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ABSTRACT 

Strong antileishmanial and antitrypanosomal activities were highlighted for the crude 

methanolic extract (IC50 = 0.61 and 2.15 μg/mL, respectively) of Zanthoxylum zanthoxyloides 

(Lam.) B.Zepernick & Timler root bark, as well as for its apolar partitions (cyclohexane: IC50 

= 0.66 and 5.17 μg/mL, respectively and dichloromethane: IC50 = 0.07 and 0.22 μg/mL, 

respectively), with a good selectivity index (SI) towards WI-38 cells. In addition, cyclohexane 

and dichloromethane extracts exhibited a dose-dependent inhibition of human coronavirus 

HCoV-229E infection in hepatoma Huh-7 cells expressing or not the cellular protease 

TMPRSS2 (IC50 values of 5.29 μg/mL and 4.87 μg/mL, respectively). Fractionation of these 

active extracts led to the isolation of a new racemic benzophenanthridine alkaloid named 

zanthoxyloithrine (1), together with 13 known compounds. Their structures were elucidated 

by spectroscopic techniques including IR, UV, HR-MS, 1D and 2D NMR and electronic 

circular dichroism. In parallel, HR-ESI-MS/MS based dereplication and molecular 

networking analysis were performed to identify unpurified compounds in cyclohexane and 

dichloromethane extracts. Zanthoxyloithrine (1) showed strong antileishmanial (IC50 = 0.14 

μM, SI = 52.0) and antitrypanosomal (IC50 = 0.36 μM, SI = 20.8) activities. In addition, 

compound (1) demonstrated a high antiviral activity against HCoV-229E with IC50 value of 

6.70 μM in presence of TMPRRS2 and without significant toxicity on Huh-7 cells. Other 

purified benzo[c]phenanthridine alkaloids also showed anti-coronavirus and antiparasitic 

activities.  

 

Keywords: Zanthoxylum zanthoxyloides (Lam.) B.Zepernick & Timler; Root bark; 

Benzophenanthridine alkaloids; Antileishmanial; Antitrypanosomal; Anti-coronavirus    
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1. Introduction 

The genus Zanthoxylum L. (Rutaceae), consisting of trees and shrubs, includes 234 

accepted species distributed throughout the world in tropical and temperate regions (Plants of 

the World Online). In Africa, this genus is represented by 35 species mainly distributed in 

West African countries (Zepernick and Timler, 1981). Different plant parts of Zanthoxylum 

species are widely used in traditional medicine in the treatment of many infectious diseases, 

but also in the management of sickle cell anemia or some cancers (Misra et al., 2013; 

Guetchueng et al., 2018; Okagu et al., 2021). 

In Senegal, different organs of the small tree Zanthoxylum zanthoxyloides (Lam.) B.Zepernick 

& Timler, including root bark, are widely used in traditional medicine for their antiparasitic 

properties (Kerharo, 1971; Pousset, 2004). However, the antileishmanial and 

antitrypanosomal activities of this species are not well investigated. Leishmaniasis, an 

infectious zoonotic disease distributed worldwide with 1.3 million people infected per year, is 

caused by approximately twenty species of protozoa belonging to the genus Leishmania 

transmitted by a bite from a female sand fly vector, and manifested by visceral or cutaneous 

symptoms (Vila-Nova et al., 2013; Castillo et al., 2014; Dofuor et al., 2019a; Rinaldi et al., 

2019). Human African trypanosomiasis (HAT) or Chagas disease, endemic in Africa and 

South America, respectively, which affects between 300,000 and 500,000 people per year, is 

caused by protozoa of the genus Trypanosoma after the bite of an infested tsetse fly and can in 

some cases attack the central nervous system (Fotie et al., 2007; Bero et al., 2011). Without 

effective treatments, both diseases are usually fatal (Chappuis et al., 2007; Alotaibi et al., 

2021). Currently, existing drugs for these two diseases, depending on the stage of infection, 

cause many adverse effects related to their toxicity. In addition, the complexity of their 

administration (intramuscular or intravenous for most of them) and their high costs strongly 

limit their effectiveness (Fotie et al., 2007; Vila-Nova et al., 2013; Castillo et al., 2014).  
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At the beginning of the COVID-19 pandemic caused by severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), many countries promoted the use of plants by local 

populations for the management of symptoms of the infection without scientific verification 

(Chakraborty et al., 2022; Wasilewicz et al., 2024), including species belonging to the 

Rutaceae family such as Z. zanthoxyloides (Bafandeh et al., 2023; Houeze et al., 2023). In 

Senegal, some traditional practitioners recommended that patients infected with the 

coronavirus take an infusion or decoction of Z. zanthoxyloides root bark. HCoV-229E is a 

virus primarily responsible for respiratory infections, including the common cold in humans, 

and may serve as a model for highly pathogenic coronaviruses such as SARS-CoV-2. From a 

phytochemical perspective, previous studies have reported that Z. zanthoxyloides is a source 

of benzophenanthridine and quinoline alkaloids that have antibacterial (Miao et al., 2011), 

antiparasitic (Hu et al., 2017), anti-inflammatory (Danielewski et al., 2022), antiviral 

(Latarissa et al., 2021), and anti-tumoral (Couillerot et al., 1994; Yang et al., 2020) properties. 

In this context, we investigated the chemical composition of the root bark of Z. zanthoxyloides 

and evaluated the antiparasitic and anti-coronavirus activities of this plant. This paper 

describes the isolation and structural elucidation of one new racemic benzophenanthridine 

alkaloid along with thirteen known compounds. All these compounds were evaluated for their 

antiparasitic activities against Leishmania mexicana mexicana and Trypanosoma brucei 

brucei and their anti-coronavirus activity against human coronavirus HCoV-229E. The 

cytotoxicity of the purified compounds was also evaluated on normal human pulmonary 

fibroblast WI-38 cells and on hepatoma Huh-7 cells. 

2. Results and discussion 

2.1. Preliminary antiparasitic and antiviral assays  

The crude methanolic extract of Z. zanthoxyloides root bark (ZZM) and its four 

partitions, cyclohexane (ZZC), dichloromethane (ZZD), ethyl acetate (ZZE), aqueous (ZZA), 
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were evaluated in dose-response experiments for their antiparasitic activities (IC50) against 

Leishmania mexicana mexicana (Lmm) and Trypanosoma brucei brucei (Tbb), as well as for 

their cytotoxic activity (CC50) on WI-38 cells (Table 1). ZZD demonstrated excellent 

antileishmanial activity against Lmm (IC50 = 0.07 μg/mL, SI = 252.4) and particularly good 

antitrypanosomal activity against Tbb (IC50 = 0.22 μg/mL, SI = 81.5) associated with good 

selectivity indexes (Table 1). The extract ZZD exhibited more potent antiparasitic activities 

than those of ZZC on Lmm (IC50 = 0.66 μg/mL, SI = 62.8) and on Tbb (IC50 = 5.17 μg/mL, SI 

= 8.0). ZZE and ZZA, although active against parasitic strains, were overall less active than 

ZZD and ZZC. The antiviral activities of the crude extract and the four partitions were further 

evaluated against the human coronavirus HCoV-229E-Luc possessing a luciferase reporter 

gene for the quantification of infection (Fig. 1a and 1b). Huh-7 hepatoma cell line, as well as 

Huh-7 cells transduced with a lentivirus encoding TMPRSS2 (Huh-7/TMPRSS2), a cellular 

protease that allows fusion of the virus to the host cell surface, have been used for HCoV-

229E-Luc infection assays. In the absence of this TMPRSS2 protease, responsible for 

cleavage of the spike protein, the virus only uses the endosomal pathway for entry. ZZD and 

ZZC, tested at 25 µg/mL, showed the best activities against the human coronavirus HCoV-

229E in Huh-7 and Huh-7/TMPRSS2 cells (Fig. 1b) but also a significant decrease of cell 

viability at 100 µg/mL for both ZZD and ZZC, and at 25 µg/mL for ZZD (Fig. 1a). Dose-

response experiments were performed (Fig. 1c-f) and the concentrations decreasing the 

viability by 50% (CC50), as well as the concentrations inhibiting 50% of the infection (IC50) 

were determined for the two active extracts. The extracts ZZD (Huh-7/TMPRSS2: IC50 = 

4.87 μg/mL, Huh-7: IC50 = 4.36 μg/mL) and ZZC (Huh-7/TMPRSS2: IC50 = 5.29 μg/mL, 

Huh-7: IC50 = 6.24 μg/mL) showed similar antiviral activities against the human coronavirus 

HCoV-229E in Huh-7 cells expressing or not the protease TMPRSS2 (Fig. 1e and 1f). The 

CC50 obtained on Huh-7 cells (Fig. 1c and 1d) for ZZD (CC50 = 23.91 μg/mL) and ZZC (CC50 
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= 51.11 μg/mL) confirmed that the antiviral activity was not due to cytotoxicity. The different 

antiparasitic and antiviral activities, associated with the non-toxicity of ZZC and ZZD, at 

active concentrations, led to the choice of these extracts for the phytochemical study. UPLC-

HR-ESI-MS/MS analysis was also carried out to perform putative identification of other 

compounds by HR-MS and MS/MS molecular networking dereplication. 

2.2. Structural elucidation  

Fractionation of the antiparasitic and antiviral active extracts of Z. zanthoxyloides root 

bark (ZZC and ZZD) was performed by preparative chromatographic techniques and led to 

the isolation of 14 compounds (Fig. 2), including a new racemic benzophenanthridine alkaloid 

named zanthoxyloithrine (1) and 13 previously known compounds. The structures of these 

compounds were established based on different spectroscopic data (HR-ESI-MS/MS, UV, 1D 

and 2D NMR) and by comparison with those described in the literature (Table 2 and 

Supplementary data, Fig. S21-S31). The known compounds (Supplementary data, Fig. S32-

S120) were identified as dihydrochelerythrine (2) (Miao et al., 2011), trans-fagaramide (3) 

(Dofuor et al., 2019b), arnottianamide (4) (Ishii et al., 1976), pellitorine (5) (Adesina and 

Reisch, 1988; Queiroz et al., 2006), γ-sanshool (6) (Xia and Toy, 2014), chelerythrine (7) 

(Miao et al., 2011), evodiamide (8) (Shoji et al., 1988; Yang et al., 2016), decarine (9) (Zeng 

et al., 2022), 6-oxochelerythrine (10) (Miao et al., 2011), scoparone (11) (Ma et al., 2006; 

Vila-Nova et al., 2013), 4-methoxy-1-methylquinolin-2-one (12) (Min et al., 2007), 

skimmianine (13) (Chakravarty et al., 1999; Zeng et al., 2022), and γ-fagarine (14) (Min et al., 

2007). 

Compound 1 was obtained as a brown powder (m.p: 215-216 °C). The HR-ESI-MS in 

positive mode at m/z 593.1907 [M+H]
+
 (calcd for 593.1895) supported its molecular formula 

as C34H28N2O8, indicating 22 degrees of unsaturation. The IR spectrum showed absorptions 

corresponding to an N-H band (ʋmax = 3400 cm
-1

), several methyls bands (ʋmax = 3000, 2944, 
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2893, 2838 and 2810 cm
-1

), a C=O band (ʋmax = 1634 cm
-1

), aromatic ring bands
 
(ʋmax = 1573, 

1522, 1492, 1460 and
 
1415 cm

-1
) and stretches of N-CH3 (ʋmax = 1361 cm

-1
) and C-O-C (ʋmax 

= 1265, 1238, 1072 and 1039 cm
-1

). The 
13

C NMR spectrum showed 34 carbon signals that 

are assigned based on the HSQC-Dept and HMBC experiments as five methyls, including 

four methoxy groups (δC 61.2,
 
61.0, 56.1, 55.8), one methylene (δC 101.0), ten methines 

including one carbon sp
3
 (δC 55.3), eighteen quaternary carbons with one carbonyl (δC 173.6), 

eight oxygenated sp
2
 carbons (δC 154.7, 153.1, 152.1, 150.2, 148.1, 147.5, 146.4 and 134.7) 

and nine single sp
2
 carbons. 

