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a b s t r a c t 

We report the isolation and characterization of five polyketides [alternariol ( 1 ), alternariol-9-methyl ether 

( 2 ), altertoxin I ( 3 ), altertoxin II ( 4 ) and tenuazonic acid ( 5 )] from the marine endophytic Alternaria sp. 

LV52 derived from Cystoseira tamariscifolia, collected from the Red Sea at Nabq-Bay, Egypt. The chemi- 

cal structures of compounds 1–5 were identified by extensive 1D, 2D NMR, and HR mass measurements. 

Isolation and phenotypic and genotypic characterization of the producing fungus is reported. The antimi- 

crobial activity of the produced extract and derived compounds was examined against a panel of test 

organisms. In addition, an in vitro cytotoxic activity of 1–5 was performed against diverse cancer cell 

lines: HEPG2, HELA, A549 and PC3, revealing that compounds 2 and 4 are potentially cytotoxic against 

A549 and PC3 with EC 50 of 0.73 μg/ml (2.69 μM) and 0.17 μg/ml (0.64 μM) for 2 , and 0.40 μg/ml (1.15 μM) 

and 0.12 μg/ml (0.33 μM) for 4 , respectively. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Fungi offer enormous biodiversity, with around 70,0 0 0 known 

pecies, and an estimated 1.5 million species in total [ 1 , 2 ]. Ac-

ordingly, fungal strains represent a rich source of natural prod- 

cts with wide-ranging biological activity [3] . Natural products 

rom fungal sources have been employed as pesticides, herbi- 

ides, antibiotics, immunosuppressants, anti-infectives, and anti- 

ancer agents [ 4–10 ]. Nearly 80% of the world’s antibiotics have 

een originated from microbial sources obtained from soils around 

he world [6] . However, new microbial habitats, particularly, the 

marine ecosystem’, which supports an array of novel microbial di- 

ersity [ 11 , 12 ], are required to be studied for microbiota that pro-

uce useful bioactive compounds able to overcome the newly ex- 

lored infectional diseases. In particular, habitats such as those 

n which the environment is extreme in hotness [13] , pressure 

r salinity, and the endophytes are representing further promis- 
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ng sources of microorganisms [ 12 , 14–16 ]. The existence of endo- 

hytes has been known for over a hundred years, but a study on 

heir bioactive products is relatively sparse, until recently [ 12 , 17 ]. 

he role of endophytes in drug discovery began in the 90 s with 

he isolation of taxol, the world’s first billion-dollar anticancer 

rug, and led to an explosion in endophytic studies [ 18 , 19 ]. Con-

equently, a diverse array of novel, eco-friendly secondary metabo- 

ites comprising bioactivities (anticancer, antioxidant, antifungal, 

ntibacterial, antiviral, insecticidal, and immunosuppressant) have 

een procured from endophytes [ 18 , 20–22 ]. 

In the course of our searching for bioactive polyketides pos- 

essing anticancer activities from endophytes, a chemical investi- 

ation of the marine endophytic Alternaria sp. cultivated on rice 

olid media delivered alternariol ( 1 ), alternariol-9-methyl ether ( 2 ), 

ltertoxin I ( 3 ), altertoxin II ( 4 ) and tenuazonic acid ( 5 ) ( Fig. 1 ).

he chemical structures of compounds 1–5 were determined by 

xtensive 1D and 2D NMR spectroscopy, HR-ESI mass measure- 

ents, and by comparison with literature data. Biologically, the an- 

imicrobial activity of the crude extract and isolated compounds 

as studied using a panel of test microorganisms. Furthermore, 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

https://doi.org/10.1016/j.btre.2021.e00628
http://www.ScienceDirect.com
http://www.elsevier.com/locate/btre
http://crossmark.crossref.org/dialog/?doi=10.1016/j.btre.2021.e00628&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:mshaaba@gmail.com
https://doi.org/10.1016/j.btre.2021.e00628
http://creativecommons.org/licenses/by/4.0/


M.M. Mahmoud, A.S. Abdel-Razek, H.S.M. Soliman et al. Biotechnology Reports 33 (2022) e00628 

Fig. 1. Chemical structures of compounds 1–5 , produced by the endophytic Alternaria sp. LV52. 
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he cytotoxic activity of the fungal extract compared with the ob- 

ained bioactive metabolites was evaluated against several cancer 

ell lines, namely KB-3–1, HEPG2, HELA, A549 and PC3 . 

