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A B S T R A C T   

The Free-Living Amoeba species, Naegleria fowleri is the causative agent of a lethal encephalitis known as Primary 
Amoebic Encephalitis (PAM). Moreover, most of the reported cases are often related to swimming and/or diving 
in aquatic environments. In addition, the current therapeutic options against PAM are not fully effective and 
hence, there is an urgent need to develop novel therapeutic agents against this disease. Previously iso-
benzofuranones compounds have been reported to present antiprotozoal and antifungal activity among others. 
However, to the best of our knowledge, these molecules have not been previously tested against N. fowleri. 
Therefore, the aim of this study was to evaluate the activity of 14 novel isobenzofuranones against this patho-
genic amoeba. The most active and less toxic molecules, were assayed in order to check induction of Programmed 
Cell Death (PCD) in the treated amoebae. The obtained results showed that these molecules were able to 
eliminate N. fowleri trophozoites and also induced PCD. Therefore, the tested isobenzofuranones could be po-
tential therapeutic candidates for the treatment of PAM.   

1. Introduction 

The opportunistic pathogenic amoeba Naegleria fowleri, belonging to 
the Free-Living Amoeba (FLA) group, causes a fatal disease in humans 
known as Primary Amoebic Meningoencephalitis (PAM)(Maciver et al., 
2020; Piñero et al., 2019; Visvesvara et al., 2007). Popularly known as 
‘brain-eating amoeba’, the first PAM case was reported in Australia by 
Fowler and Carter in 1965 (Fowler and Carter, 1965). Since then, there 

has been a progressive increase in the reported cases worldwide 
(Maciver et al., 2020). With more than 430 cases officially reported 
(Bellini et al., 2018; Maciver et al., 2020; Piñero et al., 2019), the United 
States of America (USA) and Pakistan are the most affected countries 
(Debnath et al., 2020; Johnson et al., 2016; Yoder et al., 2010). Recently 
other countries including Brazil, Costa Rica, Philippines or India have 
reported new cases of PAM (Ali et al., 2020; Graciaa et al., 2018a; 
Henker et al., 2019; Milanez et al., 2017; Mittal et al., 2019), and at the 
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present time it has been classified as a B category priority pathogen by 
the National Institute of Allergy and Infectious Diseases (NIAID) (Tillery 
et al., 2021). 

Primary Amoebic Encephalitis (PAM), that mainly affects healthy 
children and young adults, presents mortality rates above 95% of the 
registered cases (Bellini et al., 2020; Graciaa et al., 2018b; Siddiqui 
et al., 2016), being designated as a rapid and fulminant disease 
(Betanzos et al., 2019; Cope and Ali, 2016; Lopez et al., 2012). Naegleria 
fowleri is commonly isolated in untreated water sources, including hot 

water springs or poorly maintained swimming pools (Yoder et al., 2010). 
The infection is produced after carrying out careless activities (Bellini 
et al., 2020; De Jonckheere, 2011; Graciaa et al., 2018b; Yoder et al., 
2012) when the trophozoite penetrates the nasal cavity. Once the 
amoeba is in the olfactory nerve, it migrates and penetrates the cribri-
form plate, invading the central nervous system (CNS) (Betanzos et al., 
2019; Jahangeer et al., 2020). The infection produces an extensive 
parenchymal inflammation and haemorrhagic necrosis (Aitor 
Rizo-Liendo et al., 2020a). Symptomatology, which is not specific for 

Fig. 1. a) General synthesis of salicylaldehydes 4a-f from aldehydes. b) Synthesis of salicylaldehydes 4g-h from ketones or easily enolizable phenylacetaldehyde. c) 
New access to 3-aryl isobezofuranones. μυ = microwave irradiation. 

Fig. 2. Growth inhibition of N. fowleri (ATCC 30808) trophozoites at 48 h at IC50 concentration. QOET1 (A), QOET3 (B), QOET34 (C) and Negative control (D). All 
images (x40) are representative of the population of treated amoeba and are based on the live cell imaging microscope EVOS FL cell imaging system. 
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PAM cases, appears from 1 to 9 days after exposure, showing seizures, 
fever or bi-frontal headache in early stages of infection, and hallucina-
tions, paralysis and leading to coma in later stages (Arberas-Jiménez 
et al., 2020; Trabelsi et al., 2012). Due to the non-existence of specific 
symptomatology of PAM, the quick development of the disease (from 1 
to 18 days between the detection of the first symptoms to the death) 
(Maciver et al., 2020; Rizo-Liendo et al., 2019) and the lack of a rapid 
clinical detection method, the diagnosis of PAM cases is often under-
taken post-mortem (Aitor Rizo-Liendo et al., 2020a). 

In addition, with the absence of specific PAM therapy protocols the 
treatment of patients becomes an arduous challenge. Currently the 
experimental therapy options involve Amphotericin B (Amp B) and 
Miltefosine, alone or in combination with other drugs (rifampin, azi-
thromycin or azoles) or with hypothermia, reporting successful results in 
PAM cases (Grace et al., 2015; Heggie and Küpper, 2017; Aitor 
Rizo-Liendo et al., 2020b), but also showing, undesired toxic side effects, 
such as in patients treated with Amp B that showed nephrotoxicity, 
anaemia or even brain damage (Laniado-Laborín and Cabrales-Vargas, 
2009; Rizo-Liendo et al., 2019). Consequently, there is a correlation 
between the high mortality rate data with the late diagnosis and the 
non-specific treatment (Cope and Ali, 2016). Hence, the development of 
novel amoebicidal compounds (fast action, more efficiently and with 
low toxic effects) is an urgent need (Zeouk et al., 2021). 

