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Ergothioneine (Egt) is a dietary amino acid which acts as an antioxidant to pro-
tect against ageing-related diseases. We investigated the anti-cancer properties of
Egt in colorectal cancer cells (CRC). Egt treatment exerted cytotoxicity in a
dose-dependent manner, induced reactive oxygen species accumulation, loss of
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mitochondrial membrane potential and upregulation of the histone deacetylase
SIRT3. Immunoblotting analysis indicated that the cell death occurred via necrop-
tosis through activation of the RIP1/RIP3/MLKL pathway. An immunoprecipi-
tation assay unveiled that the interaction between the terminal effector in
necroptotic signalling MLKL and SIRT3 increased during the Egt treatment.
SIRT3 gene silencing blocked the upregulation of MLKL and abolished the ability
of Egt to induce necroptosis. The SIRT3-MLKL interaction may mediate the
necroptotic effects of Egt in CRC, suggesting the potential of this dietary amino
thione in the prevention of CRC.
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Ergothioneine (Egt), the betaine of 2-mercapto-L-
histidine, is a diet-derived amino acid with antioxidant
properties occurring at particularly high levels in some
foods including certain species of mushrooms, grains,
black and red beans, red meat, liver and kidney [1,2].
Evidence from in vitro, animal models, and even clini-
cal studies, has demonstrated that Egt is associated
with reduced mortality and decreased risk of cardio-
vascular disease, as it possesses many properties,
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including cardioprotective and anti-diabetic effects
[1-8]. The cytoprotective effects of Egt against cardio-
vascular diseases and chronic inflammatory conditions
occur via modulation of the sirtuins SIRT1 and SIRT6
[9]. Additional evidence suggested that Egt targets
mitochondria and could dampen the excess of
mitochondria-specific reactive oxygen species (ROS) in
response to oxidative stress [10]. Indeed, the organic
cation transporter novel-type 1 (OCTN1), responsible for
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Ergothioneine Induces Colon Cancer Cell Necroptosis

Egt uptake and accumulation in human tissues, is pre-
sent at high expression levels in certain cells (blood cells,
bone marrow, ocular tissues and brain) that are likely
predisposed to oxidative stress [11,12]. Changes in
expression and/or activity of carnitine transporters in
plasma or intracellular membranes are expected, espe-
cially in cancers, including colorectal cancer (CRC),
which are characterized by an altered fatty acid metabo-
lism. Indeed, CRC cells express OCTN1 and OCTN2
transporters [13,14]. OCTNI1 is associated with sporadic
CRC in early age and its polymorphisms, L503F, is a
biomarker of malignant progression of the disease [15].
Moreover, the polymorphism rs27437 of OCTN2, down-
regulating the OCTN2 expression, correlates with the
increased CRC risk [16].

In cancer cells, preclinical studies showed that bioac-
tive dietary compounds exert anti-tumour effects by
inducing ROS-mediated cytotoxicity [17]. The redox
imbalance displayed by cancer cells due to increased
ROS levels promotes carcinogenesis by activating
oncogenes and raising oxidative stress. This unique
feature influences cancer cell proliferation, survival
and apoptosis [17].

In CRC cells, the chemopreventive effects of a diet-
derived betaine, d-valerobetaine, is primed by altered
redox homeostasis accompanied by upregulation of
SIRT6, downregulation of SIRT3 and mitochondrial
dysfunction [18,19]. In this context, other betaines
occurring in commonly consumed foods could be
active in the CRC chemoprevention, highlighting the
importance of exploring their anti-cancer properties in
the setting of targeted redox-modulating preventive
strategies. Despite the numerous evidences on the cyto-
protective and anti-inflammatory action of Egt, to
date, there is no evidence that describes its potential in
the modulation of the redox homeostasis in CRC, the
third most common cancer worldwide in terms of inci-
dence and second in terms of mortality, with 1.9 mil-
lion cases and 935 000 deaths in 2020 [20].

Numerous studies have highlighted the crucial role
of specific epigenetic enzymes in CRC pathogenesis,
focusing on seven NAD'-dependent class III histone
deacetylases (HDACs), or sirtuins (SIRTs) [21].
Among sirtuins, the mitochondria guardian SIRT3
shuttles from the nucleus to the mitochondria where it
acts on fatty acid B-oxidation, amino acid metabolism
and tricarboxylic acid cycle [22,23]. The intriguing role
of SIRT3 in CRC occurs by increasing ROS produc-
tion and PINK1/Parkin/mitophagy axis activation and
by mediating metabolic reprogramming via PPAR-a,
PPAR-y protein expression levels and apoptotic induc-
tion [19,24]. Necroptosis, a backup cell death mecha-
nism, has emerged as a form of lytic programmed cell
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death, known to regulate cell death and to provoke
the release of damage-associated molecular patterns
into the extracellular space, thus resulting in a pro-
inflammatory outcome [25]. The necroptotic signalling
pathway, a caspase-8-independent cell death mecha-
nism, is driven by the cytosolic necrosome complex
consisting of receptor-interacting serine/threonine pro-
tein kinases (RIP)-1, RIP3 and the mixed lineage
kinase domain-like (MLKL) pseudokinase [26-29]. In
addition to MLKL, ROS represent the major effectors
in necroptosis by RIP3, which increases mitochondrial
ROS production through the activation of
metabolism-related enzymes [30,31].

Recent studies have revealed a key role of necroptosis
in tumorigenesis and metastasis, opening new perspectives
on the potential of targeting necroptosis as a novel cancer
therapy [32]. However, the precise role of MLKL, the ter-
minal effector in necroptotic signalling and that of RIP3
in CRC tumorigenesis is not fully clarified. The present
study aimed at investigating the anti-cancer properties of
Egt in CRC, focusing on the interchanges of cell death
mechanisms (necrosis and apoptosis), oxidative stress and
inflammatory damage responses.