1
H NMR spectrum obtained in CDCl3 (Table 2) combined with 

1
H-

1
H-COSY spectrum showed an N-H proton signal (δH 9.06), four methoxy signals (δH 

3.99, 3.97, 3.95 and 3.91), one N-methyl (δH 2.80), nine signals in the aromatic region 

including three singlets (δH 7.76, 7.07 and 6.25) and three pairs of doublets [δH 8.02 and 6.90 

(J = 9.1 Hz), 7.61 and 7.08 (J = 8.6 Hz) and 7.69 and 7.43 (J = 8.6 Hz)] corresponding to AB 

systems of three 1,2,3,4-tetrasubstituted benzene rings. The 
1
H NMR spectrum also 

underlined the presence of a signal at δH 6.06 ppm (2H) corresponding to a -CH2- belonging 

to a methylenedioxy group, as well as a signal at δH = 5.83 ppm integrating 1H corresponding 

to a methine adjacent to a nitrogen according to the HSQC-Dept experiment. The proton at δH 

= 5.83 was carried by a sp
3
 hybridized carbon (δC 55.3) linked to the benzene ring, which 

suggested the absence of a double bond C=N and therefore confirmed the presence of a side 

chain attached to this carbon. Comparison of these spectroscopic data with those of 

benzo[c]phenanthridine alkaloids (Fotie et al., 2007; Oechslin et al., 1991; Miao et al., 2011; 

Wei et al., 2020) attested that 1 was structurally similar to dihydrochelerythrine (1) whose 

difference would therefore be the presence of a side chain in the C-6 position, suggesting that 

1 was a dihydrochelerythrine derivative. The attachment of the side chain to C-6 was 

confirmed by the HMBC experiment which showed the correlations between the H-6 proton 

(δH 5.83) and the carbon C-6a (δC 124.5 ppm), 5-N-CH3 (δC 42.2), C-4b (δC 139.6), C-7 (δC 
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146.4), C-2' (δC 150.2) and C-3' (δC 104.9) (Fig. 3). The HSQC and HMBC correlations 

underlined that the aromatic protons (δH 6.90 and 8.02), the furan methine (δH 6.26), the 

methoxy groups (δH 3.97 and 3.95) and the proton of the N-H group (δH 9.06) as well as the 

carbonyl group (C=O) (δC 173.6) were localized on the C-6 substituted unit of the 

dihydrochelerythrine. The mass spectrum obtained by HR-ESI-MS in positive mode showed a 

fragment at m/z 348,1224 [M-244]
·+

 corresponding to an ion resulting from the loss of the -

C13H10NO4 group (contributing to 9 unsaturations) at position C-6. The NMR data obtained 

for this part of the molecule 1 are similar to those of skimmianine (13) and γ-fagarine (14) 

also isolated in this study from the plant, as well as those found in the literature for iso-

skimmianine and iso-γ-fagarine with the presence of an N-H instead of an N-methyl (Nayar et 

al., 1971; Mbaze et al., 2009; Yang et al., 2012). The spectroscopic data were consistent with 

a 4,9-dihydro-7,8-dimethoxy-4-oxofuro[2,3-b]quinolin-2-yl moiety at position C-6. The lack 

of optical activity and of any Cotton effect established the racemic status of 1. The new 

compound 1 was thus characterized as 2-[1,2-dimethoxy-12-methyl-13H-

[1,3]benzodioxolo[5,6-c]phenanthridine-13-yl]-7,8-dimethoxyfuro[2,3-b]quinolin-4(9H)-one 

and named zanthoxyloithrine. 

2.3. HR-ESI-MS/MS based dereplication and molecular networking analysis  

ZZC and ZZD were also analyzed by UHPLC-UV-MS and HR-ESI-MS/MS 

(Supplementary data, Fig. S1-S6) to putatively identify non-isolated compounds. The MS/MS 

data of the two extracts, first processed with MZmine, were exported to Global Natural 

Product Social (GNPS) to create a feature-based molecular network (Fig. 4). Dereplication of 

the ZZC and ZZD was performed by comparing MS/MS fragmentations to those present in 

the GNPS (Wang et al., 2016), PubChem (Kim et al., 2023) and KEGG (Kanehisa et al., 

2023) databases. During this annotation process, several levels of confidence were assigned: 

level 1 (unambiguously identified metabolite, confirmed by at least two parameters of an 
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authentic standard, such as retention time and MS/MS spectrum, purified compounds in the 

case of our study), level 2 (putatively annotated metabolite), level 3 (putatively annotated 

metabolite class) and level 4 (unidentified metabolite) (Kodra et al., 2022). A putative 

identification was performed based on the analysis of the molecular network (Fig. 4) and 

MS/MS fragmentations (Supplementary data, Table S1). These approaches showed that these 

extracts consisted mainly of unsaturated and polyunsaturated amides (cluster A), as well as 

benzo[c]phenanthridine (cluster B), indolopyridoquinazolinone, isoquinoline and quinoline 

alkaloids. Only one coumarin, scoparone, was identified and purified in this study. The 

profiling process revealed that ZZD was highly enriched in benzo[c]phenanthridine and 

quinoline alkaloids while cyclohexane contained mainly amides. HR-ESI-MS/MS data made 

it possible to putatively identify (level 2), by using PubChem and KEGG databases, other 

alkaloids, such as edulitine (Rt 4.51 min, m/z 206.0807, C11H11NO3), glaucine (Rt 4.56 min, 

m/z 356.1850, C21H25NO4), ochotensine (Rt 5.24 min, m/z 352.1538, C21H21NO4), evodiamine 

(Rt 7.82 min, m/z 304.1443, C19H17N3O), and rutaecarpine (Rt 8.19 min, m/z 288.1129, 

C18H13N3O) not previously described in the species Z. zanthoxyloides. Evodiamide (Rt 7.54 

min, m/z 308.1756, C19H21N3O), and decarine (Rt 7.91 min, m/z 320.0914, C19H13NO4) 

purified in our study were also described for the first time in this plant. On the other hand, 

new polyunsaturated amides including hazaleamide (Rt 10.58, m/z 276.2319, C18H29NO) have 

been potentially identified in Z. zanthoxyloides. Among the 31 alkaloids detected, 12 were 

benzo[c]phenanthridines. Numerous chelerythrine derivatives (cluster B), including 

chelerythrine, 6-oxochelerythrine, norchelerythrine and dihydrochelerythrine, were identified 

(level 1) in ZZC and ZZD. The MS spectra of the chelerythrine compounds produced very 

characteristic daughter ions at m/z 348, 334/333, 332, 321/320, 319/318, 304 and 290 

(Klejdus et al., 2007; Lin et al., 2020). Quinoline and its derivatives were considered as a 

preferred structure in drug research due to their broad spectrum of bio-response, mainly 
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antibacterial (Miao et al., 2011), antiparasitic (Hu et al., 2017), anti-COVID-19 (Latarissa et 

al., 2021), and anti-inflammatory (Danielewski et al., 2022). Therefore, given the high content 

of these compounds in ZZD, this could explain the good antiparasitic and anti-coronavirus 

activities described in this study. 

2.4. Antileishmanial, antitrypanosomal and cytotoxic activities  

 The antiparasitic activity of compounds isolated from Z. zanthoxyloides root bark was 

evaluated against Trypanosoma brucei brucei and Leishmania mexicana Mexicana (Table 1). 

All compounds tested exhibited antileishmanial activity against L. mexicana mexicana in a 

dose-dependent manner with IC50 values ranging from 0.03 to 92.87 μM. IC50 values obtained 

against T. brucei brucei varied between 0.18 and 68.19 μM. Only arnottianamide (4), 6-

oxochelerythrine (10) and γ-fagarine (14) did not show antitrypanosomal activity at the tested 

concentrations. No compound was found to be toxic on WI-38 cells at 50% inhibitory 

concentrations of parasite growth (IC50). Dihydrochelerythrine (2) showed the best activities 

against both L. mexicana mexicana (IC50 = 0.03 μM, SI = 168.7) and T. brucei brucei (IC50 = 

0.18 μM, SI = 32.0). Chelerythrine (7) also demonstrated good antiparasitic activity against L. 

mexicana mexicana (IC50 = 0.06 μM, SI = 271.7) and T. brucei brucei (IC50 = 0.49 μM, SI = 

35.3) with the best selectivity indexes. The new alkaloid (1) was also highly active against L. 

mexicana mexicana (IC50 = 0.14 μM, SI = 52.0) and T. brucei brucei (IC50 = 0.36 μM, SI = 

20.8) with a cytotoxic concentration on WI-38 cells 52 and 20 times higher than the IC50 on 

both parasites, respectively (Table 1). Compounds 2 and 7 showed better antiparasitic activity 

against L. mexicana mexicana than the positive controls pentamidine (IC50 = 0.23 μM) and 

amphotericin B (IC50 = 0.09 μM). The antileishmanial activity of compound 1 was also 

greater than that of pentamidine. The only isolated coumarin, scoparone (11), was also very 

active against L. mexicana mexicana (IC50 = 2,56 μM, SI = 37.2) and T. brucei brucei (IC50 = 

9,54 μM, SI = 10.0). Chelerythrine and dihydrochelerythrine, two benzo[c]phenanthridine 
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alkaloids, are known to have a wide range of pharmacological activities, including 

antibacterial, antitumor, and antiparasitic ones (Malhotra et al., 2016). Antileishmanial and 

antitrypanosomal activities of benzophenanthridine alkaloids including dihydrochelerythrine 

(2) (Fotie et al., 2007; Fuchino et al., 2010), as well as the antileishmanial activity of 

chelerythrine (7) (Castillo et al., 2014) against different species of Leishmania sp., have been 

previously described in the same range of values. Additionally, another study showed good 

activity of dihydrochelerythrine against L. donovani (2.0 ± 0.8 µM) and T. brucei brucei (0.8 

± 0.2 µM) with good selectivity indexes (Fotie et al., 2007). The study of structure-activity 

relationship carried out on dihydrochelerythrine (2), chelerythrine (7), decarine (9), 6-

oxochelerythrine (10) and zanthoxyloithrine (1) showed that the presence of a carbonyl group 

on C-6 (i.e., oxidation of C-6; 10) or C-6 substitution (1) has significantly (p < 0.05) reduced 

antileishmanial activity. It also appeared that the unsaturation between C-6 and N-5 was 

necessary to maintain this high activity. The substitution of the nitrogen atom by a methyl on 

the B ring as well as the presence of methoxy groups at C-7 and C-8 seem favorable to an 

increase in activity (9). On the other hand, in the case of 1, the presence of the large group -

[4,9-dihydro-7,8-dimethoxy-4-oxofuro[2,3-b]quinolin-2-yl]- in position C-6 strongly 

attenuated the activity compared to dihydrochelerythrine and conferred slightly higher activity 

than chelerythrine against T. brucei brucei (p < 0.05). These observations were consistent 

with studies on the structure-activity relationship of benzo[c]phenanthridines previously 

described against Leishmania sp. and Trypanosoma sp (Fotie et al., 2007; Fuchino et al., 

2010). However, the mechanisms of action of dihydrochelerythrine and its derivatives on L. 

mexicana mexicana and T. brucei brucei have not yet been elucidated. A previous study 

suggested that the primary antibacterial mechanism of chelerythrine may be attributed to the 

destruction of channels in bacterial membranes, causing protein leakage outside the cell, as 

well as inhibition of protein biosynthesis (He et al., 2018). 
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2.5. Anti-coronavirus and cytotoxic activity  

The anti-coronavirus activity of the isolated compounds was evaluated on a 

recombinant HCoV-229E-Luc human coronavirus as described before. Each compound was 

added during the infection phase. The cytotoxic activity of the compounds was previously 

assessed on Huh-7 cells using the MTS assay and CC50 values were determined when possible 

(Supplementary data, Fig. S121). Only dihydrochelerythrine (2), trans-fagaramide (3), 

chelerythrine (7), 6-oxochelerythrine (10) and zanthoxyloithrine (1) showed antiviral activity 

against HCoV-229E. The best activity was observed for the new alkaloid (1) which strongly 

inhibited infection of cells by the virus, whether or not they express protease TMPRSS2 with 

IC50 values of 6.70 μM (Huh-7/TMPRSS2) and 5.40 μM (Huh-7) (Fig. 5a). The other 

benzo[c]phenanthridine alkaloids, dihydrochelerythrine (2), chelerythrine (7) and 6-

oxochelerythrine (10), also showed antiviral activity in the presence of the protease 

TMPRSS2 (IC50 12.95, 11.36 and 25.84 µM, respectively) or not (IC50 10.38, 19.43 and 19.08 

µM, respectively) (Fig. 5b, 5d and 5e). However, dihydrochelerythrine (2) and chelerythrine 

(7) exhibited mild toxicity to hepatoma Huh-7 cells with CC50 of 40.89 and 47.92 μM, 

respectively. By contrast, the compounds 1, 3, and 10 appeared non-toxic up to 100 μM. On 

the other hand, without toxicity on Huh-7 cells, trans-fagaramide (3) moderately inhibited 

viral infection but we were not able to determine its IC50 because it was higher than the 

maximum concentration tested. This is the first time that the anti-coronavirus activity of these 

compounds has been evaluated. The fact that these different compounds inhibited the viral 

infection caused by HCoV-229E, in Huh-7 cells expressing or not the TPMRSS2 protease is 

interesting because it suggests that they may inhibit infection after entry of the virus by any of 

the pathways (fusion at the cell surface and endosomal fusion) used by the virus to enter and 

infect cells. The structure-activity relationship study of dihydrochelerythrine (2), trans-

fagaramide (3), chelerythrine (7), 6-oxochelerythrine (9) and zanthoxyloithrine (1) against 
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viral infection, underlined some differences compared to that carried out against the two 

parasites tested. The presence of the 4,9-dihydro-7,8-dimethoxy-4-oxofuro[2,3-b]quinolin-2-

yl group at the C-6 (1) position strongly increased the antiviral activity by about a factor of 

two compared to dihydrochelerythrine (2), without toxicity on Huh-7 cells. The compound 1 

was also found to be more active than compound 7, although there was no iminium group in 

the molecule. Considering the presence of the benzodioxol group in all compounds inhibiting 

viral infection, this structural pattern appears to have a positive impact on antiviral activity 

(Papi et al., 2017). In the case of respiratory viral infection, the activation of protein kinase C 

(PKC) plays a key role in the nuclear transport of viral ribonucleoproteins in infected cells 

and their subsequent development at the cell membrane (Peng et al., 2021; Valipour et al., 

2021). Several studies have already underlined that chelerythrine causes blockade of the NF-

κB pathway and eliminates the effects of the serum hepatitis B core antigen (HBcAg) on 

different levels (Liu et al., 2018; Valipour et al., 2021). Another study showed that 

dihydrochelerythrine exhibited a potent activity against HBsAg and HBeAg secretions of the 

Hep G 2.2.15 cell line with IC50 < 0.05 µM, SI > 3.5 (Wu et al., 2007). Sanguinarine, another 

benzophenanthridine alkaloid, has also been shown to attenuate the proliferation of porcine 

reproductive and respiratory syndrome virus (PRRSV) by targeting the internalization, 

replication and release stages of the viral life cycle (Ke et al., 2023). Finally, chelerythrine 

chloride was identified as an inhibitor of Zika virus (ZIKV) infection in five cell lines (0.25 < 

IC50 < 0.61 µM, 11.4 < SI < 93.9) by targeting the viral NS4B protein (Loe et al., 2023). The 

good anti-coronavirus activities of these chelerythrine analogues, dihydrochelerythrine (2), 

chelerythrine (7), 6-oxochelerythrine (10) and zanthoxyloithrine (1) could be explained by 

their ability to regulate critical signaling pathways involved in HCoV-229E infection.  

