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A B S T R A C T   

Pyrrolomycins (PMs) are a family of naturally occurring antibiotic agents, isolated from the fermentation broth 
of Actinosporangium and Streptomyces species. Pursuing our studies on pyrrolomycins, we performed the total 
synthesis of the F-series pyrrolomycins (1–4) by microwave-assisted synthesis (MAOS), thus obtaining the title 
compounds in excellent yields (63–69%). Considering that there is no evidence so far of the anticancer effect of 
this class of compounds, we investigated PMs for their antiproliferative activity against HCT116 and MCF-7 
cancer cell lines. PMs showed anticancer activity at submicromolar level with a minimal effect on normal 
epithelial cell line (hTERT RPE-1), and they were able to induce several morphological changes including 
elongated cells, cytoplasm vacuolization, long and thin filopodia as well as the appearance of tunneling nano-
tubes (TNTs). These data suggest that PMs could act by impairing the cell membranes and the cytoskeleton 
organization, with subsequent increase of ROS generation and the activation of different forms of non-apoptotic 
cell death.   

1. Introduction 

Natural products represent a valuable source for the development of 
highly specific bioactive molecules. Based on their wide chemical di-
versity, natural products are able to interact with biological macro-
molecules, thus exerting specific biochemical and pharmacological 
properties. As a matter of fact, several antibiotics and anticancer drugs 
developed so far derive from natural products [1]. 

In recent years, much attention has been paid to pyrrolomycins 
(PMs), a class of polyhalogenated antibiotics isolated from the fermen-
tation broth of Actinosporangium and Streptomyces species (Fig. 1). PMs 
are small molecules characterized by a pyrrole nucleus and a phenyl ring 
linked by a one-carbon spacer. Decoration with electron-withdrawing 
atoms such as halogens or nitro groups in both aromatic rings in-
crease, by an inductive-mesomeric effect, the acidity of the phenolic OH 

and pyrrole NH which may play a key role in their biological activity. 
Coherently, among the natural pyrrolomycin analogues reported in the 
literature, the pentachlorinated pyrrolomycin D has been shown to be 
the most potent. Furthermore, Staphylococcus aureus and Streptococcus 
pneumoniae are less sensitive to pyrrolomycin C, and more than 10-fold 
less susceptible to pyrrolomycins I and J, bearing a methoxy group on 
the phenyl ring [5]. 

In bacteria, PMs act mainly by interacting with biological mem-
branes. Indeed, it was suggested that in the Gram-positive strain 
S. aureus [2–4], PMs interfere with the activity of Sortase A. Some PMs 
were shown to be powerful depolarizing membrane agents capable of 
specifically disturbing the proton gradient and decoupling oxidative 
phosphorylation by protonophoric action [5], coupled with the steric 
hindrance and narcotic effect derived from their enhanced lipophilicity 
in the context of cellular membranes [6]. 
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Considering that antiproliferative activity of PMs has been poorly 
explored and that marinopyrrolomycins have been reported to inhibit 
the growth of neuroblastoma cells at nanomolar concentrations [7], 
with the aim of further exploring the biological potential of pyrrolo-
mycins, we have recently extended the field of investigation to evaluate 
the anticancer activity of this class of compounds [6]. From our study 
emerged that selected pyrrolomycins 5, 5a-d, and C (Fig. 2) showed an 
interesting antiproliferative at low micromolar level against colon 
(HCT116) and breast (MCF-7) cancer cell lines, while being less toxic to 
normal epithelial cells (hTERT RPE-1) [6]. 

These interesting results, supported by our experience in the syn-
thesis of small molecules as bioactive compounds [8–15], prompted us 
to further investigate the antitumor potential of PMs for a better insight, 
considering also that new nitro- and polyhalogenated PMs (5, 5a-d) as 
well as the two natural pyrrolomycins, C and F2a (2) (used as reference 
compounds in microbiological assays) have been synthesized using the 
MAOS (microwave-assisted organic synthesis) technique [2,6]. In 
particular, we focused our attention on F-series PMs, which were ob-
tained, in 1983, in very low yields (1–5%) through a complicated 
biosynthetic approach involving pH-controlled extractions and difficult 
purification processes [16,17]. By applying MAOS technique to the total 
synthesis of F-series PMs, for the first time to the best of our knowledge, 
we were able to isolate natural pyrrolomycins F1 (1), F2a (2), F2b (3), 
and F3 (4) in much higher yields (>63%) (Fig. 1), short reaction time, 
reducing processing costs, solid and solvent waste at the same time, thus 
ensuring greater adherence to the ecological standards currently 
requested also in the pharmaceutical industry. 

All the synthesized F-series PMs were screened for their anti-
proliferative activity and their mechanism of action was explored, 
focusing on a possible link between impaired cell membranes, rear-
rangements of the cytoskeleton, induction of oxidative stress and sub-
sequent activation of non-apoptotic cell death (autophagy and 
methuosis) which was observed in PMs treated cells. This study, for the 
first time, highlighted possible molecular mechanisms involved in PMs 
toxicity, with new features which require further investigations. 

2. Results and discussion 

2.1. Synthesis of F-series PMs 

F-series PMs were obtained applying a MAOS strategy previously 
developed by us for the synthesis of 2 [2]. The key intermediate 7 was 
obtained through Grignard reaction between (1-pyrrolyl)magnesium 
bromide and 5-bromo-2-methoxybenzoyl chloride (Scheme 1). The 
subsequent halogenation reactions were carried out with the proper 

halogenating agent equivalent at a time (N-bromosuccinimide, NBS, or 
N-chlorosuccinimide, NCS) to reduce the formation of reaction 
by-products as in the case of a conventional synthetic approach. Indeed, 
since the halogenation reaction is not selective, it gives rise to complex 
reaction mixtures from which the isolation of the desired compounds is 
not easily accessible. On the contrary, by microwave irradiation (four 
cycles of 15 min each, 60 W, 90 ◦C) of 7 with three equivalents of NBS in 
acetonitrile as solvent, 5-bromo-2-methoxyphenyl-(3,4,5-tri-
bromo-1H-pyrrol-2-yl)methanone 8, was obtained as the only reaction 
product (89.2% yield) (Scheme 1, Table 1). 