Materials and methods

Cell culture and treatment

Human colon epithelial CCD 841 CoN cells (CRL-1790) and
human colorectal adenocarcinoma SW620 (CCL-227), HT-29
(HTB-38) and LoVo (CCL-229) cell lines were obtained from
American Type Culture Collection (ATCC). CCD 841 CoN
cells were grown in Eagle’s minimum essential medium
(EMEM, 30-2003, ATCC), while SW620 was maintained in
Leibovitz’s L-15 (L-15, 11415-064, Gibco, Thermo Scientific,
Rockford, IL, USA), HT-29 in McCoy’s 5A (16600-082,
Gibco) and LoVo in F-12K medium (21127-002, Gibco). Cell
culture medium was supplemented with 100 U-mL ™' peni-
cillin, 100 mg-mL~" streptomycin and 10% heat-inactivated
fetal bovine serum (FBS, 10270106, Gibco). Cells were grown
as a monolayer at 37 °C in a humidified atmosphere, with 5%
CO,, and the medium was changed two or three times per
week. The day before treatment, cells were seeded into multi-
well plates to allow attachment. Egt (sc-200814, Santa Cruz
Biotechnology, Inc., Heidelberg, Germany) was dissolved in
Hanks’ balanced salt solution (HBSS)-10 mm Hepes. Treat-
ments were performed by culturing cells in complete media
with increasing Egt concentration (0.5-3 mwm) for a maximum
time of 72 h. Control cells (0 mmM) were maintained in media
containing the higher corresponding volume of HBSS-10 mm
Hepes. The impacts of oxidative stress, apoptosis and necrop-
tosis were assessed by pretreating cells for 1 h with 2 mm of
the antioxidant N-acetyl-L-cysteine (NAC, A7250-25G, Sigma
Aldrich, St. Louis, MO, USA) or with 50 uM necrostatin-1
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(NECI, T1847, TargetMol Chemicals, Wellesley Hills, MA),
the receptor-interacting serine/threonine-protein kinase 1
(RIP1) inhibitor, commonly used to suppress necroptosis.

Viability assay

CCD 841 CoN, SW620, HT-29 and LoVo cells were seeded
in 96-well plates at a density of 2 x 10 cells per well in the
specific growth medium. After treatment, cell viability was
detected using Cell Counting Kit-8 (CCK-8, Dojindo Molec-
ular Technologies, Tokyo, Japan), as manufacturer’s instruc-
tion reported. The assay is based on the highly water-soluble
tetrazolium salt, WST-8, reduced by dehydrogenase activities
in cells to give a yellow colour formazan dye, which is soluble
in the tissue culture media. The amount of the formazan dye,
generated by the activities of dehydrogenases in cells, is
directly proportional to the number of living cells. In detail,
CCK-8 solution (10 pL per well) was added and plates incu-
bated at 37 °C for 4 h. Thereafter, absorbance was measured
at 450 nm using a microplate reader model 680 (Bio-Rad,
Segrate (MI) - Italy). All experiments were performed with
n = 4 replicates.

Cell cycle study

SW620, HT-29 and LoVo cells were seeded in six-well
plates at a density of 8 x 10*/well for treatments. Cells
were then trypsinized and stained for 1 h in the dark in a
propidium iodide (PI) solution consisting of 50 pg-mL ™
PI, 0.1% sodium citrate, 25 ug-mL~' RNase A and 0.1%
Triton in phosphate-buffered saline (PBS). Flow cytometric
evaluation was performed by collecting at least 20 000
events with a BD Accuri™ C6 (BD Biosciences, Milano,
Italy) cytometer. Data analysis was performed with MODFIT
LT V4.1.7 software (Verity Software House, Becton Dickin-
son, Topsham, ME, USA). Experiments were carried with
n = 3 replicates.

Apoptotic and necrotic cell death evaluation

After treatment, SW620, HT-29 and LoVo cells were detached
by trypsinization, washed with PBS and then apoptotic
(Annexin  V-FITC-positive, Pl-positive) from necrotic
(Annexin V-FITC-negative, PI-positive) cells distinguished by
the Annexin V Apoptosis detection kit (556547, BD Pharmi-
gen, Lyngby, Denmark), following manufacturer’s instruction.
Briefly, cells were re-suspended in 500 pL binding buffer 1X
and incubated for 30 min with 2 pL. Annexin V-FITC and
2 uL PI. Detection of viable, early or late apoptosis and necro-
tic cells was performed using a BD Accuri™ C6 (BD Bio-
sciences) cytometer and data analysed by FLowso V10 software
(Williamson Way, Ashland, OR, USA). For each sample,
20 000 events were recorded. Experiments were performed
with n = 4 replicates.
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Oxidative stress detection

Intracellular and mitochondrial content of reactive oxygen
species (ROS) was evaluated, according to manufacturer’s
protocol, by using CellROX Green Reagent (C10444, Invit-
rogen, Waltham, MA, USA) and MitoSOX Red Mito-
chondrial Superoxide Indicator (M36008, Invitrogen).
SW620, HT-29 and LoVo cells were seeded in six-well
plates and, after 72 h Egt treatment, cells were stained by
adding to the medium 5 pm CellROX or MitoSOX fluoro-
genic probes and incubating the plate at 37 °C for 30 min.
After washing with PBS, CRC cells were imaged on a fluo-
rescence microscope  EVOS FL Cell Imaging System
(Thermo Scientific, Rockford, IL, USA) and then intracel-
lular and mitochondrial ROS fluorescence intensities quan-
tified using a BD Accuri™ C6 cytometer (BD Biosciences).
At least 20 000 events were recorded for each sample and
cytometric analysis was performed with FLowio V10 soft-
ware. Experiments were performed with n = 3 replicates.
Menadione (100 pm) (M57405, Sigma Aldrich) was incu-
bated for 1 h at 37 °C and used as ROS-positive control.

Extracellular ROS evaluation

The Amplex Red Hydrogen Peroxide/Peroxidase Assay kit
(A22188, Invitrogen) was used to evaluate the extracellular
H,0, released in SW620, HT-29 and LoVo cells after 72 h
treatment with Egt. Trypsinized cells were dispersed to produce
a 20 pL cell suspension containing 2 x 10* live cells in Krebs-
Ringer phosphate glucose buffer (145 mm NaCl, 5.7 mm
sodium phosphate, 4.86 mm KCl, 0.54 mm CaCl,, 1.22 mm
MgSQ,4, 5.5 mm glucose, pH7.35). Amplex red reagent
(100 puL),  containing 50 pM Amplex Red and
0.1 U HRP-mL ™', was added to cells followed by I h incuba-
tion at 37 °C. Fluorescence of the oxidized product, 10-acetyl-
3,7-dihydroxyphenoxazine, was measured with an Infinite
2000 Multiplate reader (Tecan, AG, Switzerland) using a
530 nm excitation wavelength and a 590 nm emission wave-
length. The Egt autofluorescence value was subtracted to each
sample measurement. H,O, extracellular content was quanti-
fied using a standard curve (0—2 pum concentration range).