Isobenzofuranones or phthalides are a small group of natural mole-
cules which have been isolated from different plants and/or fungi 
(Sánchez-Fernández et al., 2020). Moreover, these molecules have been 
reported as the main bioactive compounds in some of the plants used in 
the traditional medicine in Asia, European and North America (León 
et al., 2017). Previous studies have shown several biological properties 
of these molecules such as antibacterial (Rahman et al., 2005), antitu-
moral (Da Silva Maia et al., 2016; Logrado et al., 2010; Teixeira et al., 
2013) and antifungal activities (Sánchez-Fernández et al., 2020; Strobel 
et al., 2002). In addition, a recent study in Leishmania genus, a parasitic 
protozoan, showed the activity of isobenzofuranones against this path-
ogen(Mishra et al., 2014; Pereira et al., 2015). 

On the other hand, although there are different approaches to the 
synthesis of 3-aryl substituted isobezofuranones (Carlos et al., 2019; 
Chang et al., 2007; Hu et al., 2014; Huang et al., 2019; Lu et al., 2017; 
Mal et al., 2007; Phan et al., 2009; Touchet et al., 2018; Xing et al., 2010; 
Yang and Yoshikai, 2014; Yohda and Yamamoto, 2015), we wanted to 
take advantage of our previously reported access to polysubstituted 
salicylaldehydes (Tejedor et al., 2011, 2015, 2016) to design a rapid 
entry to a small library of this type of substrates. This strategy consists 
on the synthesis of propargyl vinyl ethers (PVEs) from methyl propiolate 
and different aldehydes or ketones (De Armas et al., 2001; León et al., 
2010; Tejedor et al., 2003), their subsequent transformation into func-
tionalized salicylaldehydes via a microwave assisted domino reaction 
triggered by a propargyl Claisen rearrangement, and finally, the 
metal-free and straightforward generation of the corresponding iso-
benzofuranones via their acid-catalyzed reaction with electron-rich 
arenes (Fig. 1). Subsequently, we built a small library of 14 different 
isobenzofuranones QOET from seven different carbonyl compounds 
(1a-f, 2) and three different electron rich arenes (5a-c). 

The aim of this study was to evaluate the anti-Naegleria activity of the 
isobenzofuranones that compose the library mentioned above (Fig. 1). 

2. Material and methods 

2.1. Chemicals 

1H NMR and 13C NMR spectra of CDCl3 solutions were recorded 
either at 400 and 100 MHz or at 500 and 125 MHz (Bruker Ac 200 and 
AMX2-500), respectively. Mass spectra (low resolution) (EI/CI) were 
obtained with a Hewlett-Packard 5995 gas chromatograph/mass spec-
trometer. High-resolution mass spectra were recorded with a mass 
spectrometer LCT Premier XE with two types of ionization sources: 

electrospray (ESI), an atmospheric pressure chemical ionization source 
(APCI), and with an orthogonal acceleration time-of-flight (oa-TOF) 
analyzer. Analytical thin-layer chromatography plates used were E. 
Merck Brinkman UV-active silica gel (Kieselgel 60 F254) on aluminum. 
Flash column chromatography was carried out with E. Merck silica gel 
60 (particle size less than 0.020 mm) using appropriate mixtures of ethyl 
acetate in hexane unless other solvents are specified. All reactions were 
performed in oven-dried glassware. All materials were obtained from 
commercial suppliers and used as received. Reactions were stirred under 
the given conditions using a hotplate stirrer with a Heat-On™ Block 
System. The synthesis of intermediates 3 and 4 has been previously 
described (Tejedor et al., 2011, 2015, 2016). 

2.2. General procedure for the synthesis of isobenzofuranones 

The appropriate salicylaldehyde (2.0 mmol) and the corresponding 
methoxybenzene (2.6 mmol) were dissolved in 3 mL of trifluoroacetic 
acid and heated under reflux for 48 h. After the solvent was removed by 
rotary evaporation under reduced pressure, CH2Cl2 and water were 
added, and the organic phase was separated and dried over anhydrous 
Na2SO4. The residue was purified by flash column chromatography 
using AcOEt/hexane (10/90) as the eluent. 

. QOET-1: 1H NMR (CDCl3, 400 MHz): δ = 3.84 (s, 

3H), 3.87 (s, 3H), 4.09 (s, 3H), 6.67 (s, 1H), 6.70 (d, 1H, J = 8.8 Hz), 
6.91 (d, 1H, J = 8.8 Hz), 7.35–7.39 (m, 1H), 7.41–7.45 (m, 4H), 
7.48–7.50 (m, 2H), 7.54 (d, 1H, J = 7.8 Hz). 13C NMR (CDCl3, 100 MHz): 
δ = 56.1, 60.1, 62.0, 76.0, 108.7, 117.4, 120.9, 121.0, 125.8, 128.1, 
128.6 (2C), 129.2 (2C), 132.6, 134.6, 135.6, 136.6, 141.9, 147.9, 149.3, 
154.4, 170.5 ppm. HRMS (ESI+): m/z [M+Na]+ calculated for C23H20O6 
415.1158, found 415.1160. 

. QOET-2: 1H NMR (CDCl3, 400 MHz): δ = 0.93 (t, 

3H, J = 7.2 Hz), 1.55–1.67 (m, 2H), 2.52–2.59 (m, 1H), 2.63–2.70 (m, 
1H), 3.84 (s, 3H), 3.90 (s, 3H), 4.17 (s, 3H), 6.58 (s, 1H), 6.70 (d, 1H, J 
= 8.8 Hz), 6.92 (d, 1H, J = 8.8 Hz), 7.24 (d, 1H, J = 7.6 Hz), 7.39 (d, 1H, 
J = 7.6 Hz), 7.71 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ = 14.0, 22.6, 
32.3, 56.1, 61.0, 62.3, 75.4, 109.1, 117.1, 120.3, 121.3, 123.6, 131.8, 
134.6, 136.6, 141.8, 148.3, 148.8, 154.1, 170.9 ppm. HRMS (ESI+): m/z 
[M+Na]+ calculated for C20H22O6 381.1314, found 381.1310. 