3. Conclusions 
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A chemical investigation of Zanthoxylum zanthoxyloides root bark guided by antileishmanial, 

antitrypanosomal, and anti-coronavirus activities isolated a novel benzo[c]phenanthridine 

alkaloid, along with thirteen known compounds. Dereplication and molecular network 

analyses of the cyclohexane and dichloromethane extracts identified many specialized 

metabolites not previously described in this species, including alkaloids and polyunsaturated 

amides. The benzophenanthridine alkaloids zanthoxyloithrine, dihydrochelerythrine, and 

chelerythrine showed good antileishmanial, antitrypanosomal, and anti-coronavirus activities. 

This is the first time that these compounds have been tested against the HCoV-229E 

coronavirus. The very promising antileishmanial and antiviral activities of the new 

compound named zanthoxyloithrine, as well as its non-toxicity on hepatoma Huh-7 cells, 

make this compound a good candidate in the management of leishmaniosis and human 

coronavirus HCoV-229E infections. It would be also relevant to study its mechanism of 

action on these pathogens. 

4. Materials and Methods 

4.1. General experimental procedures  

Melting points were determined by using an electrothermal IA9100 digital melting point 

apparatus (Thermo Scientific). The optical rotations were measured in CH2Cl2 at 25 °C on a 

Polaar 32 polarimeter. ECD spectra were measured at 25 °C on a JASCO J-810 

spectropolarimeter. An ALPHA-P FT/IR-480 spectrometer (BRUKER Optics) was used to 

measure the IR spectra. The 1D (
1
H and 

13
C) and 2D (COSY, HSQC-DEPT, HMBC) NMR 

spectra were recorded in deuterated chloroform (CDCl3) (99.96% D, D029T, EurisoTop
®
, 

France) or in dimethylsulfoxide (99.96% D, D034T, EurisoTop
®
, France) on a 500 MHz 

Bruker
®
 spectrometer (NEO AVANCE console), operating at 500 MHz for proton (

1
H) and 

125.77 MHz for
 
carbon-13 (

13
C). Measurements were made with a 5 mm TXI probe at 25 °C. 

The data were processed with Bruker TopSpin software (4.1.4). UHPLC-UV-HR-ESI-MS 
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were performed on a Accela UHPLC system from Fisher Scientific (Thermo Fisher Scientific, 

Bremen, Germany) associated to a photodiode array (PDA) detector, an autosampler, a tray 

compartment cooler (set to 20 °C), a quaternary pump and a Thermo Fisher Scientific LTQ 

orbitrap XL mass spectrometer with ESI source. The UHPLC system and the mass 

spectrometry system were piloted by Xcalibur software. UHPLC-UV-MS analyses were 

carried out on a Waters ACQUITY equipment (Waters
®
 Acquity UPLC

®
 H-Class, 

Guyancourt, France) consisting of two independent pumps, an automatic injector, a controller, 

a diode array UV detector (PDA) and a quadrupole (QDA) mass spectrometer with ESI as 

ionization source. The preparative HPLC was performed on a Shimadzu chain equipped with 

two LC-20AP pumps, a 500 μL injection loop, a Shimadzu
®
 SPD-M20A diode array UV 

detector and a CBM-20A control system. The column was an Interchim C18-HQ column (5 

μm, 250 mm x 21.2 mm, Interchim
TM

, France) preceded by a pre-column C18-HQ (7.5 mm x 

21.2 mm). Mobile phase was composed of two solvents (A) ultrapure water + 0.1% formic 

acid and (B) acetonitrile. The centrifugal partition chromatography (CPC) was performed 

using a 250 ml rotor (SCPC-250 L) provided by ARMEN Instrument
®
, Saint-Avé, France). 

This CPC chain was equipped with the same pumps, the same UV detector, and the same 

control system as the preparative HPLC chain. The system was controlled by LC Solution 

software and an automatic collector (Gilson
®
, France) made it possible to recover the different 

fractions. Analytical thin-layer chromatography (TLC) was performed on precoated silica gel 

60 F254 (AluGRAM® XtraSil G/UV254, Germany) and the spots were visualized at two 

wavelengths (254 and 365 nm) before being sprayed with a solution of sulfuric anisaldehyde 

and heating at 120°C for 10 min or with Dragendorff’s reagent. The elution system used 

consisted of a mixture C6H12:C4H8O2 with different conditions (9:1; 8:2; 7:3; 4:6 and 3:7). 

Silica gel 60 (63–200 µm, Macherey–Nagel, Germany) was used for preparative column 

chromatography. Extraction solvents (methanol, cyclohexane, dichloromethane, and ethyl 
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acetate), acetonitrile and formic acid for UHPLC-UV-MS analysis were purchased from Carlo 

Erba Reagents
®
 (Val de Reuil, France). Ultrapure water was obtained after filtration on a 

system Millipore Integral 5 Milli-Q (Merck
TM

, Germany). 

4.2. Plant material  

The plant material, Z. zanthoxyloides, was harvested in December 2021 in Niayes, in the 

Keur Massar department (14°47'59'' N et 17°18'35'' O) (Dakar region) in Senegal, and 

identified by Dr William Diatta, botanist at the Pharmacognosy Laboratory of the Faculty of 

Medicine, Pharmacy and Dentistry of the Cheikh Anta Diop University in Dakar. A voucher 

specimen was deposited in the Dakar Herbarium (Department of Plant Biology of the Faculty 

of Science and Technology of Cheikh Anta Diop University) and in the laboratory of 

Pharmacognosy of the University of Lille under the N
o
 BA25. The root, very stiff with a 

brown colored bark and a yellowish pigment, was then separated from the rest of the plant and 

the root bark was dried at room temperature. When crushed, the roots give off a very 

aromatic, peppery, lemony smell (Supplementary data, Fig. S122). 

4.3. Extraction and isolation  

The root bark powder of Z. zanthoxyloides (300 g) was subjected to a solid-liquid (S/L) 

extraction with methanol (6 L, 5 x 24 h) using an orbital agitator (GFL 3015, Germany). The 

methanolic extract (ZZM, 32 g, 10.7% w/w) was solubilized in distilled water (500 mL) to be 

fractionated by liquid-liquid extraction (v/v) with organic solvents of increasing polarity 

(cyclohexane (1 L), dichloromethane (1.5 L), and ethyl acetate (1 L)). The aqueous residual 

partition was frozen and then freeze-dried using a freeze dryer (Telstar Cryodos
TM

, Spain). 

The organic partitions were dried using a rotary evaporator between 30-35°C (Heidolph™, 

Schwabach, Germany). The dried cyclohexane (ZZC, 7.60 g, 23.75% w/w), dichloromethane 

(ZZD, 2.75 g, 8.6% w/w), ethyl acetate (ZZE, 1.16 g, 3.6% w/w) and aqueous (ZZA, 19.06 g, 

59.6% w/w) extracts were obtained. The isolation of pure compounds was achieved by 
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different chromatographic procedures. ZZC (340 mg) was fractionated by chromatography on 

an open silica gel column (column 1.6 x 14 cm; normal phase 63-200 µm; 12 g) using a 

binary gradient of cyclohexane-EtOAc (90:10 to 0:100, v/v, 1 L) as elution system. The pure 

compounds 2 (11.7 mg, Dragendorff positive) and 3 (11.5 mg), as well as twelve fractions 

(FC1-FC12) were obtained based on their TLC behaviour and UHPLC-UV-MS 

chromatographic profile. From the fraction FC3 (23.9 mg), the compound 2 (5.2 mg) and the 

compound 4 (1.7 mg) were obtained by preparative HPLC using an Interchim C18-HQ 

column (5 µm, 250 mm x 21.2 mm, Interchim
TM

, France) as stationary phase. The mobile 

phase was made up of (A) H2O + 0.1% formic acid and (B) ACN. The gradient used was: [0-5 

min (10-40% B).5-40 min (40-100% B) followed by 40-50 min (100% B), with a flow rate of 

15 mL/min. The FC8 fraction (75.7 mg) was fractionated by silica gel open column 

chromatography (column 1 x 11 cm; normal phase 63-200 µm; 4.5 g) to give the compounds 

5 (32.9 mg) and 6 (3.6 mg). In parallel, ZZD (2 g) was fractionated by CPC with the Arizona 

M system (heptane/EtOAc/MeOH/H2O 5/6/5/6 v/v/v/v) (Berthod et al., 2005) using the 

ascending mode to give eight fractions [FD1 (28 mg), FD2 (277.5 mg), FD3 (137.1 mg), FD4 

(147.9 mg), FD5 (368.1 mg), FD6 (72.3 mg), FD7 (34.5 mg) and FD8 (96.3 mg)]. 

Compounds of some fractions of interest from the DCM fraction were purified by preparative 

HPLC. The fraction FD4 (67 mg) was fractionated by preparative HPLC with the following 

gradient with B being acetonitrile [0-5 min (10-20% B), 5-30 min (20-60% B), 30-40 min 

(60-100% B), 40-50 min (100% B)] and a flow rate of 15 mL/min to yield compounds 7 (7.66 

mg), 8 (2.69 mg) and 9 (3.68 mg). The compounds 7 (4.6 mg), 3 (229.17 mg), 4 (2.64 mg), 8 

(3.8 mg), 10 (7.58 mg), 1 (17.64 mg) and 2 (2.34 mg) were purified from the fraction FD5 

(368.1 mg) by preparative HPLC with the following gradient with B being acetonitrile [0-5 

min (10-30% B), 5-20 min (30-50% B), 20-40 min (50-100% B), 40-50 min (100% B)] and a 

flow rate of 15 mL/min. The compound 1 was covered by the compound 5 in the 
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chromatograms (UV and TIC) of the DCM fraction (Supplementary data, Fig. S4-S6) and 

their separation was made possible by CPC. Fractionation of the fraction FD8 was performed 

by preparative HPLC with the following gradient with acetonitrile as solvent B [0-5 min (10-

30% B), 5-25 min (30-40% B), 25-35 min (40-100% B), 35-45 min (100% B)] at a flow rate 

of 15 mL/min and let to the isolation of the compounds 7 (3.24 mg), 11 (1.53 mg), 12 (3.11 

mg), 13 (4.21 mg), 14 (3.14 mg) and 2 (1.5 mg). The separations in preparative HPLC were 

monitored at 254 nm. The different chromatograms are shown in figures S1-S20, 

Supplementary data.  

Zanthoxyloithrine (1): brown powder; m.p: 215-216°C; [α]D
25

 0 (c 0.01, CH2Cl2); UHPLC-

UV: λmax (AU) 231 (0.69), 260 (0.88), 282 (0.62), 325 (0.31) nm; IR ʋmax 3400, 3000, 2944, 

2893, 2838, 2810, 1634, 1573, 1522, 1492, 1460, 1415, 1361, 1265, 1238, 1072, 1039 cm
-1

; 

1
H and 

13
C NMR data, see Table 2; ESIMS: m/z (rel. int.) 593.1907 [M+H]

+
 (100), 563 (12), 

521 (6), 360 (3), 349 (7), 348 (28), 325 (12), 304 (1), 291(8); HRESIMS m/z [M+H]
+
 calcd 

for C34H28N2O8, 593.1895; found
 
593.1907. 

4.4. Experimental conditions of fractionation by centrifugal partition chromatography (CPC)  

The fractionation of ZZD was carried out on a CPC-250 Armen instrument
®
 system 

(250 mL CPC column). The Arizona M system (heptane/EtOAc/MeOH/H2O 5/6/5/6 v/v/v/v) 

was chosen for the fractionation of ZZD. The two phases are previously prepared in a 

separating funnel in sufficient quantity and then separated. The lower phase being chosen as 

the stationary phase, the elution took place in ascending mode with an isocratic elution. The 

sample was solubilized in a volume of 8 mL of a stationary phase/mobile phase mixture (4: 4, 

v/v) and then filtered on a PTFE membrane (0.45 µm). The stationary and mobile phases were 

pumped by Shimadzu
®
 LC-20AP pumps. The device was equipped with a 250 mL rotor. The 

cells composing the rotor were, initially, filled with the stationary phase at 30 mL/min and 

500 rpm. The mobile phase was then added at 8 mL/min and 1600 rpm, until the stationary 
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started eluting. Once the system reached equilibrium, the sample (8 mL) was injected. The 

elution lasted 60 minutes. It was followed by extrusion (recovery of the stationary phase) 

during 15 minutes at 30 mL/min and 1600 rpm for the recovery of products that had not yet 

been eluted. Rinsing was carried out at 500 rpm and 30 mL/min with a MeOH/H2O mixture 

(5: 5, v/v). At the end of the chain is a Shimadzu
®
 SPD-M20A diode array detector. A 

controller CBM-20A was used to link the chain to the computer. Finally, a volume of 8 

mL/tube was collected for each fraction during elution and 15 mL/tube during extrusion using 

a Gilson® FC204 automatic collector. The fractions were evaporated using a Speedvac 

system (miVAC QUATTRO concentrator, Genevac, England) and then analyzed in TLC, as 

well as by UHPLC-PDAMS between 200 and 790 nm. Fractions with the same 

chromatographic profile were grouped together.  