Assessment of mitochondrial membrane
potential

JC-1 staining (MT09, Dojindo Molecular Technologies,
Tokyo, Japan) was used according to the manufacturer’s
protocols to study mitochondrial membrane potential.
SW620, HT-29 and LoVo cells were treated with Egt for
72 h and then stained with 5 pm JC-1 probe at 37 °C for
1 h in the dark. Subsequently, cells were detached and fluo-
rescence detected with BD Accuri™ C6. Data were anal-
ysed with FLowio V10 software and at least 20 000 events
were recorded for each sample.
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Lipid peroxidation detection

Lipid peroxidation levels were assessed by measuring the cellu-
lar content of malondialdehyde (MDA) with colorimetric Lipid
Peroxidation (MDA) Assay kit (ab118970, Abcam, Cambridge,
UK), according to the manufacturer’s instructions. In this pro-
tocol, the MDA in the sample reacts with thiobarbituric acid
(TBA) to generate a MDA-TBA adduct, whose colorimetric
quantification may be reported as MDA levels. In detail, after
72 h Egt treatment, SW620, HT-29 and LoVo cells were har-
vested and homogenized in 303 pL of MDA lysis solution. To
generate MDA-thiobarbituric acid (TBA) adduct, 600 pL of
TBA reagent was added to 200 puL of sample, and the mixture
incubated at 95 °C for 60 min and then cooled in ice. Absor-
bance of the resulting supernatant, containing MDA-TBA
adduct, was measured at 532 nm with a 680-microplate reader
(Bio-Rad) and total MDA levels (nmol per mg of protein) were
calculated comparing each sample absorbance to a standard
curve and normalized to protein content.

SIRT3 silencing

SW620, HT-29 and LoVo cells were transfected with 40 nm
small interfering RNA (siRNA, 438080910101, Applied Bio-
logical Materials, Richmond, BC, Canada), consisted of a mix-
ture of three target sequences for human SIRT3 (1045: 5—
GCU UGA UGG ACC AGA CAA ATT UUU GUC UGG
UCC AUC AAG CTT-3; 772: 5-CUU GCU GCA UGU
GGU UGA UTT AUC AAC CAC AUG CAG CAA GTT-
3’ and 410: 5-CUC CCA UUC UUC UUU CAC ATT UGU
GAA AGA AGA AUG GGA GTT-3), and with 40 nm con-
trol non-targeting siRNA (NT-siRNA, ¥-UUC UCC GAA
CGU GUC ACG UTT-3 and 5-ACG UGA CAC GUU
CGG AGA ATT-3') using the transfection reagent RNAifec-
tin. Cells were seeded in six-well plate in complete culture med-
ium. After 24 h, the growth medium was removed and cells
were transfected with SIRT3 siRNA or NT-siRNA in serum-
and antibiotic-free medium. Cells were incubated for 10 h, fol-
lowed by additional 12 h of incubation after the addition of
10% FBS to each well. Transfected cells were then treated with
2 mm Egt for 72 h.

Cell lysis and immunoblotting analysis

After 72 h Egt treatment, SW620, HT-29 and LoVo cells were
lysed with RIPA lysis buffer (1% NP-40, 0.5% sodium deoxy-
cholate and 0.1% SDS in PBS) containing 10 pg-mL ™" apro-
tinin, leupeptin and 1 mm phenylmethylsulfonyl fluoride. Cell
lysates were incubated for 1 h on ice and centrifuged at
10 000 g for 20 min at 4 °C. Protein samples (2040 pg) were
separated by SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad). Non-specific binding sites were blocked
for 1 h at room temperature (RT) in 1x TBS 1% casein
blocker (1610782, Bio-Rad). Membranes were then incubated
at 4 °C overnight with specific primary antibodies: anti-SIRT3
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(1:2000, PA5-86035, Invitrogen), anti-SIRT1 (1 : 1000,
ab110304, Abcam), anti-SIRT6 (1 : 2000, ab191385, Abcam),
anti-acetylated p53 (1 : 1000, ab75754, Abcam), anti-caspase-3
(1:1000, 9662, Cell Signaling Technology), anti-caspase-9
(1 : 1000, 9508, Cell Signaling Technology), anti-caspase-8
(1 : 1000, ab108333), anti-cellular inhibitor of apoptosis 1 and
2 (c-IAP1/2, 1:1000, sc-12410, Santa Cruz), anti-
cylindromatosis deubiquitinase (CYLD, 1 : 1000, 8462, Cell
Signaling Technology), anti-mixed lineage domain-like protein
(MLKL, 1:1000, abl196436, Abcam), anti-receptor-
interacting protein 1 (RIPKI1/RIP1, 1 : 1000, SAB3500420,
Sigma-Aldrich), anti-RIPK3/RIP3 (1 : 1000, NBP1-77299,
Novus Biologicals, Milano, Italy), anti-ubiquitin-specific pepti-
dase 22 (USP22, 1 : 1000, sc-390585, Santa Cruz), anti-tumour
necrosis factor alpha (TNF-a, 1 : 1000, ab6671, Abcam), anti-
nuclear factor kappa B (NF-«B, 1 : 1000, C22B4, Cell Signal-
ing Technology), anti-interleukin-6 (IL-6, ab229381, 1 : 1000,
Abcam), anti-cyclin B1 (1 : 1000, 4138, Cell Signaling Tech-
nology), anti-cyclin D1 (1 : 1000, ab134175, Abcam), anti-o-
tubulin (1 : 5000, E-AB-20036, Elabscience Biotechnology
Inc., Houston, TX, USA), anti-B-actin (1 : 5000, ab8227,
Abcam) and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, 1 : 2000, ab9485, Abcam). After 1 h incubation
with HRP-conjugated secondary antibodies (GxMu-003-
DHRPX and GtxRb-003-DHRPX, ImmunoReagents Inc.,
Raleigh, NC, USA), the immunocomplexes were revealed on
dried membranes by Excellent Chemiluminescent Substrate kit
(E-IR-R301, Elabscience Biotechnology Inc.) and visualized
by using ChemiDoc Imaging System with IMAGE LAB 6.0.1 soft-
ware (Bio-Rad Laboratories). After background subtraction,
the densities of immunoreactive bands were quantified with M-
AGEJ software (Wayne Rasband, National Institutes of Health,
USA) and expressed as arbitrary units (AU).

Immunoprecipitation assay

Immunoprecipitation (IP) was performed on 200 pg of total
protein content using Immunoprecipitation kit (ab206996,
Abcam) based on Protein A/G Sepharose® beads. Protein lysate
was firstly incubated overnight with 2 pg MLKL antibody at
4 °C with shaking. The next day, the Protein A/G Sepharose®
beads were introduced into the mixture and shaken for addi-
tional 3 h at 4 °C. Samples were then washed three times and
elution was obtained by heating mixture at 95 °C for 15 min in
loading buffer (4x) before separation by SDS-PAGE. After
nitrocellulose membrane transfer and non-specific binding sites
blocking, immunoblotting for SIRT3 was performed in order to
determine the amount of MLKL/SIRT3 immunoprecipitated.