A three steps synthetic sequence allowed the isolation of 3,4- 
dibromo-5-chloro derivative 11 (R1 = Cl, R2 = R3 = Br), from deriva-
tive 7. It was initially brominated with an equimolar amount of NBS at 
position 4 (R2) of the pyrrole ring, according to the order of reactivity 
influenced by the resonance forms of 2-acylpyrroles [2], thus leading to 
the monobromo derivative 9 (R2 = Cl) which was isolated by crystalli-
zation from ethanol with a 78.6% yield. Further halogenation with a 
stoichiometric amount of NCS resulted in compound 10 (R1 = Cl) as the 
only reaction product (91.0% yield). The final halogenation at C-3 
required more microwave reaction cycles, probably as a consequence of 
the lower reactivity of this position towards aromatic electrophilic 
substitution reactions in 2-acylpyrroles. Thus, the microwave heating 
was carried out at 90 ◦C with a power of 60 W for four cycles of 15 min 
each, allowing the isolation of compound 11 as the only reaction 
product with a 88.3% yield (Scheme 1, Table 1). 

Finally, 3-bromo-4,5-dichloro-1H-pyrrol-2-yl-(5-bromo-2-methox-
yphenyl)methanone 13 was obtained from intermediate 7 through two 
consecutive halogenation reactions. The introduction of chlorine atoms 
at four (R2) and five (R1) positions on the pyrrole ring, was initially 
performed under MW irradiation with two equivalents of NCS thus 
achieving compound 12 (R1 = R2 = Cl, 73.8%). 

Subsequent bromination with an equimolar amount of NBS, in 
acetonitrile as a solvent, by microwave heating (cycles of 15 min each, 
60 W, 90 ◦C) delivered compound 13 as the only reaction product 
(89.1%) (Scheme 1, Table 1). 

As a final reaction step, compounds 8, 11, and 13 underwent O- 
demethylation with an excess of aluminum chloride, in anhydrous 
dichloromethane as a solvent, at room temperature for 12 h. Finally, 
PMs 1, 3, and 4 were obtained after quenching the reaction with a 5% 
H2SO4 solution and subsequent crystallization from dichloromethane 
(63.1%, 68.7%, 66.9%, respectively yields) (Scheme 1, Table 1). 

Analytical and spectroscopic measurements were carried out to 
confirm the structures of all molecules. Interestingly, when compound 7 
was reacted with 1 M equivalent of NBS, the aromatic signal of 3-proton 
in the pyrrole nucleus showed an unusual chemical shift. Indeed, 

Fig. 1. Chemical structures of selected natural pyrrolomycins.  

M. Barreca et al.                                                                                                                                                                                                                                



European Journal of Medicinal Chemistry 253 (2023) 115339

3

compound 9 showed two doublets at 7.15 and 8.24 δ for H-3 and for H-5, 
respectively. The 3-proton appeared more shielded than the expected by 
2-carbonylpyrrole, probably due to the anisotropic effect of the phenyl 
ring, twisted with respect to the pyrrole ring. As reported in the litera-
ture, the introduction of a halogen into pyrrole rings caused only minor 
shifts in the resonance frequencies of the remaining hydrogen atoms 
[18]. 

Finally, for PMs 1, 3 and 4, were fully characterized and their 
structures confirmed by spectroscopic data. 

2.2. Assessment of anticancer activity of F-series PMs 

The synthesized F-series PMs (1–4) were screened to assess their 
anticancer activity against colon (HCT116) and breast cancer (MCF-7) 
cell lines, by using the MTT assay, comparing their cytotoxicity to our 
previous lead compound 5, the pentabromide analogue. The non- 
tumoral epithelial cell line (hTERT-RPE-1) was also tested to evaluate 
the selectivity of selected PMs. 

The cytotoxic activity (IC50 values) was estimated from a dose- 
response model, obtained by fitting sigmoidal curves of the cell per-
centage inhibition versus the logarithmic concentration of treatments 
(Fig. 3A). In general, all the synthesized PMs exhibited cytotoxic activity 
against the tested cancer cell lines, in a dose-dependent manner (Fig. S1, 
Supporting information), being the HCT116 more sensible to treatments 
compared to MCF-7. Moreover, the cytotoxic effects were less prominent 
in the non-tumoral epithelial cell line (hTERT-RPE-1), where a complete 
inhibition of cell viability was not recorded, even at higher concentra-
tions. Based on the IC50 values (Fig. 3B), the cytotoxic activities ranged 
from 0.35 ± 0.1 μM for 1 in HCT116 to 1.21 ± 0.3 μM for 4 in MCF-7. 
These values fully fall within the clinically acceptable concentration of 
100 mg L− 1 [19], suggesting their potential application for injection or 
oral administration. The structure-activity relationship (SAR) showed 
that 1 was the most active among the F-series PMs, also compared with 
PM 5, suggesting that not only the substituents of the pyrrole but also 
those of the phenol ring are important for the biological activity of PMs. 
Indeed, the replacement of the bromine in R5 of PM 5 with a hydrogen 
atom on the phenol ring increased the antiproliferative activity on 
tumour cells. In addition, the removal of a halogen improved the safety 
profile of F-series PMs, which were found to be less toxic on 
hTERT-RPE-1 cells. 

When the cytotoxicity of 2 and 3, featuring a chlorine substituent in 
R2 and R1 positions respectively, was considered, a slight reduction of 
the activity was detected compared to 1. 

The PM 4 featuring two chlorine substituents in R2 and R1 was less 
active than 1. All the analysed F-series PMs showed a strong selectivity 
against cancer cells compared to normal cells (about 100 times more 
active in cancer cells than in healthy cells), and, importantly, the 
replacement of the bromine (5) with hydrogen in R5 position (F-series 
PMs) maximized their selectivity (Fig. 4). 

Fig. 2. Chemical structures of nitro- and polyhalogenated pyrrolomycins previously synthesized.  

Scheme 1. Reagents and reaction conditions: (a) EthylMgBr, N2, 0 ◦C; then, 5-bromo-2-methoxybenzoyl chloride, reflux, 30 min; then, r.t., 10% H2SO4, solution. 1 h; 
(b) NBS or NCS, MW heating: 90 ◦C, 60 W; (c) AlCl3, r.t.,12 h then 5% H2SO4 solution. 