. QOET-3: 1H NMR (CDCl3, 400 MHz): δ = 0.87 (t, 

3H, J = 6.5 Hz), 1.27–1.35 (m, 4Н), 1.55–1.63 (m, 2H), 2.57–2.70 (m, 
2H), 3.77 (s, 3H), 3.80 (s, 3H), 4.84 (bs, 1H), 6.31 (s,1H), 6.71 (d, 1H, J 
= 1.8 Hz), 6.84 (d, 1H, J = 8.4 Hz), 6.94 (d, 1H, J = 8.4 Hz), 7.33 (d, 1H, 
J = 7.7 Hz), 7.47 (d, 1H, J = 7.7 Hz). 13C NMR (CDCl3, 100 MHz): δ =
13.9, 22.4, 29.3, 29.8, 31.5, 55.90, 55.92, 80.9, 110.5, 111.3, 117.8, 
120.4, 125.4, 127.1, 132.2, 134.8, 136.2, 148.5, 149.7, 150.4, 170.5 
ppm. HRMS (ESI+): m/z [M+Na]+ calculated for C21H24O5 379.1521, 
found 379.1524. 

. QOET-4: 1H NMR (CDCl3, 400 MHz): δ = 0.94 (t, 

3H, J = 7.3 Hz), 1.58–1.70 (m, 2H), 2.57–2.69 (m, 2H), 3.79 (s, 3H), 
3.87 (s, 3H), 4.72 (s, 1H), 6.31 (s, 1H), 6.72 (d, 1H, J = 1.9 Hz), 6.86 (d, 
1H, J = 8.2 Hz), 6.92 (dd, 1H, J = 8.2 Hz and 1.9 Hz), 7.33 (d, 1H, J =
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7.6 Hz), 7.49 (d, 1H, J = 7.6 Hz). 13C NMR (CDCl3, 100 MHz): δ = 13.8, 
22.8, 31.7, 55.93, 55.95, 80.8, 110.3, 111.3, 117.8, 120.4, 125.4, 127.1, 
132.3, 134.7, 135.8, 148.4, 149.7, 150.4, 170.3 ppm. HRMS (ESI+): m/z 
[M+Na]+ calculated for C19H20O5 351.1208, found 351.1209. 

. QOET-5: 1H NMR (CDCl3, 500 MHz): δ = 2.30 (s, 

3H), 3.79 (s, 3H), 3.86 (s, 3H), 4.85 (bs, 1H), 6.30 (s, 1H), 6.73 (d, 1H, J 
= 2.0 Hz), 6.85 (d, 1H, J = 8.1 Hz), 6.91 (dd, 1H, J = 8.1 Hz and 2.0 Hz), 
7.33 (d, 1H, J = 7.6 Hz), 7.46 (d, 1H, J = 7.6 Hz). 13C NMR (CDCl3, 125 
MHz): δ = 15.8, 55.9, 56.0, 80.8, 110.4, 111.3, 117.8, 120.3, 125.5, 
127.2, 131.2, 133.0, 134.6, 148.7, 149.7, 150.4, 170.3 ppm. HRMS 
(ESI+): m/z [M+Na]+ calculated for C17H16O5 323.0895, found 
323.0891. 

. QOET-6: 1H NMR (CDCl3, 400 MHz): δ = 0.95 (t, 

3H, J = 7.3 Hz), 1.56–1.70 (m, 2H), 2.55–2.68 (m, 2H), 3.80 (s, 3H), 
4.60 (s, 1H), 6.31 (s, 1H), 6.90 (d, 2H, J = 8.5 Hz), 7.22 (d, 2H, J = 8.5 
Hz), 7.33 (d, 1H, J = 7.6 Hz), 7.48 (d, 1H, J = 7.6 Hz). 13C NMR (CDCl3, 
125 MHz): δ = 13.9, 22.8, 31.7, 55.4, 80.5, 114.7 (2C), 117.8, 125.6, 
126.6, 129.3 (2C), 132.2, 134.9, 135.6, 148.3, 160.9, 170.3 ppm. HRMS 
(ESI+): m/z [M+Na]+ calculated for C18H18O4 321.1103, found 
321.1102. 

. QOET-7: 1H NMR (CDCl3, 400 MHz): δ = 1.19 (t, 

3H, J = 7.6 Hz), 2.58–2.75 (m, 2H), 3.84 (s, 3H), 3.90 (s, 3H), 4.18 (s, 
3H), 6.58 (s, 1H), 6.70 (d, 1H, J = 8.8 Hz), 6.92 (d, 1H, J = 8.8 Hz), 7.26 
(d, 1H, J = 7.8 Hz), 7.40 (d, 1H, J = 7.8 Hz), 7.76 (s, 1H). 13C NMR 
(CDCl3, 100 MHz): δ = 13.7, 23.4, 56.1, 61.0, 62.3, 75.4, 109.1, 117.3, 
120.3, 121.3, 123.6, 130.9, 134.5, 138.0, 141.9, 148.3, 148.7, 154.1, 
170.9 ppm. HRMS (ESI+): m/z [M+Na]+ calculated for C19H20O6 
367.1158, found 367.1155. 