Statistical analysis

All reported data are expressed as mean + standard deviation
(SD) of experiments performed in at least three replicates. Sta-
tistical analysis between two groups was carried using Student’s
t test while differences among three groups were evaluated by
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one-way ANOVA followed by Tukey post hoc test. Differences
with P < 0.05 were considered statistically significant.

Results

Egt induced a selective inhibition of CRC cell
viability

Egt (0-3 mm) was tested in human CRC SW620, HT-
29 and LoVo cell and in colon CCD 841 CoN cells
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(Fig. 1, Fig. S1). Cell viability assay showed that Egt
(2 mm) displayed the higher cytotoxic effect on CRC
cell lines reaching a cell viability inhibition of
40.7 + 5.47% in HT-29, 41.5 + 4.22% in SW620 and
38.8 £ 6.1% in LoVo cells after 72 h of treatment
(P <0.001) (Fig. 1A-C, Fig. SIC-E). A similar trend
was observed using Egt 2.5 and 3 mm. Conversely, Egt
treatment up to 72 h did not induce inhibition of cell
viability in normal CCD 841 CoN (Fig. S1A,B). Based
on these results, further experiments were performed
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Fig. 1. Egt inhibited CRC cell viability. Cell viability was evaluated in (A) HT-29, (B) SW620 and (C) LoVo cell lines after exposure to different
Egt concentration (0, 0.5, 1, 1.5, 2, 2.5 and 3 mwm) for different times (24, 48 and 72 h). (D) HT-29, (E) SW620 and (F) LoVo cells were
pretreated with 2 mm NAC for 1 h before exposure to increasing Egt concentrations up to 72 h and then viability assessed using Cell
Counting Kit-8 assay (Donjindo Molecular Technologies). Control cells (0 mm) were grown in medium containing the higher corresponding
volume of HBSS-10 mm Hepes. Values represent the mean + SD of n = 4 independent experiments and results expressed as percentage
of control. P < 0.05 vs. 0 mm; ¥P < 0.01 vs. 0 mm; P < 0.001 vs. 0 mm.
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choosing 1, 1.5 and 2 mm Egt concentration. More-
over, N-acetyl-L-cysteine (NAC) treatment before
exposure to Egt, strongly attenuated the Egt-mediated
cytotoxicity (P < 0.05) (Fig. ID-F), suggesting that
CRC cell damage induced by Egt occurs via oxidative
stress.

Egt generated oxidative stress at different
cellular levels

To shed light on the Egt-mediated cytotoxicity, the
oxidative stress was assessed in CCD 841 CoN,
SW620, HT-29 and LoVo cells. Results indicated the
Egt capability to modulate intracellular, mitochondrial
and extracellular ROS content, along with modifica-
tion in the mitochondrial membrane potential (MMP)
state (Fig. 2). Indeed, Egt treatment induced a strong
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increase (P < 0.01) in fluorescent signal of intracellular
and mitochondrial oxygen species in SW620 cells
(Fig. 2A,B and Fig. S2A-C). These effects were also
accompanied by the Egt-mediated upregulation in
extracellular ROS content (368.4 + 12.9 Egt 2 mM vs.
150.8 £ 8.8 of 0 mm, P <0.001) and by the impair-
ment of MMP (Fig. 2C-E), as revealed by the green
fluorescence accumulation proper of monomeric spe-
cies of JC-1 probe (P < 0.01). Similar results were de-
tected in HT-29 cells with intracellular and
mitochondrial enhancement of superoxide species
(P <0.01), extracellular ROS production (342.0 +
21.1 Egt 2 mm vs. 103.7 4+ 18.9 of 0 mm, P < 0.001)
and perturbation in mitochondrial potential (P < 0.01)
(Fig. 2F-J and Fig. S2D-F). In LoVo cells, Egt also
provoked intracellular and mitochondrial ROS accu-
mulation (P < 0.001), extracellular reactive species
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Fig. 2. Egt induced oxidative stress in CRC cells. Representative images and analysis of intracellular and mitochondrial superoxide levels,
extracellular H,O, production and mitochondrial membrane potential assessed in (A-E) SW620, (F-J) HT-29 and (K-O) LoVo cells treated for
72 h with Egt. Control cells (0 mm) were grown in medium containing the higher corresponding volume of HBSS-10 mm Hepes.
Magnification: 20x. Data are shown as mean 4+ SD of n = 3 independent experiments. *P < 0.05 vs. 0 mm; P < 0.01 vs. 0 mwm; P < 0.001

vs. 0 mm.
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upregulation (362.7 + 27.5 Egt 2 mm vs. 96.4 + 15.9
of 0 mm, P < 0.001) and mitochondrial depolarization
(P <0.001) (Fig. 2K-O and Fig. S2G-I). Conversely,
no effects were observed in oxidative state of CCD
841 CoN after Egt treatment (Fig. S2J-M). Finally,
the pretreatment with the antioxidant NAC (2 mm),
able to scavenge ROS levels, opposed the pro-oxidant
action of Egt (Fig. S3).

Egt triggered pro-inflammatory milieu and
upregulated sirtuins

The cytotoxicity of Egt on CRC cells was accompa-
nied by its efficacy in modulating lipid peroxidation,
inflammation and SIRT3 protein expression. In
SW620 cells, Egt treatment for 72 h induced oxidative
inflammation in a dose-dependent manner (P < 0.01),
promoting upregulation of TNF-a (1.15 £ 0.05 AU
vs. 0.53 £ 0.04 in 0 mm), IL-6 (1.88 + 0.06 AU vs.