Table 1 
Pyrrolomycins 1,3,4 and (2-methoxyphenyl-1H-pyrrol-2-yl)methanones 8-13  

Compound R1 R2 R3 

1 Br Br Br 
3 Cl Br Br 
4 Cl Cl Br 
8 Br Br Br 
9 H Br H 
10 Cl Br H 
11 Cl Br Br 
12 Cl Cl H 
13 Cl Cl Br  
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2.3. Assessment of morphological changes induced by F-series PMs 
treatment 

Interestingly, information about the mechanism of action of PMs was 
derived from the morphological changes of treated cells. When cancer 

cells were incubated in the presence of 0.5 μM of selected PMs (Fig. 5, 
Fig. S2, Supporting information), a less clumped and more flattened 
morphology was detected under a phase-contrast microscope; filamen-
tous protrusions began to appear, that had developed into long elon-
gations or spikes at 48 h of treatment. These elongations, resembling 
filopodia are rich in actin (Fig. S3, Supporting information). Filopodia 
are multifunctional finger-like plasma membrane protrusions with 
bundles of actin filaments involved in a great range of cellular processes 
including micropinocytosis, autophagy as well as cell migration, wound 
healing, chemoattractant guidance, extracellular matrix adhesion and 
remodeling [20,21]. Specifically, during macropinocytosis, an 
actin-driven process, cells extend large membrane ruffles that fold back 
onto the cell surface and fuse to form pockets that pinch off from the 
plasma membrane, resulting in large intracellular vacuoles [22]. Filo-
podia biogenesis requires the local remodeling of cortical F-actin 
mediated by filament-severing proteins, such as cofilin [23], which we 
found upregulated in PMs-treated cells. Moreover, it was reported that 
lipid rafts (liquid-ordered plasma membrane microdomains) influence 
filopodia and lamellipodia formation [24], and dynamic membrane 
microdomains accumulate in the tips of filopodia [25], suggesting that, 
the dysregulation of membranes elements, such as phospholipid and 
cholesterol as well as cytoskeletal proteins impair cell polarity and cell 
morphology. Accordingly, we previously showed that the biological 
activity of PMs is due to the steric hindrance and narcotic effect derived 
from the lipophilicity of PMs in the context of cellular membranes [6]. 

Fig. 3. Cytotoxic curves of HCT116, MCF-7 cancer cells, and normal epithelial cell line hTERT-RPE-1 after challenge with increasing concentrations of selected PMs 
(5, 1–4) for 48 h (A); IC50 values (concentration that inhibit the 50% of cell proliferation compared to untreated cells) obtained from the dose-response model, 
expressed in μM ±SD (standard deviation) (B). Experiments were performed in triplicate. 

Fig. 4. Cancer Selectivity Index, defined as the ratio of IC50 of normal hTERT- 
RPE-1 to that of HCT116 and MCF-7 cancer cells, respectively for tested F-se-
ries PMs. 

Fig. 5. Inverted phase-contrast micrographs of HCT116 cells treated for 48 h with 0.5 μM of selected PMs. Black arrows indicate cell projection, resembling filopodia. 
Red arrows indicate cell vacuoles. Magnification 200×. 
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Prominent vacuoles were also observed, whose number increased in 
a dose- and time-dependent manner. After 48 h of treatment, massive 
vacuolization was observed in several cells, and it might be due to the 
fusion of small vacuoles into ones (Fig. 5, red arrows). 

It is well known that vacuole accumulation is an important initiating 
event, causing metabolic alterations or stress responses that lead to cell 
death, albeit indirectly [26]. Cytoplasmic vacuoles are formed from 
components of the endoplasmic reticulum or endosomal-lysosomal or-
ganelles [27]. ER vacuolization can be triggered by cellular osmotic 
stress and proceeds due to mitochondrial dysfunction and ATP pool 
depletion, which are causes of cell death. Vacuolization of 
endosomal-lysosomal components is instead related to disturbed sorting 
and/or fusion of the organelles or changed intraorganellar ionic balance, 
which leads to the dysfunction of macropinocytosis, endocytosis, and 
autophagy [28]. 

No morphological alteration was detected in hTERT-RPE-1 PMs- 
treated cells and, even at 5 μM of PMs-treatments for 48 h, in fact, 
treated cells displayed similar morphology to untreated ones (Fig. S4, 
Supporting information). Altogether, these alterations suggested that 
PMs biological activity could be due to the impairment of biological 
membranes together with cytoskeleton rearrangement. 

To better analyse morphological abnormalities, Scanning Electron 
Microscopy (SEM) was performed after 48 h of HCT116-PMs treatment 
(Fig. 6A and B). Control cells showed a polygonal-shaped phenotype, 
with well-structured cell-cell adhesions, and mostly presented extra-
cellular microvesicles (EVs) and microvilli on their surface. Significant 
changes in cell morphology, including flattened- and elongated- 
fusiform-shaped cells, neuronal sprouting, alteration of intercellular 
adhesion, massive vacuolization, leakage and perforation of the cell 
membranes, intensive membrane ruffling and blebbing, appearance of 

many long, thin filopodia were observed in treated cells. 
Most cells appeared connected by straight and very thin bridge-like 

intercellular cytoplasmic processes, morphologically comparable to 
previously described tunneling nanotubes (TNTs), that enable long- 
range communication between connected cells [29]. Probably, the for-
mation of TNTs occurs from filopodia [30] and containing actin mi-
crofilaments cross-linked into bundles by actin-bundling proteins and 
several transmembrane proteins. 

The proposed functions of TNTs, still not well known, include the 
cell-to-cell transfer of vesicles, organelles [31], small molecules as well 
as electrical stimuli [32]. TNT-mediated electrical coupling can transfer 
depolarization from one cell to another or within organelles, resulting 
from the uncoupling of the transport as well as the oxidative phos-
phorylation of ATP in mitochondria. TNT formation and induction have 
been observed following different stresses, including oxidative stress 
[33,34]. Under these circumstances, cells may respond to the stresses or 
stimulations by activating signaling pathways that initiate cytoskeleton 
rearrangement, and promotion of TNTs formation. Besides the effects on 
the cytoskeleton, ROS can influence the properties of plasma mem-
branes through the direct oxidation of phospholipids and cholesterol. 
Accordingly, a significant increase in oxidative stress upon PMs treat-
ment was found. Based on these results, we suggest that oxidative stress 
may have an important impact on the biological activity of PMs, that in 
turn affect cell membranes, signalling pathways and cytoskeletal 
organization. 