. Experimental section 

.1. General experimental procedure 

NMR spectra ( 1 H NMR, 13 C NMR, DEPT, COZY, HMQC, and 

MBC) were measured on Bruker Avance DRX 500 spectrometer 

sing standard pulse sequences and referenced to residual sol- 

ent signals. ESI-HRMS was determined using GCT Premier Spec- 

rometer. Column chromatography was carried out on silica gel 

0 (0.040–0.063 mm, Merck) and Sephadex LH-20 as the station- 

ry phases. Preparative TLC (0.5 mm thick) and analytical TLC were 

erformed with pre-coated Merck silica gel 60 PF 254 + 366 . R f val- 

es and visualization of chromatograms were carried out under UV 

ight ( λ= 254 and 366 nm) and further by spraying with anisalde- 

yde/sulphuric acid followed by heating. 

.2. Isolation of the producing strain 

The strain Alternaria sp. LV52 was obtained from the marine al- 

ae Cystoseira tamariscifolia . The hosting algae sample was asep- 

ically rinsed twice with sterile seawater followed by sterilization 

ith 70% EtOH for 30 s then washed with sterile seawater. Sub- 

equently, the marine organism was aseptically cut with a sterile 

calpel to reach the inner tissue surface then transferred to a con- 

cal flask (100 ml) containing 50 ml sterile seawater and agitated 

sing a reciprocal water bath (30 °C) for 30 min. The prepared 

uspension was subjected to serial dilutions (10 −1 to 10 −6 ) and 

liquots (0.1 mL) of serially diluted samples were used to inoculate 

etri dishes containing PDA medium (Agar 15 g \ L, dextrose 20 g \ L,

otato extract, 4 g/L). The plates were then incubated for 6 weeks 

t 30 °C. The colonies with distinct morphological characteristics 

ere selected and transferred onto freshly prepared solid media 

slants) and stored in a refrigerator at 4 °C until use [23] . The

olonies with distinct morphological characteristics were selected 

nd transferred onto freshly prepared solid media and stored in a 

efrigerator at 4 °C until use. The strain is deposited at Microbial 

hemistry Department, National Research center (NRC), Egypt. 

.3. DNA isolation and 18S rDNA sequencing 

For the analysis of fungal genomic DNA, bead beating-extracted 

NA and spin-column purification by ABT DNA mini extrac- 

ion kit (Applied Biotechnology Co. Ltd., Ismailia, Egypt) have 

een carried out. Briefly, the fungal spores were suspended in 

00 μL of distilled water containing zirconia silica beads, then 

omogenized by vortex mixing. Subsequently, the mixture was 
2 
ncubated at 100 °C for 15 min. Furthermore, the lysis buffer 

nd proteinase K were added to the sample under investiga- 

ion, and DNA extraction was preceded according to manufac- 

urer instructions. The genomic DNA was investigated using fungi- 

pecific primer set ITS1 (5 ′ -TCCGTAGGTGAACCTGCGG- 3 ′ )/ITS4 (5 ′ - 
CCTCCGCTTATTGATATGC-3 ′ ) to amplify 18S rRNA gene and ITS (In- 

ernal Transcript Spacer) regions. The following amplification pro- 

le was used: an initial denaturation step at 95 °C for 5 min was 

ollowed by 35 amplification cycles of 55 °C for 30 s, 72 °C for 90 s,

nd a final extension step at 72 °C for 3 min. The PCR products 

ere detected and visualized by (UV) fluorescence after ethidium 

romide stain. The produced sequences of the fungal strain were 

ligned and recorded on GenBank database. The aligned sequence 

as used to construct the phylogenetic tree using MEGA X soft- 

are. 