Ergothioneine Induces Colon Cancer Cell Necroptosis

0.77 £ 0.03 in 0 mm) and NF-xB (1.10 £ 0.05 AU vs.
0.57 + 0.04 in 0 mm) protein expression levels (P <
0.001) (Fig. 3A-D). These pro-inflammatory effects
were accompanied by an increase in the SIRT3 protein
content (1.14 £ 0.02 AU vs. 0.33 £ 0.04 in 0 mm,
P < 0.001) (Fig. 3E). Egt displayed similar effects in
HT-29 cells, leading to lipid peroxidation (P < 0.01),
increase in TNF-a, IL-6 and NF-xB protein expression
(P <0.001), and SIRT3 protein (0.83 + 0.025 AU vs.
0.28 £ 0.03 in OmM, P < 0.001) (Fig. 3F-J). Egt treat-
ment was effective in triggering oxidative damage
(P <0.01), increasing inflammatory protein content
(P <0.001) and upregulating SIRT3 expression levels
(1.30 & 0.05 AU vs. 0.44 £+ 0.02 OmM; P < 0.001) in
LoVo cells (Fig. 3K-0O). Conversely, Egt treatment
decreased SIRT3 protein expression (0.58 + 0.03 AU
vs. 0.95 £ 0.02 in OmM, P < 0.01) in CCD 841 CoN
cells (Fig. S4A). Interestingly, other sirtuins, such as
SIRTI1 and SIRT6, were modulated by Egt treatment
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Fig. 3. Egt mediated inflammation, SIRT3 increase and lipid peroxidation in CRC cells. MDA cellular content and representative cropped
blots with relative immunoblotting analysis of TNF-a, 1L-6, NF-kB and SIRT3 in (A-E) SW620, (F-J) HT-29 and (K-O) LoVo cells. CRC cells
were treated with 1, 1.5 and 2 mm Egt for 72 h. Control cells (0 mm) were grown in medium containing the higher corresponding volume of
HBSS-10 mm Hepes. Lane 1 =0 mwm; lane 2 =1 mwm; lane 3= 1.5 mm; lane 4 =2 mm; M = weight markers (G266, Applied Biological
Materials Inc.). Protein expression was calculated, after normalization with a-tubulin or B-actin as internal control, with imaGes software, and
results expressed as arbitrary units (AU). Data are shown as mean + SD of n = 3 independent experiments. *P < 0.05 vs. 0 mm; *P < 0.01
vs. 0 mm; P < 0.001 vs. 0 mm.
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in CRC cells (Fig. S4). Egt treatment downregulated
SIRT1 levels and upregulated SIRT6 protein expres-
sion in all CRC lines (Fig. S4B-G). The higher effects
were observed in SW620 cells showing a negative mod-
ulation of SIRTI (1.10 + 0.04 AU vs. 1.68 + 0.04 in
0mM) (P < 0.01) and a positive modulation of SIRT6
(2.12 £ 0.03 AU wvs. 143 +£0.02 in OmM with)
(P < 0.001).

Egt induced S phase accumulation in HT-29 and
G2/M arrest in SW620 and LoVo cells

Cell cycle analysis showed that 72 h of treatment with
2mM Egt increased the G2/M population in SW620
cells (43.03 + 3.26% vs. 13.8 + 3.17% cell population
in 0OmM, P < 0.001) and cyclin B protein degradation
(0.74 £ 0.01 AU vs. 1.28 £ 0.04 in OmM, P < 0.001)
(Fig. 4A—C). Similar effects were obtained in LoVo
cells, showing cell accumulation in G2/M phase
(31.16 £ 3.71% vs. 12.36 £ 2.86% of cell population
in OmM, P <0.001) and cyclin B downregulation

N. D'Onofrio et al.

(0.22 + 0.03 AU vs. 1.39 £ 0.03 in OmM, P < 0.001)
(Fig. 4G-I). In HT-29 cells, Egt treatment induced S
phase arrest (57.33 £ 7.5% vs. 21.16 4+ 0.92% of cell
population in OmM, P < 0.001) and upregulation of
cyclin D protein expression (1.31 &£ 0.07 AU vs.
0.30 + 0.06 in OmM, P <0.001) (Fig. 4D-F). Less
pronounced Egt effects on CRC cell cycle modulation
were detected after 24 h and 48 h treatments (Fig. S5).

Egt differentially induced necrosis and apoptosis
in CRC cells

Cell death mechanism following Egt treatment was
assessed using the flow cytometry-based annexin V/PI
method and by evaluation of acetylated p53 and
procaspases-9, —3 and —8 protein expression levels.
The annexin V/PI staining defined a strong necrosis
rate in SW620 cells when treated with 2mM Egt for
72 h (2491 £ 2.2% vs. 4.51 + 1.1% of cell population
in O0mM, P <0.001) (Fig. 5A,B). Immunoblotting
analysis showed upregulation of procaspase-9 and
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Fig. 4. Egt modulated CRC cell cycle. Representative cell cycle analysis and cropped blots of western blotting examination of cyclin B or
cyclin D in (A-C) SW620, (D-F) HT-29 and (G-I) LoVo cells. CRC cells were treated with 1, 1.5 and 2 mm Egt for 72 h. Control cells (0 mwm)
were grown in medium containing the higher corresponding volume of HBSS-10 mm Hepes. Cell distribution was assessed by flow
cytometry collecting Pl fluorescence as FL3-A (linear scale). For each sample, at least 20 000 events were collected and analysis performed
by using mooriT software (Verity Software House, Becton Dickinson, Topsham, ME, USA). Lane 1 = 0 mwm; lane 2 = 1 mm; lane 3 = 1.5 mwm;
lane 4 = 2 mm; M = weight markers (G266, Applied Biological Materials Inc.). Protein expression was calculated, after normalization with o-
tubulin or GAPDH as internal control, with IMAGEs software, and results expressed as arbitrary units (AU). Data are shown as mean + SD of
n = 4 independent experiments. *P < 0.05 vs. 0 mwm; TP <0.01 vs. 0 mm; P < 0.001 vs. 0 mm.
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Fig. 5. Egt induced cell death in CRC cells. Representative dot plots and analyses of annexin V-FITC and propidium iodide (Pl)-staining and
cropped blots with relative immunoblotting analysis of procaspase-8 in (A-E) SW620, (F-J) HT-29 and (K-O) LoVo cells. CRC cells were
treated with 1, 1.5 and 2 mm Egt or pretreated 1 h with NEC1 (50 pm) before Egt (2 mwm) incubation for 72 h. Control cells (0 mwm) were
grown in medium containing the higher corresponding volume of HBSS-10 mm Hepes. Cell viability/death was assessed by flow cytometry
acquiring at least 20 000 events. Lower left quadrant: viable cells; upper left quadrant: necrotic cells; lower right quadrant: early apoptotic
cells; upper right quadrant: late apoptotic cells. Lane 1 =0 mwm; lane 2 =1 mwm; lane 3 = 1.5 mwm; lane 4 = 2 mm; M = weight markers
(G266, Applied Biological Materials Inc.). Protein expression was calculated, after normalization with GAPDH as internal control, with IMAGEJ
software and results expressed as arbitrary units (AU). Data are expressed as mean + SD of n =3 experiments. *P < 0.05 vs. 0 mwv;

P <0.01 vs. 0 mm; 5P < 0.001 vs. 0 mm.