4.5. UHPLC-UV-MS analyses  

Extraction and purification process was followed by UHPLC-UV-MS analysis. The 

stationary phase was an Interchim Uptisphere C18-AQ column (2.1 x 100 mm, 2.6 μm) 

connected to a 0.2 μm in-line filter. The mobile phase was composed of two solvents: (A) 

ultrapure water + 0.1% formic acid and (B) Acetonitrile + 0.1% formic acid. Different 

methods were adopted depending on the sample for UHPLC-UV-MS analyses. The method 

adapted for the analysis of MeOH extract and EtOAc and aqueous extracts was performed 

following the elution program: 10% (B) (0-0.5 min), 10%-25% (B) (0.5-8.5 min), 25-100% 

(B) (8.5-9 min), 100% (B) (9-11 min), before returning to equilibrium for 3 min. The method 

adapted for the analysis of cyclohexane and DCM extracts, their fractions and isolated 

compounds followed a gradient mode with solvent B: 10-40% ((0-1.5 min), 40-100 % (1.5-

11.5 min), 100-10% (11.5-14 min). Flow rate and column temperature were set at 0.3 

mL.min
-1

 and 30 °C respectively. The extracts were prepared at 1 mg.mL
-1

 in analytical grade 

methanol and filtered through a PTFE 0.4 µm membrane before injection. The pure 
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compounds and DCM extract were prepared in acetonitrile. The injection volume was 2 μL 

(or 4 μL in some cases). Parameters for mass spectrometry analysis were as follows: negative 

and positive ionization mode, nitrogen as carrier gas, cone voltage at 15 V, capillary voltage 

at 0.8 kV, ionization energy at 15 eV, probe temperature at 600°C, MS-Scan mode from 100 

to 950 Da.  

4.6. HRMS/MS conditions for dereplication and molecular networking 

HRMS/MS analyses were performed using the same column, the same solvents and the 

same methods described previously for UHPLC-UV-MS. The mass spectrometer was a LTQ 

Orbitrap XL operated with an electrospray ionization source in positive mode. HRMS spectra 

were acquired in full-scan mode with a mass range of 50-1000 m/z. All experimental data 

were acquired using daily external calibration prior to data acquisition. Appropriate tuning of 

the electrospray ion source was done, and the following electrospray inlet conditions were 

applied: flow rate 300 µL/min with a split of 50/50 before reaching mass detector; with spray 

voltage, 5 kV; sheath gas (N2) flow rate, 20 a.u.; auxiliary gas (N2) flow rate, 20 a.u.; 

discharge current of 5 μA; capillary temperature of 250 °C; capillary voltage of 21 V and tube 

lens voltage of 75 V. The data-dependent MS/MS events were performed on the most intense 

ion detected in full scan MS with a collision energy of 35 eV. Data acquisition and processing 

were performed with Xcalibur software. 

4.7. MZmine 3 data preprocessing and GNPS platform analysis  

The raw mass data acquired by UPLC-LTQ Orbitrap XL was converted to .mzML file 

format using the MSConvert software (Chambers et al., 2012). All files were imported to the 

open-source software package MZmine 3 (v3.3.0) for data processing (Pluskal et al., 2010). 

Mass detection was realized with a noise level set to 1.0E4 for MS
1
 and 0 for MS

2
. The 

ADAP Chromatogram builder was achieved using a minimum group size of scan of five, a 

group intensity threshold of 1.0E4, a minimum highest intensity of 1.0E4, and an m/z 
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tolerance of 0.01 (or 10 ppm). The smoothing parameters were set to 5. The ADAP wavelet 

was used for chromatogram deconvolution with the following settings: S/N threshold of 10, 

minimum feature height of 1.0E4, coefficient/area threshold of 10, peak duration range of 

0.01-0.7 min, RT wavelet range of 0.01-0.10 min. The m/z and RT range for MS/MS scan 

pairing were set to 0.2 Da and 0.2 min, respectively. Isotopes were detected using the isotope 

peak grouper with a m/z tolerance of 10 ppm, a RT tolerance of 0.03 min (absolute), the 

maximum charge set at 1, and the representative isotope used was the most intense. Then, the 

aligned list peak was gap-filled with RT range of 0.7 min and m/z tolerance of 10 ppm. The 

resulting list was filtered using the peak list rows filter option to remove all the duplicates and 

all the features without MS
2
 spectrum associated. Then, the processed output MS/MS data 

(.mgf) and (.csv) were exported by MZmine 3.3.0 and uploaded to the GNPS (Global Natural 

Product Social Molecular Networking, https://gnps.ucsd.edu) online platform to generate 

Feature Based Molecular Networks (FBMN). The precursor ion mass tolerance and the 

fragment ion tolerance were set as 0.03 Da. A molecular network was then created where 

edges were filtered to have a cosine score above 0.3 and more than 3 matched peaks. Further, 

edges between two nodes were kept in the network if and only if each of the nodes appeared 

in each other’s respective top 10 most similar nodes. All matches kept between network 

spectra and library spectra were required to have a score of 0.7 and at least 6 matched peaks. 

The DEREPLICATOR was used to annotate MS/MS spectra. Peak area data from the .csv file 

obtained from MZmine was added to the network. Node size was set proportionally to the 

total area of each peak detected in both cyclohexane and DCM extracts. Edge widths were set 

corresponding to the cosine score. Finally, for a more advanced retreatment of the network, 

the molecular network created in GNPS was also exported to Cytoscape v3.10.1. The GNPS 

analyses results could be viewed at 

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=e7fa20167f3d4d0b877003e534b6e173. 
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The prediction of molecular formulas of ions in positive mode is performed with MZmine 

with isotope m/z tolerance 5 ppm and a minimum score of 0.7. Additional putative 

identification of unmatched peaks was carried out comparing available MS/MS fragmentation 

patterns with the literature and using the databases integrated into the MZmine software 

(KEGG and PubChem).  

4.8. Antitrypanosomal and antileishmanial assays  

The antiparasitic activity of the various extracts and isolated compounds was evaluated 

in vitro against Trypanosoma brucei brucei (strain 427) and against promastigotes of 

Leishmania mexicana mexicana (MHOM/BZ/84/BEL46) according to the protocol described 

by Bero et al. (Bero et al., 2011) with some modifications. All extracts and compounds to be 

tested were solubilized in DMSO (Sigma-Aldrich, Germany) to obtain a stock solution of 20 

mg/mL (or 2 mg/mL for some pure compounds). 

The T. brucei brucei cells were grown in HMI9 medium (Sigma-Aldrich, Bornem, Belgium) 

containing 10% heat-inactivated foetal bovine serum (FBS) (Sigma-Aldrich, Bornem, 

Belgium), 150 mM L-cysteine and 20 mM beta-mercaptoethanol and incubated at 37 °C in a 

humid atmosphere with 5% CO2. The cells of L. mexicana mexicana were grown in HOMEM 

medium (Sigma-Aldrich, Bornem, Belgium) with the addition of 15% heat-inactivated FBS 

and 5 mg/mL hemin and incubated at 28 °C in an atmosphere moistened with 5% CO2. 

Suramin and pentamidine (or amphotericin B) (Sigma-Aldrich, Steinheim, Germany) were 

used as positive controls for antitrypanosomal and antileishmanial activities, respectively. In 

96-well plates, parasites at a final concentration of 5×10
4
 cells/mL were added to samples 

prepared at eight-fold dilutions between 100-0.046 μg/mL (or eight-fold dilutions between 10-

0.0046 μg/mL for positive controls), final concentrations. After 72 hours of incubation, the 

wells were treated with 10 μL of a revealing solution; AlamarBlue
®
 (BIO-RAD, UK) (diluted 

in 1:1 PBS solution, v/v). After four hours of incubation, the fluorescence (excitation at 530 
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nm and emission at 590 nm) was measured with a spectrophotometer (SpectraMax M2e, 

Molecular Devices, UK). The tests were performed in triplicate and repeated three times. The 

results were expressed in IC50 (concentration of a product that can inhibit 50% of the growth 

of parasites). 

4.9. Antiviral and cytotoxic assays  

Stock solutions of extracts and compounds were prepared in DMSO (Sigma-Aldrich, 

USA) respectively at 25 mg/mL and 100 mM. Human hepatoma cell line Huh-7 and the stable 

Huh-7 transduced with a lentivirus encoding for TMPRSS2 (Huh-7/TMPRSS2), a cellular 

protease that allows fusion of the virus at the host cell surface, were grown in Dulbecco’s 

modified Eagle medium (DMEM) with glutaMAX-I (from Life Technologies) and 10% foetal 

bovine serum (FBS) (from Eurobio) in an incubator at 37 °C with 5% CO2. Huh-7 cells, as 

well as Huh-7/TMPRSS2, were used for all HCoV-229E-Luc infection assays. The viral 

recombinant HCoV-229E-Luc was used (Ba et al., 2024). The cell toxicity assay was 

performed as follows: 6×10
4
 Huh-7 cells were seeded in 96-well plates and incubated for 16 h 

at 37 °C in a 5% CO2 incubator. The cells were then treated with increasing concentrations of 

each extract or compound and incubated for 24 h. Then, an MTS-[3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]-based viability assay 

(Cell Titer 96 Aqueous nonradioactive cell proliferation assay, Promega, Madison, WI, USA) 

was performed (Ba et al., 2024). The absorbance of formazan at 490 nm was measured using 

a plate reader (ELX 808 Bio-Tek Instruments Inc., Charlotte, VT, USA). For antiviral assays, 

Huh-7 and Huh-7/TMPRSS2 cells were inoculated with HCoV-229E-Luc at a MOI of 0.5 in a 

final volume of 50 μL for 1h at 37 °C in the presence of each extract or compound at 

increasing concentrations. The virus was removed and replaced with culture medium 

containing the different extract or compounds for 6 h at 37 °C. Cells were lysed in 20 μL of 

Renilla Lysis Buffer (Promega, Madison, USA), and luciferase activity was quantified in a 
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Tristar LB 941 luminometer (Berthold Technologies, Bad Wildbad, Germany) using the 

Renilla Luciferase Assay System (Promega, Madison, WI, USA). All measures were 

performed in triplicate, and each experiment was repeated three times.  

4.10. Cytotoxicity Assay Against WI-38 cells  

The cytotoxic activity of the different extracts was evaluated according to the protocol 

described by Bero et al. (Bero et al., 2009) on human cells, non-cancerous lung fibroblasts 

WI-38 (ATCC CCL-75, from LGC standards, Molsheim, France), using the tetrazolium salt 

colorimetric method MTT-[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium]-based on cleavage of the reagent by mitochondrial 

dehydrogenase in viable cells (Gonzalez and Tarloff, 2001). The cells were seeded in 96-well 

microplate wells in Dulbecco’s modified Eagle medium (DMEM) (Gibco
TM

, UK) containing 

4 mM L-glutamine, 1 mM sodium pyruvate and enriched with 10% heat-inactivated FBS 

(Life Technologies Europe B.V, Bleiswijk, The Netherlands) and some antibiotics 

(penicillin/streptomycin mixture 100 IU/mL, Sigma-Aldrich, Germany). All extracts and 

compounds to be tested were solubilized in DMSO to have a stock solution of 20 mg/mL (or 2 

mg/mL for some compounds). Camptothecin (2 mg/mL) (Sigma-Aldrich, Germany) was used 

as a positive control. From the stock solutions, a series of dilutions was prepared in DMEM 

culture medium.  

After 24 hours of incubation at 37 °C in an atmosphere humidified with 5% CO2, 20 μL 

of each dilution of extract, compound, or positive control, were added to wells containing 180 

μL of cells seeded the day before (5000 cells/well) to obtain a range of eight-fold dilutions 

between 100-0.046 μg/mL (or 10-0.0046 μg/mL). A 0.2% DMSO control in the culture 

medium (negative control) was performed. After 72 hours of incubation at 37 °C in an 

atmosphere moistened with 5% CO2, the culture medium of each well was completely 

emptied and replaced by 100 μL of MTT (ThermoFisher Scientific
®
, Illkirch, France) and the 
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plates were incubated for 50 minutes. The MTT solution has been emptied and 100 μL of 

DMSO were added to each well. The absorbance measurement was made directly using a 

spectrophotometer (SpectraMax M2e, Molecular Devices, UK) at wavelengths 570 and 620 

nm. The tests were performed in triplicate and repeated three times. The CC50 of each extract 

or compound was determined using Microsoft Excel and GraphPad Prism software (v8.4.2). 

4.11. Statistical analysis  

Data were analyzed and processed using GraphPad Prism 8.4.2 and by comparing each 

treated group and untreated group (DMSO control). Data were analyzed by one-way ANOVA 

and were expressed as mean ± SEM from three independent experiments, performed in 

triplicates. Statistical significance was set at p < 0.05. 
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Table 1.  

Antileishmanial, antitrypanosomal and cytotoxic activities of the crude extract ZZM and its partitions 

(ZZC, ZZD, ZZE, and ZZA) as well as isolated pure compounds (1-14).  