.4. Morphological and cultural characterization of strain LV52 

The macro- and micromorphology of the strain LV52 were stud- 

ed on a culture grown at 37 °C for 10 days on PDA medium. The

ells were examined under a light microscope (Olympus CH-2) at a 

agnification of (1200 ×) at National Research center (NRC), Egypt. 

.5. Fermentation, working up, and isolation 

The spore suspension of the fungal strain was inoculated into 

00 mL of ISP2 medium composition: malt extract, 10 g l 
−1 ; yeast 

xtract, 4 g l −1 , and glucose, 4 g l −1 at 30 °C for 3 days as seed cul-

ure. 5 mL of seed culture were used to inoculate 1 L Erlenmeyer 

asks (6 flasks) containing rice medium composition: 100 g com- 

ercial rice; 100 mL of 50% seawater containing 5% peptone. The 

asks were incubated for 14 days at 37 °C. After harvesting, the 

ungus cultures were soaked in methanol (200 ml for each flask) 

ollowed by vigorous shaking for 1 hr. The obtained methanol ex- 

ract was then separated from rice by filtration under vacuum. 

fter filtration, the water/methanol fraction was evaporated to 

emove methanol using a rotary evaporator (Heidolph) [24] . Af- 

er complete evaporation of methanol, the water phase was re- 

xtracted by ethyl acetate. The obtained ethyl acetate extract was 

nally in vacuo concentrated to dryness. An application of crude 

xtract of Alternaria alternate (6.0 g) to column chromatography us- 

ng silica gel column (2 cm × 60 cm) eluted with cyclohexane-DCM- 

ethanol and monitoring by TLC has afforded five fractions: F1 

1.0 g), F2 (1.0 g), F3 (0.6 g), F4 (1.5 g), F5 (0.5 g). The non-polar

ractions (F1-F2) were ignored as they were of fats nature. Frac- 

ion 3 was subjected to Sephadex LH-20 (MeOH) column yield- 

ng a major crude product (210 mg) of alternariol-9-methyl ether 

 2 ) which has been further purified on a second Sephadex LH- 

0 column (MeOH) yielding 130 mg as colorless solid of the lat- 

er (HPLC-Purity: 98%). Purification of fraction 4 on silica gel col- 

mn (1.5 cm × 30 cm) eluted with DCM-MeOH gradient resulted in 
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Fig. 2. A. Photo showing 10-days age of LV52 isolate cultivated slant on PDA medium and the morphology of Cystoseira tamariscifolia , Figure 2B Light microscopy of Alternaria 

alternate . 
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hree sub-fractions 4A (0.5 g), 4B (0.4 g) and 4C (0.4 g). Sub fraction

4A) afforded a major crude yellow oil (400 mg) of tenuazonic acid 

 5) , which was further purified on Sephadex LH-20 (MeOH) to be 

fforded as faint yellow of 350 mg yield (HPLC-Purity: 98%). Sub- 

raction (4B) was re-purified on Sephadex LH-20 (MeOH) as well to 

fford altertoxine II ( 4 , 12.0 mg, HPLC-Purity: 99%) as a brownish- 

range solid. The third sub-fraction (4C) was likely purified, result- 

ng in a colorless solid of alternariol ( 1 , 35 mg, HPLC-Purity: 97%).

raction 5 was finally subjected to purification by Sephadex LH- 

0 (DCM:MeOH, 1:1) followed by PTLC (DCM/5%MeOH) to give or- 

nge crystals of altertoxine I ( 3 , 22 mg, HPLC-Purity: 99%). Details 

f physico-chemical properties and spectral data of compounds 1 –

 are shown in the supplementary file. 

.6. Biological activity 

.6.1. Antimicrobial activity assay 

Antimicrobial activity testing of the fungal crude extract and 

he isolated compounds were carried out against a set of microor- 

anisms using paper-disk diffusion assay [25] with some modifica- 

ions according to our previous work [26] . 

