2021), a direct 
action of this RL‐P on tumor cells in the gastrointestinal tract 
may be possible. Our results revealed that edulitin 2 efficiently 
reduced cell viability in concentration‐ and time‐response ex
periments on both tested cell lines. The effect was particularly 
evident after 72 h of incubation, with EC50 values in the 10−7 M 
range for both cell lines. The slight difference in temporal 
sensitivity to edulitin 2 observed between Caco‐2 and 
HT29 cells may be related to the distinct biological features of 
the two intestinal epithelial models. Caco‐2 cells undergo 
spontaneous differentiation toward an enterocyte‐like pheno
type, characterized by the formation of tight junctions and a 
more pronounced barrier function, which may delay their 
cytotoxic susceptibility to drugs or other toxics (Sambuy 
et al. 2005). In contrast, HT29 cells are less differentiated and 
display a more proliferative phenotype than Caco‐2 cells, 
which may account for their higher sensitivity to edulitin 2 at 
24 h (Martínez‐Maqueda et al. 2015). However, a prolonged 
exposure to edulitin 2 (72 h) resulted in comparable cytotoxic 
effects in both cell lines.

TEER is a widely accepted, non‐invasive method for mon
itoring the formation and maintenance of tight junctions 
in epithelial monolayers, providing real‐time insights into 
barrier function and cellular differentiation. The use of 
collagen‐coated inserts in Caco‐2/collagen system mimics 
more closely the epithelial barrier formation and promotes a 
more physiological relevance compared to the conventional 
Caco‐2 monolayer (Ferreira et al. 2025). Edulitin 2 affected the 
integrity of the epithelial barrier in our intestinal models. In 
the Caco‐2 monolayer, grown alone or on a surface of collagen 
gel, edulitin 2 significantly decreased TEER values after 72 h 
and 48 h, respectively. The weakening of the Caco‐2 epithelial 
barrier tight junctions suggests that edulitin 2 could increase 
the paracellular permeability in the tumor mass, thereby 
favoring the entry of other antineoplastic drugs (Zhang 
et al. 2024). The different TEER kinetics observed between the 
Caco‐2 monolayer and Caco‐2/collagen models after edulitin 2 
treatment may be attributed to the distinct microenvironment 
provided by collagen. Collagen is known to influence cell 
adhesion, cytoskeletal organization and tight junction 
dynamics, thereby modulating barrier properties and cellular 
responsiveness to external stimuli. In the Caco‐2/collagen 
system, this may render tight junctions more susceptible to 
early perturbations, resulting in lower TEER values than those 
reported in the Caco‐2 monolayer (Linz et al. 2020).

FIGURE 6 | Effect of edulitin 2 (E2) on T. harzianum or E. coli 
ribosomes compared to ageritin (A). The arrows indicate the diagnostic 
α‐fragment released as a result of RL‐P enzymatic action revealed by 
Endo's assay. 
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By examining the mechanisms of cell death induced by edulitin 
2, it is possible to demonstrate that this enzyme is able to kill 
cells mainly by triggering apoptosis in both Caco‐2 and HT29 
cells. After 48 h, most of the treated cells showed signs of early‐ 
stage apoptosis. A small percentage of cells showed late‐stage 
apoptosis, which became more evident after 72 h of treatment. 
Interestingly, edulitin 2 did not significantly induce necrosis in 
treated cells. The predominance of apoptosis over necrosis upon 
edulitin 2 treatment may suggest a reduced probability of 
inflammation‐associated damage in vivo, as apoptosis is a well‐ 
known immunologically silent process (Bock and Riley 2023). 
This represents a major advantage for a potential clinical use of 
edulitin 2. The viability of cells treated with edulitin 2 was 
significantly improved by pre‐treatment with the pan‐caspase 
inhibitor Z‐VAD and the necroptosis inhibitor necrostatin‐1, 

confirming the involvement of mainly apoptosis and to a lesser 
extent necroptosis in edulitin 2‐induced cytotoxicity.

Edulitin 2 is only minimally affected by proteases in an in vitro 
digestibility system (Landi et al. 2021) and it is therefore likely 
to safely cross the stomach, reaching the intestine in an active 
form and affecting the microbial composition of the gastro
intestinal tract (gut microbiota). This harbors a complex eco
system of microorganisms (viruses, bacteria, fungi, protozoans 
and archaea), which have co‐evolved with humans and differ in 
composition and function based on the age, sex, race/ethnicity, 
and diet of their host (Lozupone et al. 2012). Microbial com
munities of gut microbiota are in symbiosis with the host, 
contributing to the human organism homeostasis and regulat
ing human immune function (Hou et al. 2022). Due to the strict 
relationship within the gut microbiota, any change of one group 

FIGURE 7 | The impact of edulitin 2 on intestinal microorganisms. Alpha and beta diversity were assessed using 16S rRNA gene sequencing data 
from fecal‐derived cultures, comparing Untreated samples with those Treated with edulitin 2 (2.86 × 10−5 M corresponding to 400 μg/mL). (A) Alpha 
diversity, evaluated through Observed ASV richness, Chao1, and Shannon indices, showed no significant differences between groups. Statistical 
comparisons of alpha diversity were performed using an unpaired Student's t‐test in GraphPad Prism 9 (San Diego, CA). (B) The principal 
coordinates analysis (PCoA) plot revealed no distinct separation between the groups. In red non treated samples, in green samples treated with 
edulitin 2. 
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of microorganisms may affect the relative abundance of other 
groups, altering the balance of gut microbiota and potentially 
leading to intestinal and extraintestinal diseases (Lozupone 
et al. 2012; Peroni et al. 2020). Edulitin 2 does not have any anti‐ 
bacterial activity in vitro (see paragraph 3.5) or in vivo on pure 
cultures of bacteria or yeasts (see paragraph 3.6), but it damages 
in vitro fungal ribosomes (see paragraph 3.5) and could, 
therefore, alter the overall composition of the gut microbiota. 
Such possibility was evaluated by analyzing the effects of edu
litin 2 on microbial consortia simulating the gut microbiota. No 
statistically significant effects were observed in the composition 
of the gut microbiota after the treatment with edulitin 2. Thus, 
the consumption of B. edulis could have beneficial effects also 
for the presence of bioactive proteins/enzymes, such as edulitin 
2 that has antiproliferative activities against tumor cells without 
negatively effecting the composition of the gut microbiota.

5 | Conclusions 

This study demonstrates that edulitin 2, a bioactive protein 
from B. edulis, exerts significant anti‐tumor effects in our 
in vitro colon cancer model. Edulitin 2 exhibits cytotoxic effects, 
primarily inducing apoptosis, with limited involvement of ne
croptosis and no necrosis, supporting its potential therapeutic 
relevance due to the low risk of inflammation‐associated dam
age. Furthermore, edulitin 2 compromises the integrity of the 
epithelial barrier, resulting in enhanced paracellular perme
ability within the tumor mass. Interestingly, edulitin 2 does not 
significantly alter the composition of gut microbiota consortia.

Overall, these results identify edulitin 2 as a promising bioactive 
compound that combines effective cytotoxic activity against 
tumor cells with a favorable safety profile toward the intestinal 
microbiota. These properties warrant further investigation to 
more precisely define edulitin 2 tumor selectivity, to evaluate its 
safety toward non‐transformed intestinal epithelial cells and to 
assess its behavior in relevant in vivo models. Such studies will 
be essential to explore the potential biomedical applications of 
edulitin 2, particularly in the context of loco‐regional adminis
tration strategies or its incorporation into immunotoxin‐based 
approaches for the selective elimination of unwanted cells.
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