Extract/Partitions/ 

Compounds 

Parasitic strains WI-38 cells  

Selectivity Index 

(CC50/ IC50) 

IC50 ± SD  

(µg/mL or µM)
a
 

CC50 ± SD  

(µg/mL or µM)
a 

L. mexicana mexicana  T. brucei brucei  WI-38 SI (Lmm) SI (Tbb) 

ZZM 0.61 ± 0.03 2.15 ± 0.20 41.42 ± 14.12 67.0 19.3 

ZZE 1.37 ± 0.46 5.69 ± 0.39 >100 >72.8 >17.6 

ZZA 0.17 ± 0.04 7.37 ± 0.50 53.07 ± 8.97 299.9 7.2 

ZZC 0.66 ± 0.08 5.17 ± 2.03 41.44 ± 8.39 62.8 8.0 

ZZD 0.07 ± 0.00 0.22 ± 0.01 18.22 ± 3.58 252.4 81.5 

1 0.14 ± 0.03 0.36 ± 0.06 7.49 ± 0.24 52.0 20.8 

2 0.03 ± 0.01 0.18 ± 0.02 5.81 ± 0.26 168.7 32.0 

3 31.24 ± 4.08 68.19 ± 3.15 208.56 ± 23.96 6.7 3.1 

4 34.77 ± 0.23 n.d 53.40 ± 0.30 1.5 - 

5 92.87 ± 26.01 59.12 ± 11.18 147.29 ± 53.37 1.6 2.5 

6 7.92 ± 0.40 18.21 ± 1.13 49.35 ± 10.93 6.2 2.7 

7 0.06 ± 0.00 0.49 ± 0.05 17.40 ± 0.91 271.7 35.3 

8 8.73 ± 3.49 36.35 ± 3.77 67.68 ± 5.72 7.8 1.9 

9 5.90 ± 0.35 14.13 ± 1.57 13.62 ± 4.77 2.3 1.0 

10 15.39 ± 0.95 n.d 22.98 ± 3.06 1.5 - 

11 2.56 ± 0.16 9.54 ± 0.21 95.42 ± 1.79 37.2 10.0 

12 56.14 ± 5.85 60.04 ± 52.33 63.67 ± 31.86 1.1 1.1 

13 48.61 ± 8.45 56.41 ± 4.62 77.52 ± 7.59 1.6 1.4 

14 48.12 ± 0.68 n.d 93.74 ± 3.32 1.9 - 

Pentamidine 0.23 ± 0.03 
    

Amphotericin B 0.09 ± 0.01 
    

Suramin 
 

0.04 ± 0.01 
   

Camptothecin 
  

0.07 ± 0.01 
  

a 
: IC50 or CC50 in μg/mL for extracts, and in μM for pure compounds 

n.d: not determined (viability always above 50%) 

Crude methanolic extract (ZZM) and partitions: cyclohexane (ZZC), DCM (ZZD), EtOAc (ZZE) and aqueous 

(ZZA) of Z. zanthoxyloides 

Selectivity indexes were specified. Parasitic strains and WI-38 cells were treated with increasing concentrations 

(in DMSO) for 72 h. Alamar Blue
TM

 (on parasites) and MTT (on cells) assays were performed. Pentamidine, 

amphotericin B, suramin and camptothecin were used as positive controls. Data are expressed as mean ± SEM 

from three independent experiments performed in triplicates (P < 0.001 for all results). 
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Table 2.  
1
H (500 MHz) and 

13
C NMR (125 MHz) Assignments for Compound 1 in CDCl3 (δ in ppm). 

Position δC, type δH, mult. (J in Hz) HMBC (
1
H→

13
C) 

1 104.4, CH 7.07, s 3, 4, 12a  

2 147.5, C   

3 148.1, C   

4 100.6, CH 7.76, s 1, 2, 4b, 12a 

4a 126.8, C   

4b 139.6, C   

5-NMe 42.2, CH3 2.80, s 4b, 6  

6 55.3, CH 5.83, d (1.4) 2', 3', 4b, 6a, 7  

6a 124.5, C   

7 146.4, C   

8 152.1, C   

9 112.3, CH 7.08, d (8.6)  

10 119.1, CH 7.61, d (8.6)  

10a 125.5, C   

10b 123.3, C   

11 119.8, CH 7.69, d (8.6)  

12 124.0, CH 7.43, d (8.6)  

12a 131.0, C   

2' 150.2, C   

3' 104.9, CH 6.26, d (1.4) 2', 3'a, 4', 6, 9'a  

3'a 106.2, C   

4' 173.6, C=O   

4'a 118.8, C   

5' 122.2, CH 8.02, d (9.1)  

6' 107.9, CH 6.90, d (9.1)  

7' 153.1, C   

8' 134.7, C   

8'a 131.1, C   

9'-NH  9.06, s 3'a, 4'a, 8'  

9'a 154.7, C   

2-O-CH2-O-3 101.0, CH2 6.06, dd (10.3, 1.2) 2, 3 

7-OMe 61.2, CH3 3.91, s 7 

8-OMe 55.8, CH3 3.99, s 8 

7'-OMe 56.1, CH3 3.95, s 7' 

8'-OMe 61.0, CH3 3.97, s 8' 
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Fig. 1. Effects of the crude extract (ZZM) and the extracts (ZZC, ZZD, ZZE and ZZA) on (a) the Huh-

7 cell proliferation by using the MTS assay at 25 µg/mL and 100 µg/mL, and (b) their antiviral 

activity at 25 µg/mL on HCoV-229E-Luc in Huh-7 and Huh-7/TMPRSS2 cells. Toxicity and antiviral 

evaluation in dose-response of ZZC ((c) and (e)) and ZZD ((d) and (f)). Data were analyzed by the 

One-way ANOVA and are expressed as mean ± SEM from three independent experiments, performed 

in triplicates. **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05 (significantly different from 

DMSO control). 
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Fig. 2. The structures of compounds 1–14. 
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Fig. 3. Correlations observed in COSY and HMBC for compound 1. 
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Fig. 4. Molecular network of cyclohexane (ZZC) and DCM (ZZD) extracts of Z. zanthoxyloides. A: 

Amides and B: Benzophenanthridines alkaloids clusters. Pie chart division of nodes are proportional to 

corresponding peak area in the extract. The size of the nodes is proportional to the m/z of the 

compounds. The size of the edges is proportional to the cosine score. 
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Fig. 5. Antiviral activity of compounds 1, 2, 3, 7, and 10 against HCoV-229E. For each compound, 

antiviral activity was determined with increasing concentrations. Huh-7 and Huh-7/TMPRSS2 cells 

seeded in 96-well plate were inoculated with HCoV-229E-Luc in the presence of the compound at the 

indicated concentrations. Cells were lysed after 7 h post inoculation, and luciferase activity was 

quantified. Data are expressed relative to the control DMSO (P < 0.0001, for all results). Results are 

expressed as mean ± SEM from three independent experiments, performed in triplicates. 
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Fig. S1. Chromatographic profile of the cyclohexane extract at 254 nm obtained by UHPLC-UV-MS analysis. 
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Fig. S2. Chromatographic profile of cyclohexane extract at 254 nm (top) and Total Ion Chromatograms in 

negative (middle) and positive (bottom) mode obtained by UHPLC-UV-MS analysis. 

 

 

Fig. S3. Base peak chromatogram of the cyclohexane extract in positive ion mode obtained by UPLC-

HRMS/MS analysis. 

 

 

Fig. S4. Chromatographic profile of the dichloromethane extract at 254 nm obtained by UHPLC-UV-MS 

analysis. 
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Fig. S5. Chromatographic profile of dichloromethane extract at 254 nm (top) and Total Ion Chromatograms in 

negative (middle) and positive (bottom) mode obtained by UHPLC-UV-MS analysis. 

 

 

 

Fig. S6. Base peak chromatogram of the dichloromethane extract in positive ion mode obtained by UHPLC-

HRMS/MS. 
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Fig. S7. Chromatographic profile of the FD1 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 

 

 

Fig. S8. Chromatographic profile of the FD2 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 

 

 

Fig. S9. Chromatographic profile of the FD3 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 
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Fig. S10. Chromatographic profile of the FD4 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 

 

 

Fig. S11. Chromatographic profile of the FD5 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 
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Fig. S12. Chromatographic profile of the FD6 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 

 

 

Fig. S13. Chromatographic profile of the FD7 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 
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Fig. S14. Chromatographic profile of the FD8 fraction of dichloromethane extract at 254 nm obtained by 

UHPLC-UV-MS analysis. 

 

 
 

Fig. S15. Chromatographic profile of the FD4 fraction of dichloromethane extract at 254 nm obtained by HPLC-

UV analysis. 
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Fig. S16. Chromatographic profile of the FD5 fraction of dichloromethane extract at 254 nm obtained by HPLC-

UV analysis. 

 

 

Fig. S17. Chromatographic profile of the FD8 fraction of dichloromethane extract at 254 nm obtained by HPLC-

UV analysis. 

 

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 min

-50

0

50

100

150

200

250

300

350

400

450

500

550

600

mAU

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

80.0

85.0

90.0

95.0

%

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 min

-50

0

50

100

150

200

250

300

350

400

450

500

550

mAU

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

80.0

85.0

90.0

95.0

%

7 

3 

4 8 
10 

1 

2 

7 

11 12 

13 

14 2 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof 

60 

 

 

Fig. S18. Chromatographic profile of the cyclohexane extract with its isolated compounds at 254 nm obtained by 

UHPLC-UV-MS analysis. 

 

Fig. S19. Chromatographic profile of the FD5 fraction with its isolated compounds at 254 nm obtained by 

UHPLC-UV-MS analysis. 
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Fig. S20. Chromatographic profile of the dichloromethane extract with its isolated compounds at 254 nm 

obtained by UHPLC-UV-MS analysis. 
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Brown powder; m.p: 215-216°C; [α]D
25

 0 (c 0.01, CH2Cl2); UHPLC-UV: λmax (AU) 231 

(0.69), 260 (0.88), 282 (0.62), 325 (0.31) nm; IR ʋmax 3400, 3000, 2944, 2893, 2838, 2810, 

1634, 1573, 1522, 1492, 1460, 1415, 1361, 1265, 1238, 1072, 1039 cm
-1

; 
1
H NMR (CDCl3, 

500 MHz) δ (ppm) 9.06 (1H, s, NH), 8.02 (1H, d, J = 9.1 Hz, H-5'), 7.76 (1H, s, H-4), 7.69 
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(1H, d, J = 8.6 Hz, H-9), 7.07 (1H, s, H-1), 6.90 (1H, d, J = 9.1 Hz, H-6'), 6.26 (1H, d, J = 1.4 

Hz, H-3'), 6.06 (2H, dd, J = 10.3, 1.2 Hz, C-2-O-CH2-O-C-3), 5.83 (1H, d, J = 1.4 Hz, H-6), 

3.99 (3H, s, C-8-O-CH3), 3.97 (3H, s, C-8'-O-CH3), 3.95 (3H, s, C-7'-O-CH3), 3.91 (3H, s, C-

7-O-CH3), 2.80 (3H, s, N-CH3); 
13

C NMR (CDCl3, 125 MHz) δ (ppm) 173.6 (C=O, C-4'), 

154.7 (C, C-9'a), 153.1 (C, C-7'), 152.1 (C, C-8), 150.2 (C, C-2'), 148.1 (C, C-3), 147.5 (C, C-

2), 146.4 (C, C-7), 139.6 (C, C-4b), 134.7 (C, C-8'), 131.1 (C, C-8'a), 131.0 (C, C-12a), 126.8 

(C, C-4a), 125.5 (C, C-10a), 124.5 (C, C-6a), 124.0 (CH, C-12), 123.3 (C, C-10b), 122.2 (CH, 

C-5'), 119.8 (CH, C-11), 119.1 (CH, C-10), 118.8 (C, C-4'a), 112.3 (CH, C-9), 107.9 (CH, C-

6'), 106.2 (C, C-3'a), 104.9 (CH, C-3'), 104.4 (CH, C-1), 101.0 (CH2, C-2-O-CH2-O-C-3), 

100.6 (CH, C-4), 61.2 (CH3, C-7-O-CH3), 61.0 (CH3, C-8'-O-CH3), 56.1 (CH3, C-7'-O-CH3), 

55.8 (CH3, C-8-O-CH3), 55.3 (CH, C-6), 42.2 (CH3, N-CH3); ESIMS: m/z (rel. int.) 593.1907 

[M+H]
+
 (100), 563 (12), 521 (6), 360 (3), 349 (7), 348 (28), 325 (12), 304 (1), 291(8); 

HRESIMS m/z calcd for C34H28N2O8, 593.1895; found
 
593.1907. 

 

Fig. S21. Chromatographic profile of the FD5 fraction with the compound 1 at 254 nm obtained by UHPLC-UV-

MS analysis. 
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Fig. S22. MS spectrum of compound 1 in positive mode obtained by UHPLC-UV-MS. 

 

 

Fig. S23. MS spectrum of compound 1 in negative mode obtained by UHPLC-UV-MS. 
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Fig. S24. HR-ESI-MS spectrum of the new compound 1. 

 

 

 

Fig. S25. UV spectrum of the new compound 1. 
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Fig. S26. IR spectrum of the new compound 1. 

 

 

Fig. S27. 
1
H-NMR (500 MHz, CDCl3) spectrum of the new compound 1. 
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Fig. S28. 
13

C-NMR (125 MHz, CDCl3) spectrum of the new compound 1. 

 

 

Fig. S29. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of the new compound 1. 
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Fig. S30. HSQC-DEPT (500 MHz, CDCl3) spectrum of the new compound 1. 