.6.2. Cytotoxicity assays 

Methodology of the cytotoxic assaying of the fungal extract and 

btained compounds against the human cervix carcinoma cells KB- 

–1 was carried out according to our previous work [ 26 , 27 ]. Cy-

otoxic assaying against Liver (HEPG2) and cervical (HELA) cancer 

ell lines was carried out according to [28] methodology. Cytotoxi- 

ity (human non-small cell lung cancer cell A549 and prostate can- 

er cell PC3) assays were accomplished in triplicate following pre- 

iously reported protocols [ 29,30,31 ]. Vehicle (DMSO) was used as 

he negative control and actinomycin D (A549 and PC3) was used 

s a positive control. 

. Results and discussion 

.1. Taxonomic characterization of the producing strain 

Morphological Characterization: Colonies are fast-growing in 

rayish-black color. Conidia appear under light microscope as 

hort, brown multicellular and produced from simple, branched, 

hort elongate conidiophores ( Figs. 2 A-B). 

Genotypic identification : The purified PCR product of LV52 iso- 

ated genomic DNA using a specific primer has been sequenced. 

he produced 18 s rRNA sequences were aligned using BLAST and 

he phylogenetic tree was constructed using MEGA X software re- 

ealing that the isolate has a close similarity to Alternaria spp. The 

equence has been recorded on the GenBank database (accession 
3 
o. 535,535) and the isolate has been assigned as Alternaria sp. 

V52 ( Fig. 3 ). 

.2. Fermentation and structure elucidation 

The fungus was cultured on a solid rice medium. The gener- 

ted fungal extract exhibited numerous bands on TLC with a wide 

olarity range. Separation of the obtained fungus extract using a 

eries of chromatographic techniques afforded five diverse polyke- 

ides: alternariol ( 1 ), alternariol-9-methyl ether ( 2 ), altertoxin I ( 3 ),

ltertoxin II ( 4 ) and tenuazonic acid ( 5 ). The chemical structures 

f the obtained compounds were identified by intensive studies of 

MR (1D and 2 D) and HR-MS as described below. 

According to the productivity profile, the obtained metabolites 

rom the fungus extract (6.0 g) have been arranged as tenuazonic 

cid (350 mg; 5.83%) > alternariol-9-methyl ether (130 mg; 2.16%) 

 alternariol (35 mg; 0.58%) > altertoxin I (22 mg; 0.36%) > alter- 

oxin II (12 mg; 0.2%) from the productivity point of view, with a 

urity in the range of 95–99% according to HPLC-analytical control. 

Alternariol ( 1 ) and alternariol-9-methyl ether ( 2 ) were obtained 

s colorless solids with UV absorbance (254 nm) and blue fluo- 

escence (366 nm) which turned pink on spraying with anisalde- 

yde/sulphuric acid. The molecular formula and molecular weights 

f 1 and 2 were established as C 14 H 10 O 5 (258) and C 15 H 12 O 5 (272),

espectively, by HRESI (with a corresponding 10 DBE). Based on 

he analyses of 1 H NMR/H,H COZY spectra, compounds 1 and 2 

howed four meta -coupled protons, being for two individual aro- 

atic residues, an aromatic bounded methyl, along with a methyl 

ther in 2 instead of a free phenolic group in 1 . According to 
3 C and HSQC NMR fourteen and fifteen carbon signals were as- 

igned for 1 and 2 , respectively. The full NMR assignments of both 

ompounds ( 1 , 2 ) were finally confirmed using HMBC connectivi- 

ies (see supplementary data, Figure S1, Error! Reference source 

ot found. S1), deducing their structures as alternariol ( 1 ) and 

lternariol-9-methyl ether ( 2 ), respectively [32] . Biologically, al- 

ernariol derivatives have been reported with strong antimicrobial, 

emarkable antinematodal [33] , and potent antiviral activities [34] . 

Altertoxin I ( 3 ) and altertoxin II ( 4 ), two additional polyke- 

ides of different nature than those of 1 and 2, were obtained 

s yellow solids exhibiting greenish-yellow fluorescence bands 

at 366 nm) and turned to brown pigmentation on exposure to 

nisaldehyde/sulphuric acid and heating. The molecular weights of 

 and 4 were confirmed by ESI MS as 352 and 350 Daltons, with 

orresponding molecular formulas C 20 H 16 O 6 and C 20 H 14 O 6 of DBE 

3 and 14, respectively. 