. QOET-8: 1H NMR (CDCl3, 400 MHz): δ = 1.22 (t, 

3H, 3J(H,H) = 7.4 Hz), 2.61–2.75 (m, 2H), 3.77 (s, 3H), 3.86 (s, 3H), 4.8 
(bs, 1H), 6.32 (s, 1H), 6.72 (d, 1H, 3J(H,H) = 1.9 Hz), 6.84 (d, 1H, 3J(H, 
H) = 8.2 Hz), 6.90 (dd, 1H, 3J(H,H) = 8.2 Hz and 1.9 Hz), 7.35 (d, 1H, 3J 
(H,H) = 7.7 Hz), 7.48 (d, 1H, 3J(H,H) = 7.7 Hz). 13C NMR (CDCl3, 125 
MHz): δ = 13.8, 22.9, 55.90, 55.94, 80.9, 110.4, 111.2, 117.9, 120.4, 
125.3, 127.1, 131.4, 134.7, 137.4, 148.3, 149.7, 150.3, 170.5 ppm. 
HRMS (ESI+): m/z [M+Na]+ calculated for C18H18O5 337.1052, found 
337.1060. 

. QOET-9: 1H NMR (CDCl3, 500 MHz): δ = 1.25 (dd, 

6H, J = 6.9 Hz and 1.5 Hz), 3.20–3.29 (m, 1H), 3.78 (s, 3H), 3.87 (s, 3H), 
4.85 (bs, 1H), 6.31 (s, 1H), 6.72 (d, 1H,J = 1.9 Hz), 6.86 (d, 1H, J = 8.2 
Hz), 6.92 (dd, 1H, J = 8.2 Hz and 2.0 Hz), 7.42 (d, 1H, J = 8.0 Hz), 7.52 
(d, 1H, J = 8.0 Hz). 13C NMR (CDCl3, 100 MHz): δ = 22.3, 22.6, 27.1, 
55.9, 56.0, 80.8, 110.4, 111.4, 118.1, 120.4, 125.0, 127.0, 128.6, 134.7, 
141.8, 147.7, 149.8, 150.5, 170.3 ppm. HRMS (ESI+): m/z [M+Na]+

calculated for C19H20O5 351.1208, found 351.1207. 

. QOET-10: 1H NMR (CDCl3, 400 MHz): δ = 3.83 (s, 

3H), 3.89 (s, 3H), 4.16 (s, 3H), 6.61 (s, 1H), 6.70 (d, 1H, J = 8.6 Hz), 
6.90 (d, 1H, J = 8.6 Hz), 7.06 (d, 1H, J = 8.0 Hz), 7.37 (t, 1H, J = 7.7 
Hz), 7.46 (d, 1H, J = 7.5 Hz), 7.77 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ 
= 56.1, 61.0, 62.3, 75.7, 109.0, 117.4, 120.3, 121.1, 121.9, 126.2, 
131.1, 134.7, 142.0, 148.4, 151.3, 154.2, 170.7 ppm. HRMS (ESI+): m/z 
[M+Na]+ calculated for C17H16O6 339.0845, found 339.0844. 

. QOET-33: 1H NMR (CDCl3, 400 MHz): δ =

1.72–1.81 (m, 4H), 2.62–2.70 (m, 2H), 2.75–2.83 (m, 2H), 3.83 (s, 3H), 
3.89 (s, 3H), 4.17 (s, 3H), 6.55 (s, 1H), 6.69 (d, 1H, J = 8.8), 6.91 (d, 1H, 
J = 8.8), 7.21 (s, 1H), 7.75 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ = 16.3, 
56.1, 61.0, 62.3, 75.3, 109.0, 117.0, 120.2, 121.2, 123.7, 132.2, 132.5, 
134.3, 141.8, 148.3, 149.0, 154.1, 170.9. HRMS (ESI+): m/z [M+Na]+

calculated for C21H22O6 393.1314, found 393.1317. 

. QOET-34: 1H NMR (CDCl3, 400 MHz): δ = 0.86 (t, 

3H, J = 6.5 Hz), 1.29–1.33 (m, 4H), 1.51–1.61 (m, 2H), 2.56 (ddd, 1H, J 
= 15.6, 9.1, 6.4), 2.67 (ddd, 1H, J = 15.4, 9.1, 6.4), 3.83 (s, 3H), 3.89 (s, 
3H), 4.17 (s, 3H), 6.58 (s, 1H), 6.70 (d, 1H, J = 8.8), 6.91 (d, 1H, J =
8.8), 7.24 (d, 1H, J = 7.6), 7.38 (d, 1H, J = 7,6), 7.71 (s, 1H). 13C NMR 
(CDCl3, 100 MHz): δ = 14.0, 22.5, 29.1, 30.2, 31.7, 56.0, 61.0, 62.3, 
75.4, 109.0, 117.1, 120.3, 121.2, 123.6, 131.7, 134.6, 136.8, 141.8, 
148.3, 148.7, 154.1, 170.9 ppm. HRMS (ESI+): m/z [M+Na]+ calculated 
for C22H26O6 409.1627, found 409.1618. 

. QOET-35: 1H NMR (CDCl3, 400 MHz): δ = 2.25 

(s,3H), 3.83 (s, 3H), 3.89 (s, 3H), 4.17 (s, 3H), 6.57 (s, 1H), 6.69 (d, 1H, 
J = 8.8), 6.90 (d, 1H, J = 8.8), 7.24 (d, 1H, J = 7.6), 7.36 (d, 1H, J =
7,6), 7.80 (s, 1H). 13C NMR (CDCl3, 100 MHz): δ = 22.36, 22.42, 23.7, 
29.9, 56.1, 61.0, 62.3, 75.3, 109.1, 117.6, 120.1, 121.7, 122.4, 131.1, 
131.7, 140.9, 141.8, 148.2, 148.4, 154.0, 171.2 ppm. HRMS (ESI+): m/z 
[M+Na]+ calculated for C18H18O6 353.1001, found 353.1008. 