2.4. F-series PMs induce non-conventional cell death in HCT116 cells 

To identify the cell death mechanism induced by PMs in the HCT116 
cell line, the nuclei of treated cells were examined. Staining with 

Fig. 6. Scanning electron microscopy (SEM) micro-
graphs of HCT116 cells treated for 48 h with 0.5 μM 
of selected PMs. Untreated cells showed a polygonal- 
shaped phenotype and cells showed extracellular 
micro-vesicles (EVs) and microvilli on their surface. 
PMs-treated cells showed a plethora of morphological 
abnormalities, including flattened cells (1), elongated 
cells (2), intensive membrane ruffling and blebbing 
(3), alteration of intercellular adhesion (4), massive 
vacuolization (5), leakage and perforation of the cell 
membranes (6), neuronal-like sprouting (8) long and 
thin filopodia (9), and tunneling nanotubes (TNTs) 
(7). A) Magnification 5000×; B) Magnification 
20000×.   
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Hoechst 33342 showed that the nuclei of treated cells (0.5 μM of PMs for 
48 h), were still intact and no significant chromatin condensation or 
nuclear fragmentation was observed (Fig. 7). PMs-treated HCT116 cells 
were also stained with acridine orange and ethidium bromide (AO/EB). 
As shown in Fig. 8, untreated viable cells emitted green fluorescence due 
to the AO staining of both cytoplasm and nuclei. Several nuclei of PMs- 
treated cells exhibited orange fluorescence due to EB stain following a 
loss of membrane integrity; membrane blebbing, but not condensed 
chromatin was also detected. The AO staining in the cytoplasm of 
treated cells was detectable as bright punctate dots (both orange and 
red), revealing acidic compartments [35], such as lysosomes and vacu-
ole, namely acidic vesicular organelles (AVOs). Moreover, some vacu-
oles originated from an engulfment of extracellular fluid with neutral pH 
were observed. Altogether, these features are not specific to apoptotic 
cell death but represent the hallmark of many non-apoptotic cell death 
mechanisms. Among the non-apoptotic cell death, autophagy is one of 
the well-known, characterized by autophagosomes (double-membrane 
vacuoles). In contrast, methuosis, a recently described non-apoptotic 
cell death, utilizes single-membrane vacuoles from macropinocytosis. 
A few other types of non-apoptotic cell death mechanisms share a 
similar origin for the formation of cytoplasmic vacuoles. Oncosis, par-
aptosis, and necroptosis form vacuoles from the endoplasmic reticulum 
(ER) and mitochondria [28,36–38]. Consistently, a distinct character-
istic of many non-apoptotic cell death mechanisms is massive 
vacuolization. 

The expression of different markers related to survival pathways 
(AKT1-2-3, Bcl-2), autophagic cell death (Atg-7, Beclin-1, LC3B-I/LC3B- 
II), epithelial to mesenchyme transition (E-cadherin and vimentin) and 
cytoskeletal proteins (Cofilin and Tubulin) were analysed by Western 
blotting (Fig. 9). Regarding the survival pathways, a slight decrease of 
AKT and a more variable expression of Bcl-2 were detected in PM- 
treated cells. Among the proteins involved in autophagic cell death, a 
significant upregulation of LC3-II especially in 3 and 4 treated cells and a 
concomitant downregulation of LC3B-I was detected. The expression of 
other autophagic markers, namely Atg-7 and Beclin-1, was more vari-
able, and significantly upregulated in PM 5 treated cells. As expected, 
the expression of the E-cadherin, a specific marker of epithelial pheno-
type, and the Vimentin, a specific marker of mesenchymal phenotype 
remained unvaried in the PM-treated cells, suggesting that the 

morphological changes did not depend on epithelial to mesenchymal 
transition (EMT). Finally, while the expression of Cofilin, an actin- 
binding protein involved in the regulation of F-actin polymerization/ 
depolymerization kinetics and filopodial structure [39,40] was upre-
gulated, a slight downregulation of the tubulin was detected in PMs 
treated cells. It is worth noting that PM 5 treated cells often exhibited a 
different trend in protein expression compared to other PM treatments, 
suggesting that structural changes in PMs can influence the activation of 
specific pathways. Collectively, these data confirmed that PMs induce 
several supposed non-conventional cell deaths, and impair cytoskeleton 
organization. 

2.5. Effect of F-series PMs on intracellular oxygen species 

There is a growing body of evidence supporting the hypothesis that 
cell membrane impairment as well as the perturbation of cytoskeletal 
proteins represent one of the earliest targets of oxidative stress [41,42]. 
Moreover, the elevation of intracellular ROS (Reactive Oxygen Species) 
levels is known to induce oxidative stress and cell death [43,44]. 

Based on these concerns, the effect of PMs treatment on intracellular 
levels of ROS by dichlorodihydrofluorescein diacetate (DCFH-DA) was 
investigated. HCT116 cells were treated for 24 and 48 h with the IC50 of 
selected PMs. As shown in Fig. 10A, the exposure to PMs induced a 
remarkable ROS increase in a time-dependent manner, suggesting an 
important role of ROS in PMs toxicity. The increase of ROS was also 
confirmed by micrographs performed on fluorescence microscopy after 
48 h of treatment (Fig. 10B). 

3. Conclusions 

Here, the total synthesis of F-series PMs by the MAOS technique and 
their anticancer properties were deeply investigated. 

All the synthesized PMs showed a prominent cytotoxic activity 
against the tested cancer cell lines, being the 1 the most active pyrro-
lomycin. The cytotoxicity decreased from 1 to 2, 3, and 4, whereas the 
selectivity was higher in 4 compared to the other PMs. Since 1 differ 
from 2 and 3 for the substitution of one bromine with chlorine, and 4 for 
the replacement of two bromine with chlorine, we surmise that the 
biological activity of PMs is influenced by the presence of bromine 

Fig. 7. Hoechst 33342 staining of HCT116 cells showed a uniform nuclear stain, both in HCT116 control cells and in PMs treated cells (0.5 μ M for 48 h). No 
significant number of cells with nuclear fragmentation and/or condensed chromatin, typical of the apoptotic cell was detected. As expected, a slight reduction in cell 
number was observed. Magnification 200×. 
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atoms. The reduced activity of 2 and 3 respect to 1 could be explained on 
the basis of their ability to permeate, mainly influenced by molecular 
size, ionic charge, and lipophilicity [45,46]; moreover, literature data 
indicate that brominated compounds induce blood cell lysis at concen-
trations 10-fold lower than chlorinated compounds [47] and have also 
shown 120-1200-fold more oxidising activity than chlorinated ana-
logues [48]. 

The HCT116 cells treated with F-series PMs underwent severe 
morphologic changes, such as a less clumped and more flattened 
morphology and the appearance of filamentous protrusions or ruffles 
and spikes, resembling filopodia. 