 

 

Fig. S31. HMBC (500 MHz, CDCl3) spectrum of the new compound 1. 
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Yellow powder; UHPLC-UV: λmax (AU) 230 (0.034), 279 (0.045), 317 (0.018), 350 (sh) nm; 

1
H NMR (CDCl3, 500 MHz) δ (ppm) 7.74 (1H, d, J = 8.6 Hz, H-11), 7.71 (1H, s, H-4), 7.55 
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(1H, d, J = 8.5 Hz, H-10), 7.52 (1H, d, J = 8.6 Hz, H-12), 7.16 (1H, s, H-1), 6.98 (1H, d, J = 

8.5 Hz, H-9), 6.09 (2H, s, C-2-O-CH2-O-C-3), 4.33 (2H, s, H-6), 3.97 (3H, s, C-7-O-CH3), 

3.91 (3H, s, C-8-O-CH3), 2.64 (3H, s, N-CH3); 
13

C NMR (CDCl3, 125.77 MHz) δ (ppm) 

152.2 (C, C-7), 148.0 (C, C-2), 147.4 (C, C-3), 146.1 (C, C-8), 142.7 (C, C-4b), 130.8 (C, C-

12a), 126.3 (C, C-10a), 126.2 (C, C-4a), 126.2 (C, C-6a), 124.2 (C, C-10b), 123.7 (CH, C-12), 

120.1 (CH, C-11), 118.6 (CH, C-10), 110.9 (CH, C-9), 104.3 (CH, C-1), 101.0 (CH2, C-2-O-

CH2-O-C-3), 100.7 (CH, C-4), 61.1 (CH3, C-8-O-CH3), 55.8 (CH3, C-7-O-CH3), 48.7 (CH2, 

C-6), 41.3 (CH3, N-CH3); HR-ESI-MS: m/z 350.1385 [M+H]
+
 (calcd for C21H20NO4, 

350.1386). 

 

 

Fig. S32. HR-ESI-MS spectrum of compound 2. 

 

 

Fig. S33. HR-ESI-MS/MS spectrum of compound 2. 

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof 

69 

 

 

Fig. S34. UV spectrum of compound 2. 

 

 

Fig. S35. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 2. 
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Fig. S36. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 2. 

 

 

 Fig. S37. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 2. 
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Fig. S38. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 2. 

 

 

Fig. S39. HMBC (500 MHz, CDCl3) spectrum of compound 2. 
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Trans-fagaramide (3):  

O

N
H

O

O1
2
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4
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10
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12

13b

H

H

13a

3

 

White needles; UHPLC-UV: λmax  (AU) 217 (0.69), 234 (0.57), 289 (0.58), 321 (0.70) nm; 
1
H 

NMR (CDCl3, 500 MHz) δ (ppm) 7.55 (1H, d, J = 15.4 Hz, H-7), 7.02 (1H, d, J = 1.6 Hz, H-

2), 6.99 (1H, dd, J = 8.0, 1.6 Hz, H-6), 6.81 (1H, d, J = 8.0 Hz, H-5), 6.25 (1H, d, J = 15.4 Hz, 

H-8), 6.00 (2H, s, C-3-O-CH2-O-C-4), 5.75 (1H, s, NH, large), 3.23 (2H, dd, J = 6.5, 0.6 Hz, 

H-11), 1.85 (1H, nonuplet, J = 6.7 Hz, H-12), 0.96 (6H, d, J = 6.7 Hz, H-13a, H-13b); 
13

C 

NMR (CDCl3, 125.77 MHz) δ (ppm) 166.1 (C=O, C-9), 148.9 (C, C-3), 148.2 (C, C-4), 140.5 

(CH, C-7), 129.7 (C, C-1), 123.5 (CH, C-6), 118.2 (CH, C-8), 108.1 (CH, C-5), 105.9 (CH, C-

2), 102.5 (CH2, C-3-O-CH2-O-C-4), 46.2 (CH2, C-11), 28.9 (CH, C-12), 20.1 (2CH3, C-13a, 

C-13b); HR-ESI-MS: m/z 248.1277 [M+H]
+
 (calcd for C14H17NO3, 248.1273). 

 

 

Fig. S40. HR-ESI-MS spectrum of compound 3. 
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Fig. S41. HR-ESI-MS/MS spectrum of compound 3. 

 

 

Fig. S42. UV spectrum of compound 3. 

 

 

Fig. S43. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 3. 
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Fig. S44. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 3. 

 

 

Fig. S45. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 3. 
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Fig. S46. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 3. 

 

 

Fig. S47. HMBC (500 MHz, CDCl3) spectrum of compound 3. 
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White powder; UHPLC-UV: λmax (AU) 237 (0.44), 280(sh), 323 (sh), 331 (0.06) nm; 
1
H 

NMR (CDCl3, 500 MHz) δ (ppm) 8.18 (1H, s, H-10), 7.75 (1H, d, J = 8.3 Hz, H-8), 7.33 (1H, 
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d, J = 8.3 Hz, H-7), 7.22 (1H, s, H-4), 7.10 (1H, s, H-1), 6.82 (1H, d, J = 8.5 Hz, H-6'), 6.56 

(1H, d, J = 8.6 Hz, H-5'), 6.10 (2H, s, C-2-O-CH2-O-C-3), 5.98 (1H, s, OH), 3.95 (3H, s, C-3'-

O-CH3), 3.92 (3H, s, C-4'-O-CH3), 3.02 (3H, s, N-CH3); 
13

C NMR (CDCl3, 125.77 MHz) δ 

(ppm) 164.5 (CH, C-10); 151.9 (C, C-4'), 148.6 (C, C-3), 148.5 (C, C-2), 146.8 (C, C-2'), 

135.7 (C, C-5), 135.5 (C, C-3'), 133.1 (C, C-4a), 131.3 (C, C-5a), 128.6 (C, C-6), 127.4 (CH, 

C-8), 127.3 (CH, C-7), 125.1 (CH, C-6'), 118.7 (C, C-1'), 104.3 (CH, C-4), 104.0 (CH, C-5'), 

101.2 (CH2, C-2-O-CH2-O-C-3), 99.3 (CH, C-1), 61.1 (CH3, C-3'-O-CH3), 55.8 (CH3, C-4'-O-

CH3), 33.1 (CH3, N-CH3); HR-ESI-MS: m/z 382.1281 [M+H]
+
 (calcd for C21H19NO6, 

382.1277). 

 

 

Fig. S48. HR-ESI-MS spectrum of compound 4. 

 

 

Fig. S49. HR-ESI-MS/MS spectrum of compound 4. 
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Fig. S50. UV spectrum of compound 4. 

 

 

Fig. S51. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 4. 

 

 

Fig. S52. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 4. 

 

4.870 Peak 1

203.5

237.8

323.5

331.8

646.1663.3666.9

A
U

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

nm

200.00 250.00 300.00 350.00 400.00 450.00 500.00 550.00 600.00 650.00 700.00 750.00



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof 

78 

 

 

Fig. S53. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 4. 

 

 

Fig. S54. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 4. 
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Fig. S55. HMBC (500 MHz, CDCl3) spectrum of compound 4. 
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White needles; UHPLC-UV: λmax (AU) 258 (2.82) nm;
 1

H NMR (CDCl3, 500 MHz) δ (ppm) 

7.21 (1H, dd, J = 15.0 Hz, H-3), 6.14 (1H, dd, J = 15.1 Hz, H-4), 6.09 (1H, dt, J = 15.1, 6.70 

Hz, H-5), 5.77 (1H, d, J = 15.0 Hz, H-2), 5.59 (1H, s, NH, large), 3.18 (2H, dd, J = 6.5, 0.6 

Hz, H-12), 2.16 (2H, dt, J = 6.8 Hz, H-6), 1.81 (1H, nonuplet, J = 6.7 Hz, H-13), 1.44 (2H, m, 

H-7), 1.33 (2H, m, H-9), 1.29 (2H, m, H-8), 0.94 (6H, d, J = 6.7 Hz, H-14a, H-14b), 0.90 (3H, 

t, J = 7.0 Hz, H-10); 
13

C NMR (CDCl3, 125.77 MHz) δ (ppm) 166.4 (C=O, C-1), 143.3 (CH, 

C-5), 141.3 (CH, C-3), 128.1 (CH, C-4), 121.6 (CH, C-2), 46.9 (CH2, C-12), 32.9 (CH2, C-6), 

31.3 (CH2, C-8), 28.4 (CH2, C-7), 28.6 (CH, C-13), 22.4 (CH2, C-9), 20.1 (2CH3, C-14a, C-

14b), 14.0 (CH3, C-10); HR-ESI-MS: m/z 224.2004 [M+H]
+
 (calcd for C14H25NO, 224.1999). 
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 Fig. S56. HR-ESI-MS spectrum of compound 5. 

 

 

Fig. S57. HR-ESI-MS/MS spectrum of compound 5. 

 

 

Fig. S58. UV spectrum of compound 5. 
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Fig. S59. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 5. 

 

 

Fig. S60. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 5. 
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Fig. S61. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 5. 

 

 

Fig. S62. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 5. 
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Fig. S63. HMBC (500 MHz, CDCl3) spectrum of compound 5. 

 

γ-sanshool (6):  

O

HN
6

 

White needles; UHPLC-UV: λmax (AU) 272 (1.81) nm; 
1
H NMR (CDCl3, 500 MHz) δ (ppm) 

7.20 (1H, dd, J = 15.0, 10.5 Hz), 6.35 (1H, dd, J = 12.9, 2.4 Hz), 5.92-6.23 (5H, J = 15.2, 10.4 

Hz, J = 15.4 Hz, J = 15.1, 10.4, 15.14, 7.0, 10.4), 5.70-5.80 (2H, J = 15.1, 7.2), 5.52 (1H, s, 

NH, large), 5.38 (1H, dt, J = 11.5, 7.4 Hz), 3.20 (2H, d, J = 6.4 Hz), 2.35 (2H, td, J = 7.4, 7.0 

Hz), 2.25 (2H, J = 7.4 Hz), 1.75-1.88 (4H, J = 7.1, 6.8 Hz), 0.96 (6H, d, J = 6.7 Hz); HR-ESI-

MS: m/z 274.2162 [M+H]
+
 (calcd for C18H27NO, 274.2178). 
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Fig. S64. HR-ESI-MS spectrum of compound 6. 

 

 

Fig. S65. HR-ESI-MS/MS spectrum of compound 6. 

 

 

Fig. S66. UV spectrum of compound 6. 
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Fig. S67. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 6. 
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Fig. S68. HR-ESI-MS spectrum of compound 7. 
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Fig. S69. HR-ESI-MS/MS spectrum of compound 7. 

 

 

Fig. S70. UV spectrum of compound 7. 
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Evodiamide (8):  

N
H

N
O

N
H

8
1 2

3
4

5

6

7

8

9

10
11

12

13 14 15

16

17

1819

20

21

 

Yellow powder; UHPLC-UV: λmax (AU) 222 (0.52), 260 (sh), 282 (0.15), 290 (0.14), 318 

(0.11) nm; 
1
H NMR (DMSO-d6, 500 MHz) δ (ppm) 10.81 (1H, s, H-l), 7.31 (1H, d, H-9), 7.21 

(1H, m, J = 7.5 Hz, H-18), 6.72-7.13 (5H, m, H-2, H-8, H-7, H-20, H-6), 6.59 (1H, d, J = 8.2 

Hz, H-17), 6.56 (1H, dd, J = 7.1 Hz, H-19), 5.07 (1H, s, NH-21), 3.35 (3H, d, H-13), 2.81-

3.06 (4H, m, H-5, H-6), 2.66 (3H, d, J = 4.9 Hz, 21-NH-Me); 
13

C NMR (DMSO-d6, 125 

MHz) δ (ppm) 170.1 (C, C-1), 146.5 (C, C-16), 136.6 (C, C-5), 130.4 (CH, C-18), 127.5 (CH, 

C-20), 123.3 (CH, C-2), 121.4 (CH, C-8), 118.7 (CH, C-7), 115.5 (CH, C-19), 111.8 (CH, C-

9), 110.5 (CH, C-17), 46.7 (CH2, C-11), 30.3 (2CH3, 21-NHMe, 12-N-Me), 24.6 (CH2, C-

10); HR-ESI-MS: m/z 308.1756 [M+H]
+
 (calcd for C19H21N3O, 308.1754). 

 

 

Fig. S71. HR-ESI-MS spectrum of compound 8. 
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Fig. S72. HR-ESI-MS/MS spectrum of compound 8. 

 

Fig. S73. The UV spectrum of compound 8. 

 

 

Fig. S74. 
1
H-NMR (500 MHz, DMSO-d6) spectrum of compound 8. 
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Fig. S75. 
13

C-NMR (125 MHz, DMSO-d6) spectrum of compound 8. 

 

 

Fig. S76. 
1
H-

1
H COSY (500 MHz, DMSO-d6) spectrum of compound 8. 
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Fig. S77. HSQC-DEPT (500 MHz, DMSO-d6) spectrum of compound 8. 

 

 

Fig. S78. HMBC (500 MHz, DMSO-d6) spectrum of compound 8. 
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Decarine (9):  

N

O

O

O

HO

9

 

 

Fig. S79. HR-ESI-MS spectrum of compound 9. 