. QOET-36: 1H NMR (CDCl3, 400 MHz): δ = 1,19 (d, 

3H, J = 6.9), 1.21 (d, 3H, J = 6.9), 3.29–3.37 (m, 1H), 3.83 (s, 3H), 3.90 
(s, 3H), 4.17 (s, 3H), 6.58 (s, 1H), 6.70 (d, 1H, J = 8.8), 6.92 (d, 1H, J =
8.8), 7.33 (d, 1H, J = 7.6), 7.43 (d, 1H, J = 7.6), 7.74 (s, 1H). 13C NMR 
(CDCl3, 100 MHz): δ = 22.0, 22.7, 27.0, 56.1, 61.0, 62.3, 75.4, 109.0, 
117.3, 120.3, 121.2, 123.3, 128.0, 134.6, 141.8, 142.3, 148.1, 148.3, 
154.1, 170.9 ppm. HRMS (ESI+): m/z [M+Na]+ calculated for C20H22O6 
381.1314, found 381.1315. 

2.3. Naegleria fowleri cultures and cell line maintenance 

Two type strains of Naegleria fowleri with reference number (ATCC® 
30808™ and ATCC® 30215™) from the American Type Culture 
Collection (LG Promochem, Barcelona, Spain) were used in this study. 
Both strains were axenically cultured in 2% (w/v) Bactocasitone me-
dium (Thermo Fisher Scientific, Madrid, Spain) at 37 ◦C, supplemented 
with 10% (v/v) of foetal bovine serum (FBS), containing 0,3 μg/mL of 
Penicillin G Sodium Salt and 0,5 mg/mL of Streptomycin sulphate 
(Sigma-Aldrich, Madrid, Spain). Amoebic strains were cultured in a 
biological security facility level 3 at the Instituto Universitario de 
Enfermedades Tropicales y Salud Pública de Canarias, Universidad de La 
Laguna, regarding to the Spanish biosafety guidelines for this pathogen 
(Rizo-Liendo et al., 2019). 

For the cytotoxicity assays, the murine macrophage J774A.1 (ATCC 

A. Rizo-Liendo et al.                                                                                                                                                                                                                           



International Journal for Parasitology: Drugs and Drug Resistance 17 (2021) 139–149

143

# TIB-67) cell line was used. The cells were cultured in Dulbecco’s 
Modified Eagle’s medium (DMEM, w/v) supplemented with 10% (v/v) 
FBS and 10 μg/mL gentamicin (Sigma-Aldrich, Madrid, Spain), at 37 ◦C 
in a 5% C02 atm (Sifaoui et al., 2017). 

2.4. In vitro activity assays against Naegleria fowleri trophozoites 

The in vitro activity of the isobenzofuranones included in this study 
was determined using a colorimetric assay based on the AlamarBlue® 
reagent as previously described (Rizo-Liendo et al., 2019). The tropho-
zoites, from a stock solution of 2*105 cells/ml, were seeded in duplicate 
(50 μl) on a 96-microtiter plate (Thermo Fisher Scientific, Madrid, 
Spain). Then, 50 μl of a serial dilution of the tested compounds (in the 
same medium as Naegleria fowleri) was added to the plate. For the 
negative control, 50 μl of the medium alone was added to the seeded 
trophozoites. After that, the AlamarBlue® reagent (10% of the medium 
volume) was placed in each well and the plates were incubated with 
slight agitation at 37 ◦C for 48 h. Finally, plates were analysed with the 
EnSpire Multimode Plate Reader (PerkinElmer, Madrid, Spain) using a 
wavelength of excitation of 570 nm and a reference wavelength of 630 
nm. 

The percentages of growth inhibition and 50% and 90% inhibitory 
concentrations (IC50 and IC90) were calculated performing a no linear 
regression analysis with a 95% confidence limit using the GraphPad 
Prism8.0.2 software program (GraphPad Software, San Diego, CA, USA). 
All activity experiments were made in triplicate and the mean values 
were also calculated. A paired two-tailed t-test was used for the analysis 
of the data and the values of P < 0.05 were considered as statistically 
significant. 

2.5. Cytotoxicity assays 

The cytotoxic concentration 50 (CC50) of the tested compounds was 
evaluated using a murine macrophages cell line J774A.1 (ATCC® TIB- 
67™). Briefly, different concentrations of the compounds were incu-
bated with the cells (from a stock solution of 105 cells/ml) and the 
AlamarBlue® (10% of the medium volume) reagent was added to each 
well. As a negative control, 50 μl of the medium alone was added to the 
seeded cells. The plates were incubated for 24 h at 37 ◦C in a 5% CO2 
atmosphere (Lorenzo-Morales et al., 2015; Sifaoui et al., 2017). 

2.6. Evaluation of the programmed cell death induction (PCD) in 
Naegleria fowleri 

The ATCC® 30808™ Naegleria fowleri strain was used to carry out 
the assessment of the programmed cell death induction by the most 
promising molecules in the trophozoites forms. 

2.6.1. Double stain assay for detection of chromatin condensation 
A double-stain apoptosis detection kit (Hoechst 33342/PI) (Life 

Technologies, Madrid, Spain) and an EVOS FL Cell Imaging System 
AMF4300, (Life Technologies, Madrid, Spain) were used to perform the 
detection of chromatin condensation, following manufacturer’s in-
structions. Briefly, 5*105 cells/ml were incubated with the previously 
calculated IC90 of the compounds during 24 h at 37 ◦C. 

This kit allows to distinguish between three different cell pop-
ulations: death cells will show an intense red fluorescence (as the PI stain 
enters the nucleus), cells undergoing PCD will show blue fluorescence 
(as the Hoechst 33342 stain bind the condensed chromatin) and live 
cells will show a low blue fluorescence (Sifaoui et al., 2018). 

2.6.2. Plasma membrane permeability evaluation 
In order to evaluate the permeability of the cell membrane the 

SYTOX Green assay (Life Technologies, Madrid, Spain) was performed. 
Firstly, amoebae from a stock solution of 5*105 cells/ml were incubated 

Table 1 
a Yields for isolated pure compounds.b Recovered unreacted starting material.  