SEM analyses showed that most PMs-treated cells appeared con-
nected by tunneling nanotubes (TNTs). TNT formation and induction 
have been observed following different stresses, including oxidative 

Fig. 8. Fluorescence micrographs of HCT116 cells treated 48 h with 0.5 μM of selected PMs after AO/EB double staining. Untreated viable cells display green 
fluorescence of both cytoplasm and nuclei. Several nuclei of PMs-treated cells exhibited orange fluorescence stain (blank arrows) following loss of membrane 
integrity and membrane blebbing (yellow arrows). In the cytoplasm are visible bright punctate dots, both orange and red, (red arrows), namely acidic vesicular 
organelles (AVOs). Some neutral-pH vacuoles (blue arrows) are also detected. Magnification 630×. 

Fig. 9. Western blotting analysis showing the effect of PMs treatment (0.5 μM for 48 h) on the expression of AKT, Bcl-2, Atg-7, Beclin-1, LC3B-I/LC3B-II, E-cadherin, 
Vimentin, Cofilin, and Tubulin, in HCT116 cells. Actin-β was used as a loading control (A). Western blot quantification was normalized against the Actin-β signal and 
referred to the untreated control cells (B). 
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stress [33,34]. Under these circumstances, cells may respond to the 
stresses or stimulations by activating signaling pathways that initiate 
cytoskeleton rearrangement, and promotion of TNTs formation. Besides 
the effects on the cytoskeleton, ROS can influence the properties of 
plasma membranes through the direct oxidation of phospholipids and 
cholesterol. Accordingly, a significant increase in oxidative stress upon 
PMs treatment was found. Based on these results, we suggest that 
oxidative stress may have an important impact on the biological activity 
of PMs, that in turn affect cell membranes, signalling pathways and 
cytoskeletal organization. 

Regarding the cell death mechanisms, our results are consistent with 
the induction of autophagy, as suggested by the upregulation of acidic 
vesicular organelles (AOVs), the downregulation of AKT, and the 
increment of several autophagic markers, but also with the induction 
methuosis, as suggested by the absence of chromatin condensation or 
nuclear fragmentation. Thus, the identification of vacuole origin and 
properties will help elucidate the specific mechanism of PMs-induced 
cell death. 

In conclusion, PMs can be considered as promising molecules not 
only for their biological activity but more importantly for their non- 
canonical mode of action on the cell membranes and cytoskeleton. 
Further efforts should be analysing the dynamics PMs activity to un-
derstand what are the causal and consequential events and the con-
nectivity between activated pathways. 

4. Experimental section 

4.1. Chemistry section 

4.1.1. Materials and instruments 
Melting points were determined on a Stuart SMP30 melting point 

apparatus and are uncorrected. IR spectra were recorded at room tem-
perature in KBr disks with a PerkinElmer Infrared 137 E spectrometer. 
1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded with 
a Bruker AC-E spectrometer at room temperature in DMSO‑d6 or CDCl3, 
unless otherwise specified, using tetramethylsilane as internal standard; 

chemical shifts (δ) are expressed as ppm values. Microwave reactions 
were performed with an Anton Paar GmbH - Monowave 300 (Microwave 
synthesis reactor). Medium Pressure Liquid Chromatography (MPLC) 
was performed with the CombiFlash RF200 (TeleDyne Isco) using pre-
packed silica gel column (0.040–0.063 mm). Microanalyses (C, H, N) 
were carried out with the Elemental Vario EL III apparatus and agreed 
with theoretical values ± 0.4%. The purity of all the tested compounds 
was >95%, determined by HPLC (Agilent 1100 series). All reactions 
were monitored by TLC on precoated aluminum sheets 20 × 20 (0.2 mm 
Kieselgel 60 G F254, Merck) and C-18 reverse phase (RP-18 F254, 
Merck) using UV light at 254 nm for visualization. All reagents and 
solvents were from Aldrich, Fluka, Merck, Across or J.T. Baker. 

4.1.2. Methods 

4.1.2.1. Preparation of (5-Bromo-2-methoxyphenyl)(1H-pyrrol-2-yl) 
methanone (7). A cold solution of freshly distilled pyrrole (20 mmol) in 
anhydrous diethyl ether (100 mL) was added, dropwise and under a 
nitrogen atmosphere, to a cold suspension of ethyl magnesium bromide 
(20 mmol) in anhydrous diethyl ether. Then, a solution of 5-bromo-2- 
methoxybenzoyl chloride (20 mmol) in anhydrous diethyl ether (100 
mL) was slowly added at 0 ◦C. The resulting reaction mixture was 
refluxed for 30 min and, after cooling to room temperature, a 10% 
sulfuric acid solution (100 mL) was added. After 1 h of magnetic stirring, 
the ether was separated from the aqueous phase, then extracted with 
diethyl ether (2×100 mL). Finally, the combined organic extracts were 
washed with distilled water (2 × 50 mL), dried over anhydrous sodium 
sulfate and the solvent removed under reduced pressure. The (5-bromo- 
2-methoxyphenyl)(1H-pyrrol-2-yl)methanone 7 was purified by MLPC 
using an ethyl acetate/cyclohexane mixture (v/v 15/85) as eluent, and a 
50 g prepacked silica gel column. White solid, yield 43.1%, mp 
116–117 ◦C. IR (cm− 1): 1610 (CO); 3205 (NH). 1H NMR (CDCl3) δ: 3.80 
(3H, s, CH3), 6.27–6.29 (m, 1H, Ar), 6.65–6.67 (m, 1H, Ar), 6.87–6.90 
(m, 1H, Ar), 7.15–7.17 (m, 1H, Ar), 7.51–7.54 (m, 2H, Ar), 10.31 (bs, 
1H, NH). 13C NMR: 56.6, 104.6, 112.3, 112.6, 114.7, 120.9, 127.9, 
130.5, 131.1, 134.9, 156.6, 181.5. 

Fig. 10. Detection of intracellular ROS generation in 
PMs-treated cells (IC50 values for 24 and 48 h). ROS 
was measured using DCFH-DA and quantified 
through spectrofluorometry (A). Data were normal-
ized for cell number determined by MTT assay and 
expressed with respect to the untreated cells used as 
control. Statistical significance was assessed by the 
Student’s t-test: *p < 0.05 and ***p < 0.001. The data 
are expressed as mean value ± SD. (B) Fluorescence 
micrographs of 48 h-PMs treated cells after incuba-
tion with DCFH-DA. Magnification 640×.   
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Anal. calc. for C12H10BrNO2: C, 51.45%; H, 3.60%; N, 5.00%. Found: 
C, 51.53%; H, 3.66%; N, 5.07%. 