procaspase-3 (P < 0.001) (Fig. S6D,E) and downregu-
lation of procaspase-8 (P < 0.01) (Fig. 5E). In HT-29
cell line, a rise in necrotic cells (12.8 £ 1.1% vs.
1.98 £ 0.3% of cell population in OmM, P < 0.01)
(Fig. 5F,G), increase in procaspase-9 and procaspase-3
(P <0.001) (Fig. S6J,K) and degradation of
procaspase-8 protein level (P < 0.001) (Fig. 5J) were
observed. Egt treatment contributed to necrotic cell
death (18.6 & 2.2% vs. 4.7 =+ 1.6% of cell population
in OmM, P <0.001) (Fig.5K,L), procaspase-9,
procaspase-3 and acetylated p53 increase in protein
expression (P < 0.001) (Fig. S6) and downregulation
of procaspase-8 levels (Fig. 50O) also in LoVo cells.
Less significant effects on apoptosis were detected in
CRC cells when incubated with Egt for 24 h and 48 h
(Fig. S6A-C, G-I and M-0O). Noteworthy, the Egt

capability to trigger necrotic cell death in CRC cells
was attenuated after pretreatment with necrostatin-1
(NEC1), a necroptosis inhibitor (Fig. SC-D, H-I and
M-N). Indeed, NECI shifted CRC cell death through
apoptosis (late and early), thus lowering the per cent
of necrotic population. These results suggested that the
necrotic death observed in the presence of Egt was
necroptosis, encouraging further investigation on the
underlying signalling pathway.

Egt activated RIP1/RIP3/MLKL necroptosis
signalling pathway

Western blot showed the Egt efficacy of positively
modulating the expression levels of necroptotic key
enzymes, RIP1, RIP3 and MLKL (P < 0.001) (Fig. 6).
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Fig. 6. Egt regulated necroptotic pathway in CRC cells. Representative cropped blots with relative immunoblotting analysis of USP22, CYLD, c-
IAP1/2, RIP1, RIP3 and MLKL in (A-F) SW620, (G-L) HT-29 and (M-R) LoVo cells. CRC cells were treated with 1, 1.5 and 2 mm Egt for 72 h.
Control cells (0 mm) were grown in medium containing the higher corresponding volume of HBSS-10 mm Hepes. Lane 1 = 0 mwm; lane 2 = 1 mwv;
lane 3= 1.5 mwm; lane 4 =2 mm; M = weight markers (G266, Applied Biological Materials Inc.). Protein expression was calculated, after
normalization with o-tubulin, B-actin or GAPDH as internal control, with iMAGEJ software and results expressed as arbitrary units (AU). Data are
expressed as mean + SD of n = 3 experiments. *P < 0.05vs. 0 mm; *P < 0.01 vs. 0 mm; $P < 0.001 vs. 0 mw.

These Egt effects on necroptosis markers were also
accompanied by upregulation of the tumour suppres-
sor ubiquitin-specific peptidase 22 (USP22) (P < 0.001)
and cylindromatosis deubiquitinase (CYLD) (P < 0.001)
protein levels, along with a strong degradation (P <
0.001) of cellular inhibitor of apoptosis protein 1 and 2
(c-IAP1/2) (Fig. 6).

Egt induced SIRT3/MLKL protein interaction

We next investigated the possible SIRT3/MLKL inter-
action in preventing MLKL oligomerization and abil-
ity in forming pores which finally lead to disruption of
plasma membrane integrity. SDS-denatured cell lysates
were used to study MLKL/SIRT3 interaction by
immunoprecipitation with MLKL antibody, followed
by immunoblotting for SIRT3. Equal anti-MLKL
immunoprecipitation was also monitored by re-

10

probing the membrane with anti-MLKL antibody.
Results revealed an enhanced interaction between
MLKL/SIRTS3 in response to 1.5 mM Egt in CRC cell
lines (P <0.01). In addition, interplay between
endogenous MLKL and SIRT3 proteins was markedly
increased after treatment with 2mM Egt incubation
(P <0.001), accompanied with evident reduction in
SIRT3 expression levels (Fig. 7), thus providing the
interaction between these two proteins in a dose-
dependent manner (Fig. 7).

Necroptosis and ROS accumulation induced by
Egt occurred via SIRT3

To further confirm SIRT3 involvement in necroptosis
pathway, transient SIRT3 gene silencing was per-
formed before 2 mM Egt treatment (Fig. 8). Silencing
of SIRT3 determined a consistent decrease in RIPI
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Fig. 7. Egt induced MLKL/SIRT3 interaction in CRC cells. The interaction between MLKL and SIRT3 was detected by IP analysis in (A-B) SW620,
(C-D) HT-29 and (E-F) LoVo cells. CRC cells were treated with Egt for 72 h while control (0 mm) was grown in medium containing the higher
corresponding volume of HBSS-10 mm Hepes. SDS-denatured cell lysates (200 pg) were used for MLKL/SIRT3 interaction by immunoprecipitation
with MLKL antibody followed by immunoblotting for SIRT3. Equal anti-MLKL immunoprecipitation was monitored by re-probing the membrane with
ant-MLKL antibody. Equal protein input for immunoprecipitation was also reported. Lane 1 =0 mwm; lane 2 =1 mwm; lane 3 = 1.5 mwv; lane
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Data are expressed as mean = SD of n = 3 experiments. P < 0.01 vs. 0 mm; P < 0.001 vs. 0 mm.

and MLKL expression levels and attenuated their
accumulation induced by Egt, suggesting that necrop-
tosis occurs via SIRT3 upregulation (Fig. 8). Analysis
of annexin V/PI staining revealed that SIRT3 silencing
determined apoptotic death accumulation in SW620,
HT-29 and LoVo cells (19.53 + 2.7 vs. 4.71 £+ 1.3%;
22.58 +3.45 vs. 6.82 & 1.15%; 34.0 &+ 5.12 vs.
7.29 £ 1.31% of Ctr, P <0.001), thus overriding the
Egt-induced necroptosis and suggesting that this mech-
anism is SIRT3 dependent (Fig. 8). Finally, SIRT3
silencing counteracted the increase in ROS induced by
Egt treatment at mitochondrial and intracellular levels,
suggesting an upstream role of this sirtuin in the
oxidative stress triggered by Egt (Fig. S7).