ENTRY 4 R2 R1 X Y Yield 
(%)a 

4 (rec 
%)b 

QOET 

1 4a H H OMe OMe 63 – QOET- 
10 

2 4b Me H OMe OMe 79 20 QOET- 
35 

3 4c Et H OMe OMe 75 – QOET-7 
4 4d n-Pr H OMe OMe 73 – QOET-2 
5 4e i-Pr H OMe OMe 68 21 QOET- 

36 
6 4f n- 

Pen 
H OMe OMe 88 – QOET- 

34 
7 4g Ph H OMe OMe 73 – QOET-1 
8 4h Cyhex OMe OMe 22 49 QOET- 

33 
9 4b Me H H OMe 50 – QOET-5 
10 4c Et H H OMe 49 – QOET-8 
11 4d n-Pr H H OMe 50 23 QOET-4 
12 4e i-Pr H H OMe 55 14 QOET-9 
13 4f n- 

Pen 
H H OMe 66 – QOET-3 

14 4d n-Pr H H H 22 – QOET-6  

Table 2 
Inhibitory concentrations (IC50/IC90) of the evaluated isobenzofuranones against the trophozoite stage of Naegleria fowleri type strains ATCC® 30808™ and ATCC® 
30215™, and cytotoxicity values (CC50) against murine macrophages J774A.1 strain ATCC® TIB-67™. N/A indicates that no activity was observed. N/D indicates that 
values were not determined. The selectivity index (SI) of the active compounds was also calculated.  

Compound N. fowleri ATCC® 
30808™ IC50 (μM) 

N. fowleri ATCC® 
30215™ IC50 (μM) 

Murine macrophage 
J774.A1 CC50 (μM) 

N. fowleri ATCC® 
30808™ SI* (CC50/IC50) 

N. fowleri ATCC® 
30215™ SI* (CC50/IC50) 

N. fowleri ATCC® 
30808™ IC90 (μM) 

QOET-1 17.42 ± 5.02 12.89 ± 1.68 ≥509.68 ≥29.26 ≥39.51 103.06 
QOET-2 58.97 ± 9.54 N/D 94.45 ± 3.57 1.60 N/D N/D 
QOET-3 19.88 ± 5.29 12.99 ± 2.47 ≥561.17 ≥28.23 ≥43.20 93.49 
QOET-4 N/A N/D ≥152.25 N/D N/D N/D 
QOET-5 N/A N/D ≥333.00 N/D N/D N/D 
QOET-6 N/A N/D ≥335.23 N/D N/D N/D 
QOET-7 N/A N/D ≥290.44 N/D N/D N/D 
QOET-8 ≥318.17 N/D ≥159.08 ≥0.50 N/D N/D 
QOET-9 89.07 ± 13.55 34.88 ± 4.84 ≥304.60 ≥3.42 ≥8.73 N/D 
QOET-10 N/A N/D ≥316.16 N/D N/D N/D 
QOET-33 90,93 ± 5,67 N/D ≥134.99 ≥1.49 N/D N/D 
QOET-34 27,67 ± 1,99 7.79 ± 0.88 ≥129.40 ≥4.68 ≥16.61 56.08 
QOET-35 99,24 ± 6,69 N/D ≥151.33 ≥1.52 N/D N/D 
QOET-36 95,23 ± 0,56 N/D ≥139.51 ≥1.47 N/D N/D 
Amphotericin 

B 
0.121 ± 0.032 0.166 ± 0.026 ≥200 ≥1652.893 ≥1204.819 – 

Miltefosine 38.742 ± 4.232 81.574 ± 7.236 127.887 ± 8.852 3.301 1.568 –  
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in a 96-well plate with the IC90 of the selected molecules. After 24 h, the 
Sytox Green dye was added at a final concentration of 1 μM and incu-
bated for 15 min to finally observe the cells in an EVOS FL Cell Imaging 
System AMF4300 (Life Technologies, Madrid, Spain). Sytox Green dye 
binds DNA and shows high green fluorescence when the membrane is 
permeable and enables it to enter the cytoplasm (Lorenzo-Morales et al., 
2019). 

2.6.3. Generation of intracellular reactive oxygen species (ROS) 
The generation of ROS in treated amoebae was determined with the 

CellROX Deep Red fluorescent probe (Invitrogen, Termo Fisher Scien-
tifc, Madrid, Spain). The experiment was carried out after incubating 
5*105 cells/ml with the IC90 of the tested compounds at 37 ◦C during 24 
h. Afterwards, cells were exposed to CellROX Deep Red (final concen-
tration 5 μM) and incubated for 30 min in dark. Finally, the presence or 

Fig. 3. N. fowleri (ATCC30215) trophozoites incubated with the IC50 of QOET1 (A), QOET3 (B), QOET34(C) and Negative control (D). All images (x40) are 
representative of the population of treated amoeba and are based on the live cell imaging microscope EVOS FL cell imaging system. 

Fig. 4. Naegleria fowleri trophozoites incu-
bated with IC90 of the evaluated compounds 
for 24 h (D–L). Negative control (A–C), 
QOET1 (D–F), QOET3 (G–I) and QOET34 
(J–L). The results of the Hoechst stain is 
different in control cells, where no fluores-
cence is observed (B), and in treated cells, 
where the nuclei are intense blue (E,H,K). 
Overlay channel (A,D,G,J); Hoechst channel 
(B,E,H,K), and propidium iodide channel (C, 
F,I,L). Images (40 × ) are representative of 
the cell population observed in the per-
formed experiments. Images were obtained 
using an EVOS FL Cell Imaging System 
AMF4300, Life Technologies, USA. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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ROS was evaluated with EVOS FL Cell Imaging System AMF4300 (Life 
Technologies, Madrid, Spain) as they show high red fluorescence 
(Arberas-Jiménez et al., 2020). 