4.1.2.2. General procedure for preparation of substituted (2-methox-
yphenyl-1H-pyrrol-2-yl)methanones (8–13). To a solution of compounds 
7,9,10,12 (1 mmol) in acetonitrile as solvent (2 mL), freshly crystallized 
N-bromosuccinimide (NBS) or N-chlorosuccinimide (NCS) was added, 
and the reaction mixture was irradiated with a monomodal microwave 
reactor at 90 ◦C and power of 60W. 

The reaction mixture was evaporated under reduced pressure and the 
residue was partitioned between water (10 mL) and diethyl ether (10 
mL) and, subsequently, extracted twice with diethyl ether (10 mL). The 
combined extracts were washed with water, dried over anhydrous so-
dium sulfate and evaporated. The crude product was crystallized from 
ethanol to give pure compounds 8–13. 

4.1.2.3. (5-Bromo-2-methoxyphenyl)(3,4,5-tribromo-1H-pyrrol-2-yl) 
methanone (8). This compound was obtained from reaction of 7 with 
three equivalents of NBS by microwave heating for 4 cycles of 15 min 
each. White solid, Yield 89.2%, mp 188–189 ◦C. IR (cm− 1): 1609 (CO); 
3211 (NH). 1H NMR (DMSO‑d6) δ: 3.71 (s, 3H, CH3), 7.09 (d, 1H, J = 8.9 
Hz, H-3′), 7.39 (d, 1H, J = 2.5 Hz H-6′), 7.64 (dd, 1H, J = 8.9, 2.5 Hz, H- 
4’), 13.00 (bs, 1H, NH).13C NMR (DMSO‑d6) δ: 56.5, 102.5, 105.9, 
112.8, 112.9, 114.7, 125.4, 129.0, 131.3, 134.6, 158.1, 180.2. 

Anal. calc. for C12H7Br4NO2: C, 27.89%; H, 1.37%; N, 2.71%. Found: 
C, 27.95%; H, 1.43%; N, 2.77%. 

4.1.2.4. (5-Bromo-2-methoxyphenyl)(4-bromo-1H-pyrrol-2-yl)methanone 
(9). This compound was obtained from reaction of 7 with equimolar 
amount of NBS by microwave heating for 5 min at 90 ◦C, power of 60W. 
White solid, Yield 78.6%, mp 118–119 ◦C. IR (cm− 1): 1619 (CO); 3242 
(NH). 1H NMR (DMSO‑d6) δ: 3.90 (s, 3H, CH3), 7.15 (d, 1H, J = 1.6 Hz, 
H-3), 7.40 (d, 1H, J = 9.3 Hz, H-3′), 8.24 (d, 1H, J = 1.6 Hz, H-5), 8.26 
(d, 1H, J = 2.9 Hz H-6′), 8.42 (dd, 1H, J = 9.3, 2.9 Hz, H-4’), 13.31 (bs, 
1H, NH).13C NMR (DMSO‑d6) δ: 57.3, 94.5, 112.9, 113.3, 113.9, 125.1, 
125.9, 127.0, 128.4, 129.5, 158.9, 180.7. 

Anal. calc. for C12H9Br2NO2: C, 40.15%; H, 2.53%; N, 3.90%. Found: 
C, 40.23%; H, 2.61%; N, 4.01%. 

4.1.2.5. (4-Bromo-5-chloro-1H-pyrrol-2-yl)(5-bromo-2-methoxyphenyl) 
methanone (10). This compound was obtained from reaction of 9 with 
equimolar amount of NCS by microwave heating for 5 min at 90 ◦C, 
power of 60W. White solid, Yield 91.0%, mp 139–140 ◦C. IR (cm− 1): 
1612 (CO); 3200 (NH). 1H NMR (DMSO‑d6) δ: 3.74 (s, 3H, CH3), 
7.00–7.04 (m, 1H, Ar), 7.14 (d, 1H, J = 8.0 Hz, Ar), 7.31 (dd, 1H, J =
7.5, 2.7 Hz Ar), 7.46–7.51 (m, 1H, Ar), 13.28 (bs, 1H, NH). 

13C NMR (DMSO‑d6) δ: 56.0, 104.2, 111.7, 112.5, 118.1, 118.6, 
124.6, 129.2, 132.3, 147.2, 157.6, 180.4. 

Anal. calc. for C12H8Br2ClNO2: C, 36.63%; H, 2.05%; N, 3.56%. 
Found: C, 36.69%; H, 2.10%; N, 3.63%. 

4.1.2.6. (5-Bromo-2-methoxyphenyl)(3,4-dibromo-5-chloro-1H-pyrrol-2- 
yl)methanone (11). This compound was obtained from reaction of 10 
with equimolar amount of NBS, microwave heating at 90 ◦C, power of 
60W for 4 cycles of 15 min each. White solid, Yield 88.3%, mp 
182–183 ◦C. IR (cm− 1): 1609 (CO); 3200 (NH). 1H NMR (DMSO‑d6) δ: 
3.73 (s, 3H, CH3), 7.10 (d, 1H, J = 9.0 Hz, H-3′), 7.45 (d, 1H, J = 2.5 Hz, 
H-6′), 7.65 (dd, 1H, J = 9.0, 2.5 Hz H-4’), 13.54 (bs, 1H, NH). 13C NMR 
(DMSO‑d6) δ: 56.6, 110.0, 110.6, 112.9, 114.7, 125.5, 131.1, 133.0, 
134.8, 150.6, 158.2, 180.3. 

Anal. calc. for C12H7Br3ClNO2: C, 30.51%; H, 1.49%; N, 2.97%. 
Found: C, 30.55%; H, 1.53%; N, 3.04%. 

4.1.2.7. (5-Bromo-2-methoxyphenyl)(4,5-dichloro-1H-pyrrol-2-yl)meth-
anone (12). This compound was obtained from reaction of 7 with two 

equivalents of NCS, microwave heating at 90 ◦C, power of 60W for 2 
cycles of 5 min each. White solid, Yield 73.8%, mp 141–142 ◦C. IR 
(cm− 1): 1609 (CO); 3200 (NH). 1H NMR (DMSO‑d6) δ: 3.73 (s, 3H, CH3), 
6.99–7.03 (m, 1H, Ar), 7.13 (d, 1H, J = 8.4 Hz, Ar), 7.31 (dd, 1H, J =
7.5, 1.7 Hz Ar), 7.46–7.50 (m, 1H, Ar), 13.29 (bs, 1H, NH).13C NMR 
(DMSO‑d6) δ: 56.0, 111.7, 112.6, 118.2, 119.4, 124.6, 129.3, 130.1, 
132.1, 132.4, 157.6, 180.4. 