According to 1 HNMR/ 1 H- 1 H COZY spectra, both compounds dis- 

layed high similarity in their resonating structures. They observed 

wo peri–hydroxy groups (12.64/12.27 in 3 and 12.66/11.95 in 4 ) in 
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Fig. 3. Neighbor-joining phylogenetic tree of strain Alternaria sp. LV52 based on its 18S rRNA gene sequence, showing its close relationship to Alternaria spp. 
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Table 1 

Antibacterial and antifungal activity of crude extract produced by Alternaria sp. LV52 

and compound 5 (conc. 40 mg/mL, 25 μLdisk −1 ( ≡1 mg disk −1 [ φ 5 mm]). 

Test organism Crude Extract Tenuazonic acid ( 5 ) Gentamycin 

Bacillus subtilis 8 9 16 

Candida albicans 8 8 15 

Pseudomonas aeruginosa 9 11 18 

Saccharomyces cerevisiae 7 8 18 

Staphylococcus aureus – 9 20 
espect with benzenoid carbonyls, four doublets of o -coupled aro- 

atic protons, an ethanediyl group (3.11/2.64, 2.95/2.38 in 3 , and 

.12/2.65, 2.84/2.47 in 4 ), in addition to a non-oxygenated methine 

t 3.02 and 3.50, respectively. The sole difference between 3 and 4 

tructures was attributed to the creation of oxirane ring between 

he oxymethine at 4.70 and the neighbor methylene 2.86/3.05 in 

 forming an epoxy group of two oxy-methines at 4.31 and 3.60 

n 4 . Based on 

13 C and HSQC spectra (see supplementary data, Ta- 

le S2), both compounds have the same number of carbon signals, 

eanwhile, the three-membered ring (epoxide) in 4 was formed at 

here the oxygenated methine (66.1) and neighbor methylene car- 

on (47.8) in 3 were upfield and downfield shifted to 56.1 and 52.7, 

espectively in the epoxide ring of 4. The full assignment of both 

ompounds ( 3 and 4 ) was finally deduced using HMBC experiment 

see supplementary data, Figure S1), confirming their structures as 

ltertoxin I ( 3 ) and altertoxin II ( 4 ), respectively [35] . When these

ompounds were tested at concentrations insignificantly toxic to 

-cells, altertoxins I ( 3 ) and II ( 4 ) were reported as potential in-

ibitors of replication of the HIV-1 virus [36] . Altertoxin II ( 4 ) has

een reported as a potent mutagen and DNA strand-breaking agent 

37] . 

Tenuazonic acid ( 5 ), as the final polyketide produced by the 

tudied fungus, was obtained as the major metabolite in the 

rganic extract with UV absorbance (254 nm), which turned to 

rown staining on spraying with anisaldehyde/sulphuric acid. Its 

olecular formula was deduced as C 10 H 15 NO 3 with a molecular 

eight of 197 Dalton and 4 DBE. According to 1 H and H,H 

–COZY 

pectra, structure 5 displayed an acidic broad singlet at 13.07 

long with three methyl signals of singlet (2.39), doublet (1.91), 

nd triplet (0.83) pattern, concluding the presence of an aro- 

atic/acetyl bounded methyl and an isopentyl substructure, at 

here the latter displayed multiplet methylene (1.17, 1.31; CH 2 –

) and two methine protons at 1.91 and 3.75 (see supplemen- 
4 
ary data, Table S3). Based on 

13 C NMR/HSQC spectra, 10 carbon 

ignals were observed, being for three methyl, two methine, one 

ethylene groups in addition to four sp 2 fully substituted carbons, 

mong them three carbonyls (195.8, 184.2, and 175.7) (see supple- 

entary data, Table S3). A final assignment of the structure using 

MBC experiment (see supplementary data, Figure S1, Table S3) 

onfirming it as tenuazonic acid ( 5 ) [38] . 