2.6.4. Analysis of mitochondrial function disruption 

2.6.4.1. ATP level measurement. The Celltiter-Glo® Luminescent Cell 
Viability Assay (Promega Biotech Ibérica, Madrid, Spain) was used, 
following manufacturer’s indications, to measure the ATP levels after 
treating the cells (5*105 cells/ml) with the IC90 of the compounds for 24 
h, at 37 ◦C. An EnSpire® Multimode Plate Reader (PerkinElmer, Madrid, 
Spain) was used to obtain the luminescence data (Lorenzo-Morales et al., 
2019). The experiment was carried out in triplicate. Briefly, after the 
previous mentioned incubation, reactive was added to the wells in 1:1 
proportion. Afterwards 2 min of vigorous shake, plate was incubated in 
darkness for 10 min before the luminescence reading. 

2.6.4.2. Mitochondrial membrane potential. The collapse of an electro-
chemical gradient across the mitochondrial membrane in the treated 
cells during PCD was evaluated using the JC-1 mitochondrial membrane 
potential detection kit (Cayman Chemicals, Vitro SA, Madrid, Spain). 
Naegleria fowleri trophozoites, from a stock solution of 5*105 cells/ml, 
were incubated with the IC90 of the tested isobenzofuranones at 37 ◦C 
for 24 h and the assay was carried out following manufacturer’s rec-
ommendations. The images were obtained with an EVOS FL Cell Imag-
ing System AMF4300 (Life Technologies, Madrid, Spain). The obtained 
staining pattern permitted the identification of two groups in a cellular 

population: Healthy cells, that will show only red fluorescence, and cells 
presenting low mitochondrial membrane potential (undergoing PCD), 
which would show an intense level of green and red fluorescence (Aitor 
Rizo-Liendo et al., 2020a). 

2.7. Statistical analysis 

All data were recorded, edited, and entered using GraphPad Prism 
version 9.0 (GraphPad Software; CA; USA). The data are expressed as the 
mean ± standard deviation of at least three independent experiments. A 
statistical analysis was conducted using one-way analysis of variance 
(ANOVA). Statistical significance was set at p < 0.05. 

3. Results 

3.1. Synthesis of isobenzofuranones 

As it can be extracted from Table 1, which shows the results for the 
synthesis of the small library of 14 different isobenzofuranones QOET, 
better efficiencies and good yields are obtained with the more electro- 
rich 1,2,3-trimethoxybenzene (entries 1–7) except for the more slug-
gish salicylaldehyde 4g derived from cyclohexanone (entry 8). The re-
actions with 1,2-dimethoxybenzene affords moderate but acceptable 
yields of the desired isobenzofuranones (entries 9–13), while the reac-
tion of anisole gives in comparison only a low yield of the final product 

Fig. 5. Permeation of the Naegleria fowleri plasma membrane to the vital dye 
SYTOX green caused by addition of QOET1 (C,D), QOET3 (E,F) and QOET34 
(G,H) at IC90 after 24 h. Negative Control (A,B). Images (40 × ) are repre-
sentative of the cell population observed in the performed experiments. Images 
were obtained using an EVOS FL Cell Imaging System AMF4300, Life Tech-
nologies, Madrid, Spain. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Increase levels of intracellular ROS levels (red fluoresncence) caused by 
the addition of QOET1 (C and D), QOET3 (E and F) and QOET 34 (G and H) at 
IC90 after 24 h of incubation. Negative control (A and B) The evaluated com-
pounds were added to the cells and exposed to CellROX® Deep Red (5 μM, 30 
min) at 37 ◦C in the dark. Images (40×) are representative of the cell population 
observed in the performed experiments. Images were obtained using an EVOS 
FL Cell Imaging System AMF4300, Life Technologies, Spain. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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QOET-6. 

3.2. In vitro activity and toxicity of isobenzofuranones against Naegleria 
fowleri 

In vitro activity assays revealed that 8 of the 14 isobenzofuranones 
included in this study were active against the Naegleria fowleri ATTC 
30808® strain as shown in Table 2. Among them, QOET-1, QOET-3, 
QOET-9 and QOET-34 stand out for their inhibitory concentration 50 
(IC50) value (Fig. 2 and S29), being more active than miltefosine (one of 
the reference drugs). 

Moreover, considering the In vitro activity showed against ATCC 
30808 strain, 4 compounds were evaluated against a trophozoite stage 
of the clinical strain ATCC 30215, obtaining IC50 values ranging from 
7.79 ± 0.88 μM to 34.88 ± 4.84 μM (Fig. 3 and S30). Consequently, 
QOET-1, QOET-3 and QOET-34 were selected as candidates to continue 
with the evaluation of the PCD induction in treated cells due to their low 
IC50 and toxicity levels. 

3.3. Evaluation of PCD induction in treated Naegleria fowleri trophozoites 

The chromatin condensation assay was positive for the three evalu-
ated isobenzofuranones since the treated cells exhibited an intense blue 
fluorescent-stained nucleus as shown in Fig. 4 and S31, corresponding to 
condensed chromatin. 

All the compounds caused plasma membrane damage when amoebas 
were treated with the IC90 after 24 h as an intense green fluorescence can 
be observed in Fig. 5 and S32. 

The Naegleria fowleri trophozoites treated with IC90 of both QOET-1, 
QOET-3 or QOET-34 during 24 h showed an increase in the ROS pro-
duction as it is visible in Fig. 6 and S33. 

Evaluated compounds induced changes on mitochondrial inner 
membrane potential of the treated trophozoites since green fluorescence 

is shown, which corresponds to the monomeric form of the JC-1 dye 
(Fig. 7 and S34). In order to confirm these results, the ATP production 
after 24 h was also measured. The results showed that cells decreased 
their ATP levels in a 66.53% when treated with QOET-1, a 98.91% when 
treated with QOET-3 and a 67.06% when treated with QOET-34 
comparing with the negative control (Fig. 8). 