Anal. calc. for C12H8BrCl2NO2: C, 41.30%; H, 2.31%; N, 4.01%. 
Found: C, 41.36%; H, 2.37%; N, 4.07%. 

4.1.2.8. (3-Bromo-4,5-dichloro-1H-pyrrol-2-yl)(5-bromo-2-methox-
yphenyl)methanone (13). This compound was obtained from reaction of 
12 with equimolar amount of NBS, microwave heating at 90 ◦C, power 
of 60W for 4 cycles of 15 min each. White solid, Yield 89.1%, mp 
185–186 ◦C. IR (cm− 1): 1611 (CO); 3207 (NH). 1H NMR (DMSO‑d6) δ: 
3.73 (s, 3H, CH3), 7.10 (d, 1H, J = 8.9 Hz, H-3′), 7.46 (d, 1H, J = 2.5 Hz 
H-6′), 7.66 (dd, 1H, J = 8.9, 2.5 Hz, H-4’), 13.66 (bs, 1H, NH). 

13C NMR (DMSO‑d6) δ: 56.6, 107.4, 112.9, 114.6, 114.7, 125.5, 
131.1, 133.0, 134.9, 141.0, 158.2, 180.3. 

Anal. calc. for C12H7Br2Cl2NO2: C, 33.68%; H, 1.65%; N, 3.27%. 
Found: C, 33.74%; H, 1.73%; N, 3.32%. 

4.1.2.9. General procedure for preparation of pyrrolomycins 1, 3, 4. In a 
typical experiment, to a solution of 1 mmol of 8,11,13 in 20 mL of 
anhydrous dichloromethane in an ice-salt bath, 4 g of AlCl3 (30 mmol) 
was added. The reaction mixture was stirred overnight at room tem-
perature. The solution was cautiously decomposed with ice-sulfuric acid 
5% (30 mL), then 50 mL of diethyl ether was added. The mixture was 
stirred vigorously for 10 min, the organic layer was separated and the 
aqueous phase extracted with diethyl ether (2 × 30 mL). The combined 
extracts were washed with water until neutrality, dried over anhydrous 
sodium sulfate, and evaporated. The crude product was crystallized 
from dichloromethane to give pure pyrrolomycins 1,3,4. 

(5-Bromo-2-hydroxyphenyl)(3,4,5-tribromo-1H-pyrrol-2-yl)methanone 
(1). Yellow solid, Yield 63.1%, mp 193–194 ◦C. IR (cm− 1): 1615 (CO); 
3253 (NH); 3322 (OH). 1H NMR (DMSO‑d6) δ: 6.86 (d, 1H, J = 8.8 Hz, 
H-3′), 7.39 (s, 1H, H-6′), 7.48 (dd, 1H, J = 8.8, 2.6 Hz, H-4’), 10.24 (bs, 
1H, OH), 13.47 (bs, 1H, NH). 13C NMR (DMSO‑d6) δ: 104.8, 106.6, 
110.4, 110.5, 119.1, 128.6, 131.2, 131.6, 134.9, 155.4, 182.1. 

Anal. calc. for C11H5Br4NO2: C, 26.28%; H, 1.00%; N, 2.79%. Found: 
C, 26.33%; H, 1.05%; N, 2.84%. 

(5-bromo-2-hydroxyphenyl)(3,4-dibromo-5-chloro-1H-pyrrol-2-yl) 
methanone (3). Yellow solid, Yield 68.7%, mp 190–191 ◦C. IR (cm− 1): 
1621 (CO); 3247 (NH); 3361 (OH). 1H NMR(DMSO‑d6) δ: 6.86 (d, 1H, J 
= 8.7 Hz, H-3′), 7.38 (s, 1H, H-6′), 7.48 (dd, 1H, J = 8.7, 2.6 Hz, H-4’), 
10.24 (bs, 1H, OH), 13.47 (bs, 1H, NH). 13C NMR (DMSO‑d6) δ: 104.8, 
106.6, 110.4, 110.5, 119.1, 128.6, 131.2, 131.5, 134.9, 155.4, 182.1. 

Anal. calc. for C11H5Br3ClNO2: C, 28.83%; H, 1.10%; N, 3.06%. 
Found: C, 28.87%; H, 1.16%; N, 3.12%. 

(3-Bromo-4,5-dichloro-1H-pyrrol-2-yl)(5-bromo-2-hydroxyphenyl) 
methanone (4). Yellow solid, Yield 66.9%, mp 187–188 ◦C. IR (cm− 1): 
1621 (CO); 3257 (NH); 3342 (OH). 1H NMR (DMSO‑d6) δ: 6.87 (d, 1H, J 
= 8.7 Hz, H-3′), 7.39 (s, 1H, H-6′), 7.48 (dd, 1H, J = 8.7, 2.6 Hz, H-4’), 
10.26 (bs, 1H, OH), 13.57 (bs, 1H, NH). 13C NMR (DMSO‑d6) δ: 104.2, 
110.4, 112.4, 119.0, 120.2, 128.2, 128.7, 131.5, 135.0, 155.4, 182.2. 

Anal. calc. for C11H5Br2Cl2NO2: C, 31.92%; H, 1.22%; N, 3.38%. 
Found: C, 31.99%; H, 1.26%; N, 3.42%. 

4.2. Biology section 

4.2.1. Cell cultures and treatments 
The HCT116 colon cancer cell line, the MCF-7 breast cancer cell line, 

and the hTERT RPE-1 -immortalized retinal pigment epithelial cell line 
were obtained from American Type Culture Collection (ATCC, Mana-
ssas, VA, USA) and maintained in Dulbecco’s Modified Eagle Medium 
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(DMEM) (Gibco, Paisley, UK), supplemented with 10% heat-inactivated 
fetal bovine serum and 100 U/mL penicillin and 100 μg/mL strepto-
mycin, at 37 ◦C and 5% CO2, as already described [49–52]. 

4.2.2. MTT viability assay 
The cytotoxic activity of all chemically synthesized, namely PM 1–5, 

was determined by using MTT assay [53,54]. After trypsinization, cells 
were plated at 5 × 103 cells/well in 96-well plates and incubated for 24 h 
before treatment. Stock solutions of DMSO dissolved- PMs (5 mM) were 
diluted to the desiderated concentrations (80 μM, 20 μM, 5 μM, 1.25 μM, 
0.31 μM, 0.078 μM) in the culture medium, and added to the wells for 
further 48 h. After incubation, 20 μL of 5 mg mL-1of Thiazolyl Blue 
Tetrazolium Bromide (Merck, Darmstadt, Germany) in phosphate buffer 
saline (PBS) was added to each well in the dark and incubated for further 
2 h at 37 ◦C. 