During an antiviral screening program, culture filtrates of an As- 

ergillus, tenuazonic acid was found to inhibit the cytopathic effect 

f measles virus in HEp2 cell cultures and to exhibit antibacterial 

ctivity referable to penicillins [39] . In a relatively recent study, 

solation of dichloromethane extract of Alternaria alternata iden- 

ified tenuazonic acid as potentially active against Mycobacterium 

uberculosis H37Rv [40] . 

.3. Biological activity 

Based on paper disk antimicrobial assaying in comparison with 

entamycin, the fungal extract possessed a low to moderate activ- 

ty against diverse microbial pathogens: Pseudomonas aeruginosa, 

taphylococcus aureus, Bacillus subtilis, Candida albicans, and Saccha- 

omyces cerevisiae ( Table 1 ). Interestingly, tenuazonic acid ( 5 ) was 
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Fig. 4. Chart showing the summary of EC 50 for compounds 1 –5 , crude extract and 

control (Doxorubicin) against HEPG2: EC 50 for compounds [ 1 ( 28 μg/ml), 2 ( 9.8 

μg/ml), 3 ( 34 μg/ml), 4 ( 15 μg/ml), 5 ( 28 μg/ml), crude extract (9.34 μg/ml) and 

Doxorubicin (4.28 μg/ml)]. HELA: EC 50 for compounds [2–4 ( > 50 μg/ml) , 5 ( 21.5 

μg/ml), Crude extract (34 μg/ml) and Doxorubicin (1.45 μg/ml)]. Compound 1 was 

not tested against HELA cell line due to the lack of material. For more details, see 

Supporting Information, Table S4 and Fig. S32. 
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he sole active compound against all test organisms among the iso- 

ated compounds ( 1–5 ), meanwhile compounds 1 –4 were inactive 

gainst the tested microorganisms up to 1 mg/disk (25 μL disk −1 ) 

oncentration. 

According to literature assessment, alternariol derivatives 

howed moderate to weak antimicrobial activities against S. aureus , 

. subtilis , P. aeruginosa , and C. albicans . In particular, alternariol 

s the most active against B. subtilis with MIC value of 8.6 μg/mL, 

eanwhile alternariol 9-methyl ether is not sensitive at the con- 

entration of 50.0 μg/mL, indicating methylation of 9-OH may be 

etrimental for the antibacterial activity [41] . Altertoxin I showed 

eak antimicrobial activity against tested strains [42] . Finally, ten- 

azonic acid exhibited a moderate antibacterial activity against 

ram-positive bacteria. 

Alternaria toxins have been reported to show high cytotoxic ac- 

ivity against mammalian cells as well as teratogenicity in mice fe- 

uses [43] . Some individual mycotoxins such as alternariol (AOH) 

 1 ), alternariol methyl ether (AME) ( 2 ), though not acutely toxic, 

re mutagenic and genotoxic in various in vitro systems. Tenua- 

onic acid ( 5 ) has been deemed to be the highest toxic among the
ig. 5. A) Cytotoxic activity shown as a% Cell Viability of A549 (non-small cell lung cancer)

 (28 μg/ml) and 5 (15.76 μg/ml). B) Dose-response of compounds 2 and 4 against A549

549: EC 50 for compounds 2 [0.73 μg/ml (2.69 μM)] and 4 [0.40 μg/ml (1.15 μM)]. PC3: EC

5 
lternaria toxins and has been proven to be toxic to several animal 

pecies [43] . 

In the current study, the in vitro cytotoxic activity of LV52 crude 

xtract was carried out against KB-3–1 cells exhibiting cytotoxic 

ctivity of IC 50 0.11 mg/mL, using griseofulvin (19 μmol/l) as a pos- 

tive control. The in vitro cytotoxic activity of the strain extract 

nd corresponding compounds was carried out against HepG2 and 

ELA cell lines ( Fig. 4 and Supporting Information, Table S4 and 

igures S32A-B). In accordance, the extract showed an EC 50 of 

.34 μg/mL and 34 μg/mL, respectively. Alternatively, compounds 1–

 showed potent cytotoxicity against HepG2 of EC 50 9.8, 28, 34, 

5, and 28.8 μg/mL, respectively ( Fig. 4 and Supporting Informa- 

ion, Table S4, and Figure S32A). In contrast, tenuazonic acid ( 5 ) 