Discussion

In this study we provided the first evidence on the
in vitro anti-cancer activity of Egt in CRC cells. Egt
treatment displayed cytotoxic and apoptotic effects in
CRC cells after 72 h of treatment in a dose-dependent

manner. LoVo, HT-29 and SW620 cells were chosen
as having different characteristics, with LoVo and
SW620 known to be highly metastatic when compared
with HT-29, whereas HT-29 cells are more adhesive
than other colon cancer cells. The same dosage and
exposure time as that used on CRC cell lines showed
no adverse effects on normal CCD 841 CoN cells, sug-
gesting that Egt was not cytotoxic in non-cancerous
cells. Our results showed that Egt (2mM) for 72 h pro-
voked a ROS accumulation at intracellular, extracellu-
lar and mitochondrial levels, impaired the MMP and
affected the CRC tumour microenvironment by
increasing TNF-o, IL-6 and NF-kB protein expres-
sion levels. Although the evidence for one-electron oxi-
dant formation in extracellular and intracellular
settings has to be obtained by determining dimeric
product formation using HPLC and LC-MS tech-
niques [33], the global profile of oxidation products
here performed, to fully assess the extracellular, intra-
cellular and mitochondrial oxidant formation, sug-
gested the pro-oxidant role of Egt in CRC cells. The
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Fig. 8. Egt triggered necroptosis in CRC cells via SIRT3. CRC cells were transfected with scramble siRNA (NT-siRNA), transfection reagent
(lipofectamin) and SIRT3 siRNA, and protein expression levels of SIRT3 in (A) SW620, (F) HT-29 and (K) LoVo were assessed by
immunoblotting analysis. Lane 1 = Ctr; lane 2 = NT-siRNA; lane 3 = lipofectamin; Lane 4 = SIRT3 siRNA; M = weight markers (G266,
Applied Biological Materials Inc.). TP < 0.01 vs. Ctr. After SIRT3 silencing, CRC cells were treated with 2 mm Egt for 72 h. MLKL and RIP1
expression levels were determined by immunoblotting analysis while representative dot plots and analyses of annexin V-FITC and PI-
staining were assessed by flow cytometry in (B-E) SW620, (G-J) HT-29 and (L-O) LoVo cells. Cell viability/death was assessed by flow
cytometry acquiring at least 20 000 events. Lower left quadrant: viable cells; upper left quadrant: necrotic cells; lower right quadrant: early
apoptotic cells; upper right quadrant: late apoptotic cells. Lane 1 = Ctr; lane 2 = NT-siRNA; lane 3 =2 mm Egt for 72 h; lane 4 = SIRT3
siRNA; lane 5 = SIRT3 siRNA + 2 mm Egt for 72 h; M = weight markers (G266, Applied Biological Materials Inc.). Protein expression was
calculated after normalization with GAPDH or o-tubulin as internal control, with imaceJ software, and results expressed as arbitrary units
(AU). Data are expressed as mean + SD of n = 3 experiments. *P < 0.05 vs. 0 mwm; P <0.01 vs. 0 mm:; P < 0.001 vs. 0 mm.

Egt-induced pro-oxidant and pro-inflammatory effects
were accompanied by an increase in SIRT3 protein
content (Fig. 9).

In CRC, SIRTS3 represents a therapeutic target with
oncogenic and tumour-suppressive role. The SIRT3
tumour-suppressive role in CRC was demonstrated
both in vitro [24] and in vivo using SIRT3 knockout
mice, showing increased intestinal polyp numbers and
severity of colonic proliferation with abolished SIRT3
compared to wild-type mice, together with decreased
caspase-3 activation, thus confirming a tumour-

12

suppressive role of SIRT3 in gut inflammation and
CRC development [34].

Inflammation associated with tumours is a key fea-
ture in CRC since inflammatory mediators, proper of
the tumour microenvironment, are in crosstalk
between immunity and cancer cells. TNF-o plays an
important role in CRC progression and, in combina-
tion with IL-32y, notably inhibited cell growth of
HCT116 and SW620 cells and tumour growth in
xenograft-bearing nude mice [35]. Increased TNF-a
triggered expression of p38 MAPK, as well as that of
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Fig. 9. Proposed schematic representation
of Egt-mediated effects in CRC cells.
Necroptosis induced by Egt was reverted
by SIRT3 silencing, suggesting a
fundamental role of the mitochondrial
sirtuin in the anti-proliferative and cytotoxic
outcome.

Bax, cleaved caspase-3 and —9, along with decrease in
anti-apoptotic proteins such as Bcl-2 and c-IAP in
CRC cell lines [35]. In HCT116, the TNF-a-induced
DNA damage by activation of JNK signalling path-
way leads to pre-apoptotic events [36]]. As inflamma-
tory player, NF-kB regulates the expression of genes
involved in various functions including cell survival
and immune response and is often constitutively acti-
vated in CRC [37]. The persistent activation of NF-kB
revealed to upregulate pro-apoptotic functions shifting
the balance towards death in intestinal cells [38]. More
recently, evidence revealed that NF-kB alone plays a
pro-apoptotic role concomitant with aberrant Wnt sig-
nalling in mouse intestinal epithelial cells [39]. Our
data provided new knowledge on inflammation-
induced cell death in CRC and unveiled the specific
cell death mechanism occurring under Egt treatment.
Results showed that the anti-tumour effects of Egt
occurred via a necroptosis mechanism linked to
SIRT3/MLKL pathway. IP assay unveiled that the
interaction between MLKL and SIRT3 was aug-
mented during the Egt treatment. Intriguingly, SIRT3
silencing by small interfering RNA opposed the effect
of Egt on MLKL and RIP3 protein expression levels
and necroptosis activation, suggesting that this mecha-
nism is, at least in part, directly mediated by SIRT3
(Fig. 9). In this study, Egt-induced necroptosis and
cytotoxicity was mediated by ROS accumulation, as
well as the activation of RIP1-RIP3-MLKL. The
antioxidant NAC blocked the cell viability inhibition,
and NEC-1, a specific inhibitor of RIP1, suppressed
the number of Pl-positive CRC cells. Along with the
activation of RIP1/RIP3/MLKL signalling, Egt down-
regulated cIAP1/2 protein level, the anti-apoptotic pro-
teins that exert their function by binding to and
inhibiting effector caspase-9 and —3/-7 [40], and upreg-
ulated USP22, a member of the so-called 11-gene
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‘death-from-cancer’ expression signature, associated
with distant metastasis, worse prognosis and poor
patient survival in CRC [41]. The Egt was also effec-
tive in inducing the tumour suppressor CYLD protein
expression whose downregulation has been associated
with the development of multiple carcinoma and CRC
[42]. An important aspect of the contribution of
CYLD to tissue homeostasis is its ability to modulate
programmed cell death by apoptosis and necroptosis.
Indeed, CYLD has been identified as an important
mediator of necroptosis, which relies on its ability to
deubiquitinate RIP1 and to facilitate its phosphoryla-
tion along with the phosphorylation of RIP3 [43].
High levels of ROS mediate necroptotic cell death by
increasing the RIP1 and RIP3 levels and their recipro-
cal binding, promoting necrosome formation [44,45].
As a consequence, RIP3, linked to the plasma mem-
brane, promotes the phosphorylation of MLKL, which
induces the oligomerization of p-MLKL to induce
plasma membrane rupture and necroptosis [46]. In
CRC, low RIP3 expression levels have been found
associated with poor clinical outcome and survival of
CRC patients [47], although different studies suggested
that loss of RIPK3 does not affect CRC development
[48]. In CRC cells, overexpression of RIP3 in human
RKO colon cancer cells was related to induction of
apoptosis, inhibition of proliferation, attenuation of
migration and invasion [47]. Moreover, RIP3 mediates
the MLKL activation which, in turn, resulted upregu-
lated by Egt treatment. MLKL activation occurs by
phosphorylation of threonine 357 and serine 358 on
the activation loop, which mitigates the auto-
inhibitory monomer state of MLKL and promotes its
oligomerization and translocation to plasma mem-
branes, where it forms pores and disrupts plasma
membrane integrity, leading to necroptosis [28,49,50].
Low MLKL expression has been shown to be
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associated with poor prognosis of CRC, and adminis-
tration of MLKL mRNA inhibited tumour growth
[51]. The dimerization of the kinase-like domain of
MLKL represents the critical step to induce oligomer-
ization and activation of full-length protein, but the
transition from monomer to oligomer of the coiled-
coil region controlled by kinase-like domain is still
uncovered [48]. The critical role of MLKL in cancer,
more than as a necroptosis regulator, has been investi-
gated by Martens S et al [52]. To date, no epigenetic
silencing mechanisms have been reported for MLKL
and no acetylated sites have been described. Results of
this study lead us to speculate a physical interaction
between SIRT3 and MLKL that could facilitate
MLKL oligomerization. Indeed, in CRC cells, Egt was
effective in determining MLKL/SIRT3 protein interac-
tion which was blocked by SIRT3 transient gene
silencing, thus inhibiting the necroptosis.