4. Discussion 

In the present study, we evaluated the activity of 14 iso-
benzofuranone derivatives as potential anti-Naegleria compounds. The 
obtained results showed that three of the tested compounds were active 
at low concentrations ranging from 7.79 to 27.67 μM. Interestingly, the 
obtained IC 50s revealed that the selected isobenzofuranones were more 
active against the ATCC® 30215 strain (Table 2), which is more resistant 
to the current therapeutic agents used to treat PAM as it has been pre-
viously reported by our group and others(Rice et al., 2015; Rizo-Liendo 
et al., 2021). 

Moreover, 3-butyl-6-bromo-1(3H)-isobenzofuranone (Br-NBP) 
showed short half-life, good dose-linear pharmacokinetic profile, wide 
tissue distribution, and different degree protein binding to various 
species plasma (Tian et al., 2016). In addition, these molecules have 
been proposed as good candidates for cancer therapy (Naik et al., 2012). 

Programmed cell death and apoptosis-like processes have been 
described in different unicellular protozoan parasites(Kaczanowski 
et al., 2011). Moreover, previous studies have proved the induction of 
apoptosis-like process after the treatment of Leishmania spp. with iso-
benzofuranones(Mishra et al., 2014). 

Cardenas-Zuñiga and colleagues described PCD process in Naegleria 
fowleri and Naegleria gruberi for the first time(Cárdenas-Zúñiga et al., 
2017). In previous works of our group, PCD process in Naegleria fowleri 
was evaluated after detection of specific metabolic events such as DNA 
condensation, plasmatic membrane and mitochondrial membrane 

Fig. 7. Effect of QOET1 (D–F), QOET3 (G–I) 
and QOET34 (J–L) on the mitochondrial 
membrane potential. Negative control 
(A–C). The JC-1 dye accumulates in the 
mitochondria of healthy cells as aggregates 
and emits a red fluorescence (red channel: B, 
E,H,K). Cells treated with the IC90 of the 
compounds for 24 h emitted a green fluo-
rescence (green channel: C,F,I,L); due to the 
decrease in mitochondrial membrane po-
tential, the JC-1 remained in the cytoplasm 
in monomeric form and emit green fluores-
cence. Images (40×) are representative of 
the cell population observed in the per-
formed experiments. Images were obtained 
using an EVOS FL Cell Imaging System 
AMF4300, Life Technologies, Spain. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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damage, collapse of ATP levels and intracellular ROS generation(A. 
Rizo-Liendo et al., 2020; Zeouk et al., 2020). The isobenzofuranones 
selected in this study were able to induce all the metabolic events 
mentioned above hence showing signs of PCD induction (early 
apoptosis) leading to a safer therapy if used in the near future. In 
addition, cell death induction by necrosis could cause undesired 
inflammation processes in the patient whereas PCD (apoptosis) events 
do not induce inflammation (Rizo-Liendo et al., 2020). 

In addition, the mechanism of action of isobenzofuranones in Nae-
gleria fowleri has not yet been evaluated. However, these compounds 
have been described as inhibitors of the DNA topoisomerase type II in 
Leishmania genus(Mishra et al., 2014). On the other hand, 
anti-acetylcholinesterase properties have been also recently stated in 
some fungi species(Abbod et al., 2020). 

Recently, the genome data from Naegleria fowleri and Naegleria gru-
beri(Liechti et al., 2019; Mullican et al., 2018) has been made available 
in the database where the DNA topoisomerase II gene (https://www. 
uniprot.org/uniprot/A0A6A5BHC1) and the AchE-like enzymes genes 
has been described (i.e https://www.uniprot.org/uniprot/D2V1M1) 
(Arberas-Jiménez et al., 2020). Therefore, inhibition of these enzymes 
could lead to the activation of PCD process observed in this parasite. 
Hence, the elucidation of these mechanisms could be a useful pathway to 
follow. 

5. Conclusion 

To conclude, the selected isobenzofuranones showed high activity 
against the two different Naegleria fowleri strains included in this study 
inducing PCD processes and low toxicity. Therefore, these compounds 

could be good candidates for future in vivo assays to develop new PAM 
therapeutic protocols. 
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Souto, M.L., Daranas, A.H., Piñero, J.E., Fernández, J.J., 2019. Evaluation of 
oxasqualenoids from the red Alga laurencia viridis against Acanthamoeba. Mar. 
Drugs. https://doi.org/10.3390/md17070420. 

Lorenzo-Morales, J., Khan, N.A., Walochnik, J., 2015. An update on Acanthamoeba 
keratitis: diagnosis, pathogenesis and treatment. Parasite 22, 10. https://doi.org/ 
10.1051/parasite/2015010. 

Lu, B., Zhao, M., Ding, G., Xie, X., Jiang, L., Ratovelomanana-Vidal, V., Zhang, Z., 2017. 
Ruthenium-catalyzed enantioselective hydrogenation/lactonization of 2-Acylaryl-
carboxylates: direct access to chiral 3-substituted phthalides. ChemCatChem 9, 
3989–3996. https://doi.org/10.1002/cctc.201700695. 
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Firmino, R., Da Silva, A.M., Júnior, A.S., Bressan, G.C., Almeida, M.R., Afonso, L.C. 
C., Teixeira, R.R., Fietto, J.L.R., McPhee, D.J., 2015. The antileishmanial potential of 
C-3 functionalized isobenzofuranones against Leishmania (Leishmania) Infantum 
Chagasi. Molecules. https://doi.org/10.3390/molecules201219857. 

Phan, D.H.T., Kim, B., Dong, V.M., 2009. Phthalides by rhodium-catalyzed ketone 
hydroacylation. J. Am. Chem. Soc. 131, 15608–15609. https://doi.org/10.1021/ 
ja907711a. 
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