 

 

Fig. S80. HR-ESI-MS/MS spectrum of compound 9. 
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Fig. S81. UV spectrum of compound 9. 
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Brown prism; UHPLC-UV: λmax (AU) 238 (0.78), 287 (1.09), 323 (0.30), 338 (0.29), 380 (sh) 

nm; 
1
H NMR (CDCl3, 500 MHz) δ (ppm) 8.01 (1H, d, J = 8.7 Hz, H-10), 8.01 (1H, d, J = 8.7 

Hz, H-11), 7.55 (1H, s, H-4), 7.54 (1H, d, J = 9.8 Hz, H-12), 7.40 (1H, d, J = 9.0 Hz, H-9), 

7.17 (1H, s, H-1), 6.11 (2H, s, C-2-O-CH2-O-C-3), 4.10 (3H, s, C-8-O-CH3), 4.00 (3H, s, C-

7-O-CH3), 3.92 (3H, s, N-CH3); 
13

C NMR (CDCl3, 125 MHz) δ (ppm) 162.6 (C=O, C-6), 

152.6 (C, C-7), 150.1 (C, C-8), 147.4 (C, C-2), 147.0 (C, C-3), 135.6 (C, C-4b), 131.6 (C, C-

12a), 128.9 (C, C-10a), 123.3 (CH, C-12), 121.0 (C, C-4a), 119.7 (C, C-6a), 118.4 (CH, C-

10), 117.8 (CH, C-11), 117.7 (CH, C-9), 117.1 (C, C-10b), 104.6 (CH, C-1), 102.4 (CH, C-4), 

101.5 (CH2, C-2-O-CH2-O-C-3), 61.7 (CH3, C-8-O-CH3), 56.5 (CH3, C-7-O-CH3), 40.8 (CH3, 

N-CH3); HR-ESI-MS: m/z 364.1177 [M+H]
+
 (calcd for C21H17NO5, 364.1174). 
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Fig. S82. HR-ESI-MS spectrum of compound 10. 

 

 

 

Fig. S83. HR-ESI-MS spectrum of compound 10. 
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Fig. S84. UV spectrum of compound 10. 

 

Fig. S85. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 10. 
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Fig. S86. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 10. 

 

 

Fig. S87. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 10. 
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Fig. S88. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 10. 

 

 

Fig. S89. HMBC (500 MHz, CDCl3) spectrum of compound 10. 
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Scoparone (11):  

O OO

O

8

2

3

45
6

7

8a

4a

11

1

 

Yellow powder; UHPLC-UV: λmax (AU) 229 (0.034), 260 (sh), 294 (0.01), 343 (0.02) nm; 
1
H 

NMR (CDCl3, 500 MHz) δ (ppm) 7.64 (1H, d, J = 9,4 Hz, H-4), 6.87 (1H, s, H-5), 6.87 (1H, 

s, H-8), 6.31 (1H, d, J = 9,4 Hz, H-3), 3.97 (3H, s, C-7-O-CH3), 3.94 (3H, s, C-6-O-CH3); 

13
C NMR (CDCl3, 125 MHz) δ (ppm) 161.4 (C=O, C-2), 152.8 (C, C-7), 150.0 (C, C-8a), 

146.3 (C, C-6), 143.3 (CH, C-4), 113.5 (CH, C-3), 111.4 (C, C-4a), 107.9 (CH, C-5), 100.0 

(CH, C-8), 56.4 (CH3, C-7-O-CH3), 56.3 (CH3, C-6-O-CH3); HR-ESI-MS: m/z 207.0649 

[M+H]
+
 (calcd for C11H10O4, 207.0646). 

 

Fig. S90. HR-ESI-MS spectrum of compound 11. 
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Fig. S91. HR-ESI-MS/MS spectrum of compound 11. 

 

 

 

Fig. S92. UV spectrum of compound 11. 
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Fig. S93. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 11. 

 

 

Fig. S94. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 11. 

 

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof 

100 

 

 

Fig. S95. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 11. 

 

 

Fig. S96. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 11. 
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Fig. S97. HMBC (500 MHz, CDCl3) spectrum of compound 11. 

 

4-methoxy-1-methylquinolin-2-one (12):  

12

1 2

3
45

6

7
8

8a N O

O

4a

 

White needles; UHPLC-UV: λmax (AU) 234 (2.55), 260 (1.05), 268 (1.05), 315 (0.9), 330 (sh) 

nm; 
1
H NMR (CDCl3, 500 MHz) δ (ppm) 7.99 (1H, dd, J = 7.9, 1.4 Hz, H-8), 7.60 (1H, dd, J 

= 7.9, 1.5 Hz, H-6), 7.36 (1H, dd, J = 8.5 Hz, H-5), 7.24 (1H, dd, J = 7.6, 1.0 Hz, H-7), 6.06 

(1H, s, H-3), 3.97 (3H, s, C-4-O-CH3), 3.69 (3H, s, N-CH3); 
13

C NMR (CDCl3, 125 MHz) δ 

(ppm) 163.8 (C=O, C-2), 162.6 (C, C-4), 139.7 (C, C-8a), 131.2 (CH, C-6), 123.3 (CH, C-8), 

121.6 (CH, C-7), 116.5 (C, C-4a), 114.0 (CH, C-5), 96.4 (CH, C-3), 55.8 (CH3, C-4-O-CH3), 

29.0 (CH3, N-CH3); HR-ESI-MS: m/z 190.0862 [M+H]
+
 (calcd for C11H11NO2, 190.0861). 
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Fig. S98. HR-ESI-MS spectrum of compound 12. 

 

 

Fig. S99. UV spectrum of compound 12. 

 

Fig. S100. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 12. 
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Fig. S101. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 12. 

 

 

Fig. S102. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 12. 
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Fig. S103. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 12. 

 

 

Fig. S104. HMBC (500 MHz, CDCl3) spectrum of compound 12. 
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Skimmianine (13):  

N OO

O

O

13

1
2

3

8a

6

5

7

8

1'

2'

44a

 

White crystal; UHPLC-UV: λmax (AU) 246 (2.65), 319 (0.55), 328 (0.55) nm; 
1
H NMR 

(CDCl3, 500 MHz) δ (ppm) 8.03 (1H, d, J = 9.3 Hz, H-5), 7.60 (1H, d, J = 2.7 Hz, H-2'), 7.25 

(1H, d, J = 9.4 Hz, H-6), 7.05 (1H, d, J = 2.7 Hz, H-1'), 4.44 (3H, s, C-4-O-CH3), 4.13 (3H, s, 

C-7-O-CH3), 4.04 (3H, s, C-8-O-CH3); 
13

C NMR (CDCl3, 125 MHz) δ (ppm) 164.3 (C, C-2), 

157.1 (C, C-4), 152.1 (C, C-8), 143.0 (CH, C-2'), 141.9 (C, C-7), 141.4 (C, C-8a), 118.1 (CH, 

C-5), 114.8 (C, C-4a), 111.9 (CH, C-6), 104.6 (CH, C-1'), 102.0 (C, C-3), 61.6 (CH3, C-7-O-

CH3), 58.9 (CH3, C-4-OCH3), 56.7 (CH3, C-8-O-CH3); HR-ESI-MS: m/z 260.0913 [M+H]
+
 

(calcd for C14H13NO4, 260.0908). 

 

Fig. S105. HR-ESI-MS spectrum of compound 13. 
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Fig. S106. HR-ESI-MS/MS spectrum of compound 13. 

 

 

Fig. S107. UV spectrum of compound 13. 
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Fig. S108. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 13. 

 

 

Fig. S109. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 13. 
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Fig. S110. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 13. 

 

 

Fig. S111. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 13. 
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Fig. S112. HMBC (500 MHz, CDCl3) spectrum of compound 13. 

 

γ-fagarine (14):  

14

N O

O

O

1
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7

8 8a

1'

2'

4a

 

White crystal; UHPLC-UV: λmax (AU) 249 (3.00), 310 (1.37), 328 (1.25), 348 (1.17) nm; 
1
H 

NMR (CDCl3, 500 MHz) δ (ppm) 7.87 (1H, dd, J = 8.6, 1.2 Hz, H-5), 7.67 (1H, d, J = 2.8 Hz, 

H-2'), 7.39 (1H, dd, J = 8.6, 0.9 Hz, H-6), 7.11 (1H, d, J = 2.8 Hz, H-1'), 7.09 (1H, dd, J = 7.7, 

1.2 Hz, H-7), 4.48 (3H, s, C-4-O-CH3), 4.09 (3H, s, C-8-O-CH3); 
13

C NMR (CDCl3, 125 

MHz) δ (ppm) 163.0 (C, C-2), 157.0 (C, C-4), 154.4 (C, C-8), 143.9 (C, C-2'), 137.2 (C, C-

8a), 123.5 (CH, C-6), 119.6 (C, C-4a), 114.1 (CH, C-5), 107.8 (CH, C-7), 104.6 (CH, C-1'), 

103.9 (C, C-3), 59.0 (C-4-O-CH3), 55.9 (C-8-O-CH3); HR-ESI-MS: m/z 230.0808 [M+H]
+
 

(calcd for C13H11NO3, 230.0804). 
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Fig. S113. HR-ESI-MS spectrum of compound 14. 

 

 

Fig. S114. HR-ESI-MS/MS spectrum of compound 14. 
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Fig. S115. UV spectrum of compound 14. 

 

 

 

Fig. S116. 
1
H-NMR (500 MHz, CDCl3) spectrum of compound 14. 
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Fig. S117. 
13

C-NMR (125 MHz, CDCl3) spectrum of compound 14. 

 

 

Fig. S118. 
1
H-

1
H COSY (500 MHz, CDCl3) spectrum of compound 14. 
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Fig. S119. HSQC-DEPT (500 MHz, CDCl3) spectrum of compound 14. 

 

 

Fig. S120. HMBC (500 MHz, CDCl3) spectrum of compound 14. 
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Fig. S121. Cytotoxicity evaluation of compounds 1, 2, 3, 7, 10, 11, 12, and 13 on Huh-7 cells. For each sample, 

toxicity activity was determined with increasing concentrations. Huh-7 cells were incubated with each sample at 

the indicated concentrations for 24 h. The MTS assay was performed to monitor cell viability. Data are 

expressed relative to the control DMSO (p < 0.001, for 2 and 7). CC50 were only determined for compounds 2 

and 7 and were expressed as mean ± SEM from three independent experiments, performed in triplicates.  

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof 

115 

 

 

Fig. S122. Appearance of the (A) plant, (B) root and (C) root bark 
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Table S1. Identification of chemical constituents in cyclohexane and dichloromethane extracts by comparison of the MS
2
 data (Positive mode, HR-ESI-MS/MS) and matched 

with KEGG and PubChem databases by using Mzmine 3 (v3.3.0) software. Several levels of confidence were assigned (levels 1-4): level 1 (unambiguously identified 

metabolite, confirmed by at least two parameters of an authentic standard, such as retention time and MS/MS spectrum, purified compounds in the case of our study), level 2 

(putatively annotated metabolite), level 3 (putatively annotated metabolite class) and level 4 (unidentified metabolite). 

Rt 
(mi
n) 

Isolat
ed 

comp
ounds 

m/z Major quas-
imolecular 
ions 

MS/MS fragments [m/z] Molecula
r formula 

Δ 
pp
m 

Δ 
mD
a 

Com
bine
d 
score 
(%) 

R
D
BE 

w Ar
ea 

Identification Chemical 
class 
identified 

Level 
of 
confi
denc
e 

4.2
6 

 260.
127
5 

[M+H]+ 66.1679 C15H17NO

3 
-
2.5 

-
0.6 

75.1
7 

8  6.
9E
3 

- Alkaloid Level 
3 

4.5
1 

 206.
080
7 

[M+H]+ 66.1679; 191.0573 C11H11NO

3 
-
2.4 

-
0.5 

75.9
5 

7  4.
1E
4 

Edulitine alkaloid Level 
2 

4.5
6 

 356.
185
0 

[M+H]+ 192.1014 C21H25NO

4 
-
1.9 

-
0.7 

81.4
7 

10  2.
3E
4 

Glaucine alkaloid Level 
2 

4.6
7 

 260.
127
7 

[M+H]+ 66.1679; 188.0702; 242.1171; C15H17NO

3 
-
1.7 

-
0.4 

82.8
9 

8  2.
8E
4 

Norsanguinine  Alkaloid  Level 
2 

4.7
6 

 679.
510
3 

[M+H]+ 336.2277; 435.3328; 452.3604; 643.4906; 661.5000  C35H70N2

O10 
-
0.1 

-
0.0 

99.6
6 

2  3.
5E
4 

- - Level 
4 

4.7
6 

 701.
492
3 

[M]+ 591.4539; 657.5030; 683.4820; 684.4858; 701.4905 C47H63N3

O2
+ 

0.4 0.3 96.1
3 

18  3.
3E
4 

- Alkaloid Level 
3 

4.8
1 

 370.
164
5 

[M+H]+ 149.0593; 165.0906; 188.0703; 206.0808; 290.0935; 
321.1354; 337.1307; 352.1540 

C21H23NO

5 
-
1.1 

-
0.4 

88.5
5 

11  1.
3E
5 

Allocryptopine Alkaloid  Level 
2 

4.9
2 

 302.
128
4 

[M+H]+ 156.0804; 167.0601; 185.0707; 257.1073; 272.0819; 
287.10491 
 

C19H15N3

O 
-
1.4 

-
0.4 

86.3
1 

14  4.
0E
5 

- Alkaloid Level 
3 

5.2
1 

11 207.
064
9 

[M+H]+ n.f C11H10O4 -
1.5 

-
0.3 

85.0
1 

7  4.
7E
4 

Scoparone Coumarin Level 
1 

5.2
4 

 352.
153
8 

[M+H]+ 294.1488; 309.1117; 321.1355; 337.1303; C21H21NO

4 
-
1.6 

-
0.6 

84.1
0 

12  1.
4E
5 

Ochotensine  Alkaloid  Level 
2 

5.4
5 

7 348.
122
8 

[M]+ 202.0531; 304.0970; 333.0994 C21H17O4

N+ 
-
2.2 

-
0.8 

77.5
1 

13  1.
3E
4 

Chelerythrine Benzo[c]phe
nanthridine 
alkaloid 

Level 
1 
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5.9
5 

12 190.
086
2 

[M+H]+ 130.0647; 158.0597; 175.0624 C11H11NO

2 
-
0.4 

-
0.1 

98.9
0 

7  3.
8E
5 

4-methoxy-1-methylquinolin-2-
one 

Alkaloid  Level 
1 

6.2
5 

13 260.
091
3 

[M+H]+ 61.2607; 138.7265; 200.0703; 210.9619; 216.0653; 
227.0572; 245.0674 

C14H13NO

4 
-
1.8 

-
0.5 

82.3
3 

9  3.
3E
6 

Skimmianine Alkaloid  Level 
1 

6.4
2 

14 230.
080
8 

[M+H]+ 186.0546; 200.0266; 215.0572; C13H11NO

3 
-
1.7 

-
0.4 

82.8
3 

9  1.
4E
6 

γ fagarine Alkaloid  Level 
1 

6.6
3 

 240.
195
4 

[M+H]+ 93.06950; 121.1007; 156.1378; 167.1062; 222.1850 C14H25NO

2 
-
1.8 

-
0.4 

82.0
6 

3 2 1.
6E
5 

- Amide  Level 
3 

6.7
3 

 382.
128
0 

[M+H]+ 201.0781; 305.1044; 323.0910; 336.1226; 354.1331 C21H19NO

6 
-
1.4 

-
0.5 

85.9 13  2.
1E
5 

Isoarnottianamide  Formamide Level 
2 

6.9
4 

3 248.
127
7 

[M+H]+ 66.1679; 107.3148; 117.0332; 119.0488; 145.0281; 
149.0594; 173.9689; 175.0385; 192.0651 

C14H17NO

3 
-
1.8 

-
0.4 

82.0
6 

7 1 1.
1E
7 

Trans-Fagaramide  Amide  Level 
1 

6.9
4 

 495.
248
0 

[M+H]+ 175.0386; 248.1280 C28H34N2

O6 
-2 -1 80.0

3 
13  6.