The peculiar antioxidant activities of Egt in scaveng-
ing hydroxyls and other free radicals are distinguished
by its ability to be irreversibly oxidized by relevant
oxidants occurring in cells, making this betaine a
major antioxidant when the body is placed under
higher oxidative stress [53,54]. Indeed, Egt accumulates
in various organs and tissues in mice [11] and humans
[54], especially in the liver, as well as in kidney, heart,
spleen, intestines, eye and brain tissues. A pharmacoki-
netic study wusing encapsulated Egt (5 and
25 mg-day ') on healthy humans reported that Egt is
rapidly absorbed and largely retained by the body,
especially in plasma, while only minimal increases
(< 4%) in urinary excretion was observed [54]. A
population-based prospective cohort study reported
that, among the 112 healthy dietary measured metabo-
lites, Egt plasma levels were strongly and indepen-
dently associated with the health-conscious food
pattern, correlated with protection from cardiovascular
disease and type 2 diabetes and a lower risk of future
coronary artery disease and cardiovascular and all-
cause mortality [7]. Moreover, an inverse correlation
of blood and plasma Egt levels has been found with
age [4], reporting a mean plasma Egt values of
442.8 + 30.9 for subjects below the age of 65,
413.8 £+ 30.4 in 65-70 age group, 393.4 £+ 31.2 in age
71-75 and 275.5 + 20.7 nM in above 75 age group,
thus demonstrating a significant decline with increasing
age [4]. The increase in oxidative damage occurring
with ageing and age-related disease, including CRC,
could in part be explained by the declining levels of
Egt. Although, the concentration of Egt (2 mM) used
in the present in vitro study was higher than the con-
centration resulting from dietary intake, a single-
centre, randomised, double-blind, placebo-controlled,
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pilot intervention trial (ISRCTN, ISRCTN25890011
Registered February 10th, 2021) has been recently
designed to supplement participants with metabolic
syndrome with 5 or 30 mg-day ' Egt for 12 weeks
[55]. Egt represents a rich free source of reducing
equivalents, with antioxidant and metal chelating
properties utilized continuously under basal cellular
conditions, protecting endothelial cells during intensive
ROS accumulation [9]. Copper and iron, two essential
metals accumulated in cancer cells, are involved in the
rapid proliferation of cancer cells promoting angiogen-
esis and metastasis [56,57]. In this scenario, we specu-
lated that Egt could selectively affect CRC cells
through redox cycling, generation of ROS and metal
deprivation.

The genetic features of cell lines used in this study
(HT-29 that mimics a primary colon adenocarcinoma,
and a metastatic site (Dukes’ type B and D), SW620
and LoVo) could explain the selective responsiveness
to Egt. Indeed, differences in tumour microenviron-
ment might translate into distinct responsiveness to
cell death. Persistent oxidative stress is a common fea-
ture of CRC cells which is known to be exacerbated
by some natural antioxidant [58,59]. It is undoubtedly
intriguing how the antioxidant Egt induces ROS,
which itself seem to fail to quench completely, causing
CRC cell death. At present, the Egt mechanism of
cytotoxicity remains unsolved, as well as its specificity
for CRC. One possible explanation could be that Egt,
acting as iron-chelating agent, could interfere with the
Fenton reaction, thus leading to enhanced formation
of ROS, especially highly reactive hydroxyl radical.
Therefore, Egt could exhibit a pro-oxidative effect in
CRC cells by driving the Fenton reaction forward and
promoting the reducing Fe®" reaction, thus producing
more free radicals, as for ascorbic acid and the flavo-
noid (-)-epigallocatechin gallate [60,61]. Altogether, the
present in vitro study represents the first evidence of
the role of dietary Egt in inducing necroptosis in CRC
cells, HT-29, LoVo and SW620, supporting its poten-
tial in the prevention of CRC. Silencing experiments
suggested that SIRT3 could mediate Egt-induced cell
death.

Finally, despite the killing of Egt mechanism is not
fully known, the pro-oxidant and anti-cancer action of
Egt involves SIRT3 protein upregulation. Although
SIRT3 was reported to be protective against cell death,
it has been recently shown that the overexpression of
this sirtuin resulted in metabolic reprogramming and
triggering cell death in CRC and necroptosis activation
in small-cell lung cancer by controlling the ubiquitina-
tion of mutant p53 [24,62]. However, further studies
on CRC cells overexpressing SIRT3 are necessary to
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definitely clarify whether SIRT3 is a critical mediator
of Egt-induced necroptosis. Additional studies will be
also crucial in deepening the knowledge on the molec-
ular mechanism and in providing in vivo evidence on
the anti-cancer properties of Egt in CRC.
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Fig. S1. Egt effects on cell viability.

Fig. S2. Egt triggered oxidative stress in CRC lines
but not in normal cells.

Fig. S3. NAC attenuated the Egt-mediated oxidative
stress in CRC cells.

Fig. S4. Egt regulated sirtuins in normal and CRC
cells.

Fig. S5. Egt outcome in CRC cell cycle.

Fig. S6. Egt effects on CRC cell death.

Fig. S7. Egt triggered ROS accumulation in CRC cells
via SIRT3.
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