as the sole one among the isolated compounds, which showed 

ytotoxicity against HELA cell line (EC 50 21.5 μg/mL) ( Fig. 5 and 

upporting Information Table S4 and Figure S32B). In literature, 

he crude extract of Alternaria alternata (an endophytic fungus iso- 

ated from Coffea Arabica L) was reported as moderately cytotoxic 

owards HELA cells [44] . 

Besides, the in vitro cytotoxicity of alternariol-9-methyl ether 

 2 ; 9–methoxy-alternariol), altertoxin II ( 4 , also known as stem- 

hyltoxin II), and tenuazonic acid ( 5 ; also known as l -tenuazonic 

cid; AAC-toxin) were investigated against A549 and PC3 cells, 

isplaying potent activity of 2 and 4 and moderate activity of 

 ( Fig. 5 A). Accordingly, the EC 50 of compounds 2 and 4 were

tudied showing EC 50 of 0.73 μg/ml (2.69 μM) and 0.40 μg/ml 

1.15 μM) against A549, respectively, meanwhile they showed EC 50 

f 0.17 μg/ml (0.64 μM) and 0.12 μg/ml (0.33 μM) against PC3 ( Fig.

 B). 

Alternariol and its methyl ether were demonstrated to pos- 

ess moderate cytotoxic activity on HeLa cell lines [45] . Alternar- 

ol 5-O-Me ether isolated from Setosphaeria sp., exhibited mod- 

rate cytotoxicity against MCF-7, MGC-803, H1975, Huh-7, A549, 

nd HeLa with IC 50 values ranging from 23.04 to 96.91 μg/mL 

46] . In contrast, alternariol was reported to be inactive at 50.0 μM 

gainst HepG2 human tumor cell line. Alternatively, altertoxin II 

howed the highest cytotoxicity to HeLa cells (IC 50 0.5 μg/mL) [47] , 

hile it showed moderate cytotoxic activity against PC-3 cell lines 

IC 50 value of 14.28 μM) [48] , and significant inhibitory activi- 

ies against the four tumor cell lines MCF-7, HepG-2, NCI-H460 

nd SF-26 8 (IC 50 1.91–9.67 μg/mL) [4 8] . Tenuazonic acid deriva- 

ives were confirmed to be significant chemotherapeutics against 

eLa cells, which in turn supports the finding in our current 

tudy [49] . 
 and PC3 (prostate cancer) human cell lines at 80 μM of compounds 2 (21.76 μg/ml), 

 (non-small cell lung) and PC3 (prostate) human cancer cell lines (72 h treatment). 

 50 for compounds 2 [0.17 μg/ml (0.64 μM)] and 4 [0.12 μg/ml (0.33 μM)]. 
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.4. Cytotoxcity mode of action 

Mechanistically, the cytotoxicity of alternariol (AOH) ( 1 ) and its 

ethyl ether derivative ( 2 ) basically attributed to their capability 

f breaking DNA by induction of various types of DNA topoiso- 

erase in several in vitro cell cultures, have been previously stud- 

ed [ 50 , 51 , 52 ]. AOH has been characterized specifically as inhibitor

f DNA topoisomerase I and II enzymes, with certain selectivity for 

he IIa isoform [ 50 , 51 ]. DNA topoisomerases are mainly required 

uring the final stages of DNA replication to facilitate chromo- 

ome untangling, DNA condensation and segregation during mito- 

is, and during translation and general maintenance of the genome 

53] . Alternatively, altertoxins I and II (ATX II) ( 3 , 4 ) were found

o have even more genotoxic and stronger mutagen activity than 

lternariol derivatives, which is possibly carried out by inducing 

NA adducts as well [ 54 , 55 ]. The cytotoxicity of tenuazonic acid is

ainly attributed to its potentiality as protein synthesis inhibitor. 
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