9E
6 

Fagaramide dimer Amide  Level 
3 

7.4
8 

4 382.
128
1 

[M+H]+ 201.0783; 305.1046; 323.0914; 336.12298; 354.1333 C21H19NO

6 
-
1.1 

-
0.4 

88.5
3 

13  9.
0E
5 

Arnottianamide  Formamide Level 
1 

7.5
0 

 763.
248
9 

[M+H]+ 292.0733; 339.1098; 354.1330; 382.1282 C42H38N2

O12 
-
1.1 

-
0.9 

88.5
3 

25  7.
1E
5 

Arnottianamide or 
isoarnottianamide dimer 

Formamide  Level 
3 

7.5
4 

8 308.
175
6 

[M+H]+ 91.0539; 106.0648; 116.0492; 134.0598; 165.1020; 
201.1021; 265.1335; 290.1651  

C19H21N3

O 
-
0.5 

-
0.2 

94.7
2 

11  1.
2E
6 

Evodiamide  Alkaloid  Level 
1 

7.7
0 

 196.
169
3 

[M+H]+ 66.1679; 95.0851; 123.0800; 140.1066  C12H21NO -
1.6 

-
0.3 

83.9 3 2 1.
3E
5 

N-(2-methylpropyl)octa-2,4-
dienamide 

Amide  Level 
2 

7.8
2 

 304.
144
3 

[M+H]+ 118.0647; 144.0805; 161.0706; 187.0862; 261.1384; 
287.1177  

C19H17N3

O 
-
0.5 

-
0.2 

94.6
5 

13  6.
9E
5 

Evodiamine  Alkaloid  Level 
2 

7.9
1 

9 320.
091
4 

[M+H]+ 76.2671; 277.0731; 305.0679 C19H13NO

4 
-
1.1 

-
0.4 

88.7
8 

14  5.
3E
5 

Decarine  Alkaloid  Level 
1 

8.1
9 

 288.
112
9 

[M+H]+ 66.1680; 167.0599; 227.2003; 243.0912; 273.0892 C18H13N3

O 
-
0.9 

-
0.3 

90.8
7 

14  1.
8E
5 

Rutaecarpine  Alkaloid Level 
2 

8.2
4 

 336.
122
8 

[M+H]+ 276.1016; 291.1012; 304.0963; 321.0991; 323.7860 C20H17NO

4 
-
0.8 

-
0.3 

92.3 13  9.
1E
4 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 
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8.3
3 

10 364.
117
7 

[M+H]+ 178.3727; 301.0734; 320.0917; 333.0993; 334.0709; 
349.0942 

C21H17NO

5 
-
0.8 

-
0.3 

92.4
9 

14  7.
6E
5 

6-Oxochelerythrine  Benzo[c]phe
nanthridine 
alkaloid 

Level 
1 

8.3
8 

 306.
160
1 

[M+H]+ 134.0598; 161.0706; 175.0863; 199.0863; 263.1541; 
289.1333 

C19H19N3

O 
0.0 0.0 99.6 12  6.

4E
5 

- Alkaloid  Level 
3 

8.5
1 

 318.
206
2 

[M+H]+ 177.0543; 250.1433  C19H27NO

3 
-
0.6 

-
0.2 

93.8
9 

7 1 1.
7E
5 

- Amide  Level 
3 

8.5
8 

 222.
185
0 

[M+H]+ 66.1680; 67.0537; 93.0695; 107.0851; 123.1164; 149.0957; 
166.1223 

C14H23NO -
1.2 

-
0.3 

88.0
5 

4 3 4.
6E
5 

- Amide  Level 
3 

8.6
3 

 288.
253
0 

[M+H]+ 66.1680; 88.0753; 106.0859; 227.2002; 270.2424 C16H33NO

3 
-
1.2 

-
0.3 

88.0 1 0 7.
3E
5 

- Amide  
 

Level 
3 

8.9
6 

 408.
143
5 

[M+H]+ 348.1226 C23H21NO

6 
-
1.7 

-
0.7 

83.1
2 

14  1.
7E
5 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 

8.9
6 

 649.
243
6 

[M+H]+ 304.0963; 333.0992; 348.1226 C40H32N4

O5 
-
1.5 

-1 85.0
3 

27  1.
8E
5 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 

9.3
7 

5 224.
200
4 

[M+H]+ 66.1679; 95.0489; 107.0852; 123.1165; 133.1008; 
151.1114; 168.1380 

C14H25NO -
2.3 

-
0.5 

76.9
5 

3 2 5.
4E
6 

Pellitorine Amide Level 
1 

9.4
9 

 288.
195
6 

[M+H]+ 88.0754; 106.0860; 227.2003; 270.2425  C18H25NO

2 
-
0.8 

-
0.2 

92.0
2 

7  6.
2E
4 

- Amide Level 
3 

9.5
6 

 521.
336
4 

[M+H]+ 213.0906; 248.1278; 347.1638; 375.1585; 420.2526; 
448.2474; 503.3257 

C32H44N2

O4 
-
1.9 

-1 80.6
3 

12  3.
0E
5 

- Alkaloid  Level 
3 

9.6
9 

1 593.
190
7 

[M+H]+ n.f C34H28N2

O8 
-2 -

1.2 
80.3
3 

22  2.
6E
5 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
1 

9.7
8 

 471.
320
8 

[M+H]+ 299.1639; 325.1430; 370.2373; 398.2320; 453.3104 C28H42N2

O4 
-2 -1 79.6

3 
9  3.

1E
5 

- - Level 
4 

10.
05 

 532.
195
4 

[M+H]+ 333.0991; 334.1070; 348.1225; 488.2059; 500.1690; 
517.1723 

C30H29NO

8 
-
2.3 

-
1.2 

77.0
9 

17  1.
7E
5 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 

10.
14 

 334.
107
0 

[M+H]+ 290.0808; 302.0809; 304.0602; 318.0758; 319.0834 C20H15NO

4 
-
1.2 

-
0.4 

87.7
5 

14  3.
7E
5 

Norchelerythrine Benzo[c]phe
nanthridine 
alkaloid 

Level 
2 

10.
20 

6 274.
216
2 

[M+H]+ 66.1679; 93.0695; 107.0851; 119.0850; 133.1008; 
168.1378; 175.1477; 201.1270; 224.8881 

C18H27NO -
1.3 

-
0.4 

86.6
6 

6 5 3.
6E
6 

γ sanshool Amide  Level 
1 
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10.
43 

2 350.
138
2 

[M+H]+ 85.7472; 232.7949; 290.0938; 304.0970; 319.1203; 
333.1125; 334.1076; 335.1148 

C21H19NO

4 
-
1.5 

-
0.5 

85.4
5 

13  1.
8E
6 

Dihydrochelerythrine Benzo[c]phe
nanthridine 
alkaloid 

Level 
1 

10.
58 

 276.
231
9 

[M+H]+ 93.0695; 107.0851; 121.1007; 135.1164; 177.1634; 
194.1535; 206.1536; 220.1690 

C18H29NO -
1.1 

-
0.3 

88.5
7 

5 4 5.
1E
5 

Hazaleamide Amide  Level 
2 

10.
89 

 252.
231
8 

[M+H]+ 66.1680; 93,0694; 119.0850; 133.1007; 161.1319; 
179.1426; 196.1691 

C16H29NO -
1.7 

-
0.4 

83.5 3 2 2.
4E
5 

- Amide Level 
3 

11.
36 

 278.
247
5 

[M+H]+ 93.0694; 107.0850; 121.1007; 135.0800; 152.1065; 
167.1300; 177.1634; 205.1582; 222.1848 

C18H31NO -
1.3 

-
0.4 

86.8
5 

4 3 2.
9E
5 

- Amide Level 
3 

11.
65 

 348.
122
7 

[M]+ 85.2431; 304.0969; 315.0892; 318.0762; 319.0846; 
333.0992; 349.1262 

C21H18NO

4
+ 

-
2.5 

-
0.9 

74.6
3 

14  1.
6E
6 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 

12.
06 

 564.
237
0 

[M+H]+ 348.1224 C35H33NO

6 
-
1.9 

-
1.1 

80.6
9 

20  6.
1E
4 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 

12.
06 

 739.
263
8 

[M+H]+ 196.0182; 303.2381; 533.1547; 616.3439; 634.3195; 
701.9672 

C44H38N2

O9 
-
1.7 

-
1.2 

83.3
3 

27  8.
8E
4 

- Alkaloid  Level 
3 

12.
26 

 398.
232
0 

[M+H]+ 121.0278; 149.0230; 233.1169; 268.0965; 296.1278; 
314.1383; 369.1930 

C24H31NO

4 
-
1.5 

-
0.6 

84.6
8 

10  2.
5E
5 

1-(3,4-diethoxybenzyl)-6,7-
diethoxy-3,4-
dihydroisoquinoline 

Alkaloid Level 
2 

12.
33 

 280.
263
1 

[M+H]+ 66.1680; 93.0695; 107.0850; 119.0850; 133.1007; 
154.1221; 168.1378; 189.1633; 207.1739; 224.2005 

C18H33NO -
1.5 

-
0.4 

85.1
5 

3 2 5.
3E
5 

N-isobutyl-(2E,4E)-
tetradecadienamide 

Amide Level 
2 

12.
72 

 447.
393
8 

[M+H]+ 275.2364; 346.3099; 374.3046; 389.3043; 429.3361 C28H50N2

O2 
-
1.6 

-
0.7 

83.6
7 

5 4 8.
1E
4 

- diamide Level 
3 

12.
83 

 497.
409
1 

[M+H]+ 224.2005; 269.1895; 323.2365; 351.2313; 396.3253; 
424.3200; 479.3984 

C32H52N2

O2 
-
2.2 

-
1.1 

78.2
7 

8 7 2.
2E
5 

- diamide Level 
3 

12.
83 

 739.
263
8 

[M+H]+ 205.2081; 334.3310; 348.1224 C44H38N2

O9 
-
1.7 

-
1.2 

83.3
3 

27  1.
7E
5 

- Benzo[c]phe
nanthridine 
alkaloid 

Level 
3 

13.
22 

 256.
263
2 

[M+H]+ 66.1680; 88.0753; 102.0909; 116.1065; 130.1221; 
144.1378; 158.1534; 172.1693; 186.1849; 200.2005; 
214.2157 

C16H33NO -
1.2 

-
0.3 

87.6
7 

1 0 1.
5E
5 

N-(2-
methylpropyl)dodecanamide 

Amide Level 
2 

13.
22 

 294.
278
8 

[M+H]+ 70.3319; 95.0851; 109.1008; 133.1008; 
182.1534;203.1795; 221.1896; 238.2161 

C19H35NO -
1.2 

-
0.4 

87.5
6 

3 2 4.
4E
4 

- Amide Level 
3 

13.
28 

 547.
424
8 

[M+H]+ 183.1165; 247.1478; 274.2162; 312.2318; 373.2521; 
401.2469; 446.3412; 474.3357; 529.4141 

C36H54N2

O2 
-
1.9 

-1 81.1
7 

11 1
0 

3.
0E
5 

- diamide Level 
3 
 



Jo
urnal P

re-proof

Journal Pre-proof 

120 

 

w: number of double bonds on aliphatic chain of polyunsaturated amides and diamides 

RDBE: Ring Double Bond Equivalents 

-: no identification 

n.f: no fragmentation (compound covered by another) 
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Highlights 

 Zanthoxylum zanthoxyloides demonstrated antiparasitic and anti-coronavirus activities.  

 An original benzophenanthridine alkaloid was isolated along with 13 known compounds. 

 Zanthoxyloithrine, the novel alkaloid, showed promising antimicrobial activities. 

 Dereplication and molecular network analyses were performed on the apolar extracts.  

 Alkaloids and polyunsaturated amides were putatively identified by this dereplication. 