After removing the medium containing MTT and washing it with PBS 
three times, 100 μL of DMSO was added to each well to dissolve 
formazan. 

The absorbance was recorded at 570 nm using a 96-well plate reader 
(Spark® 20 M Tecan Trading AG, Switzerland). The percentage of cell 
viability compared to untreated control cells was calculated after sub-
traction of the blank. The IC50, that is the concentration able to inhibit 
50% of cell growth was calculated using a dose-response model, ob-
tained from sigmoidal fitting of response curves of percent inhibition 
versus logarithmic concentration of PMs, using Graph Pad Prism soft-
ware. Each result was the mean value of three different experiments 
performed in triplicate. 

The selectivity index (SI) for HCT-116 and MCF-7 cells was calcu-
lated from the ratio of their IC50 values and that of the non-tumoral 
epithelial cell line h-TERT-RPE-1. 

4.2.3. Clonogenicity assay 
The HCT116 cells were seeded in a 24-well plate at a density of 5 ×

104 cells/well. After 24 h, the cells were treated for 48 h with increased 
concentration of PMs (0.1–0.5 and 5 μM) and then incubated for another 
7 days. The cells were fixed and stained with 6.0% (vol/vol) of glutar-
aldehyde and 0.5% (vol/vol) violet crystal solution for 30 min, washed 
several times to remove the excessive dye, and photographed. The 
crystal violet dye was dissolved by using a 5% (vol/vol) acetic acid so-
lution and absorbance was recorded at 592 nm in the microplate reader. 

4.2.4. Morphological assessment by phase contrast inverted microscope and 
Scanning Electron Microscopy (SEM) 

Cells were seeded on a coverslip in 24-well plates at a density of 5 ×
104 cells/well. After 24 h cells were treated for 48 h with appropriate 
concentrations of selected PMs. Morphology was observed under a phase 
contrast inverted microscope (Carl Zeiss, Oberkochen, Germany) at 
200X. 

For SEM analysis, the coverslips were extracted from the wells, 
rinsed with PBS pH 7.4, and fixed with glutaraldehyde 4% (vol/vol) at 
4 ◦C for 30 min. After fixation, samples were washed several times with 
PBS and dehydrated with increasing ethanol solutions (15, 25, 50, 75, 
and 100% vol/vol). Finally, samples were dried, gold-sputtered, and 
observed with a SEM-FEI QUANTA 200F microscope (Thermo Fisher 
Scientific, MA USA). The SEM was set with an accelerated voltage equal 
to 10 kV. 

4.2.5. Fluorescence staining with acridine orange/ethidium bromide (AO/ 
EB), hoechst and rhodamine-phalloidin 

Cells were seeded on a cover slip in 24-well plates at a density of 5 ×
104 cells/well. After 24 h cells were treated for 48 h with appropriate 
concentrations of selected PMs. For AO/EB staining after incubation of 
selected PMs, coverslips were washed twice with PBS and stained for a 
few min with 200 μL of the Acridine Orange (100 μg/mL), Ethidium 
Bromide (100 μg/mL) mixture (1:1, v/v) and For Hoechst 33342 stain-
ing, coverslips were washed twice with PBS and stained for 10 min of 

Hoechst 33342, with a final concentration of 1 μg/ml. Cells were 
immediately observed under a fluorescent microscopy (Carl Zeiss, 
Oberkochen, Germany) at 640× magnification. 

For Rhodamine-phalloidin staining coverslips were washed in PBS 
and cells were fixed in cold methanol for 15 min. After fixation, cells 
were permeabilized for 15 min in PBS- Triton X-100 0.1% (vol/vol). 
After washes with PBS cells were incubated with 0.165 μM of Rhoda-
mine Phalloidin (Life Technology) for 40 min in the dark at room tem-
perature. Cells were then washed with PBS and visualized at 640×
magnification. 

4.2.6. Western blotting 
HCT116 cells seeded in dish plates were treated for 48 h h with 0.5 

μM of selected PMs when reached 70% of confluence. After washing 
with PBS, cells were carefully scraped and incubated on ice for 30 min 
RIPA buffer. The total cellular lysate was centrifuged at 14,000 rpm for 
10 min to clear cell debris and protein concentration determined by 
Bradford assay, as already reported [55–58]. Protein samples (20 
μg/lane) were subjected to SDS polyacrylamide gel electrophoresis, then 
transferred to a nitrocellulose membrane (HyBond ECL, Amersham) and 
stained with Ponceau S (Sigma Aldrich Western blotting analysis was 
performed using a rabbit polyclonal antibodies for Akt 1-2-3, a goat 
polyclonal antibody for Beclin 1, a mouse monoclonal antibody for 
Actin-β (Santa Cruz, CA, USA), a rabbit polyclonal antibody for LC3 
(Sigma Aldrich, Milano, Italia), a rabbit polyclonal antibodies for ATG7 
and a mouse monoclonal for E-cadherin and vimentin (Cell Signaling 
Technology, Massachusetts, USA). Following incubation with the 
appropriate peroxidase-linked antibody, the reaction was revealed by 
the ECL detection system, using ChemiDoc™ MP System (Biorad, 
Milano, Italy) The correct protein loading was ascertained by immu-
noblotting for Actin-β. Bands quantification was performed by using 
Image J software. 

4.2.7. Evaluation of ROS generation 
Intracellular ROS levels were measured by using 2′,7′-dichlor-

odihydrofluorescein diacetate (DCFH-DA) HCT116 cells were plated in 
96 well plates at a density of 5 × 103/well, allowed to grow overnight, 
and incubated for 24 h or 48 h with PMs-IC50 concentrations. At the end 
the medium was replaced with the culture medium containing DCFH-DA 
(10 μM) and incubated for 30 min at 37 ◦C. Then the medium was 
replaced with PBS and the fluorescence intensity was analysed by 
spectrofluorimeter with an excitation of 488 nm and emission wave-
length of 525 nm. Data normalization was performed with parallel MTT 
assay. The experiments were performed in triplicate. Data are presented 
as average ± SD. For fluorescence microscopy analysis cells were seeded 
on a coverslip in 24 well plates at a density of 5 × 104 cells/well and 
treated in the same way. 
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