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Abstract 

The polar metabolome of the medicinal plant Ammodaucus leucotrichus Coss. & Dur. has not 
been comprehensively characterised. In this study, the chemical composition of a 
water/methanol (4:1) extract of seeds was determined through a combination of UHPLC-MS 
and NMR techniques. Sixty compounds were identified from the extract with 36 of these 
confirmed using UHPLC-MS and/or NMR data while the remaining 24 were given putative 
identifications based on UHPLC-MS data. The compounds included lignans, terpenes, 
phenolics, flavonoids, and alkaloid derivatives together with some amino- and organic acids. 
Of these 2 terpenoids and 3 lignans were found to be novel and were isolated and structures 
determined by comprehensive NMR studies. A further novel lignan glycoside was tentatively 
identified. Together these data represent the most comprehensive profile of this traditional 
medicinal plant, providing an annotated profile that can form the basis of future correlative 
metabolomic investigations to determine active principles behind its reported bioactivities. 
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1. Introduction 

Ammodaucus leucotrichus Coss. & Dur. (Apiaceae) is a flowering plant endemic to the North 
African Sahara region with presence in Morocco, Algeria, Tunisia, and Egypt, but also reported 
to extend to some sub-Saharan tropical regions (Idm’hand et al., 2020; Selama et al., 2022). In 
Morocco, it is locally known as “Kammûn es-sofi or akâman” where its different parts, 
especially the fruits and seeds, are used in traditional medicine mainly as infusions or 
decoctions to treat a wide range of ailments, including stomach and digestive diseases, diabetes, 
cough, cold, allergies and heart complications (Idm’hand et al., 2020). Several studies have 
reported additional biological effects from the seeds and aerial parts including in vitro 
antioxidant and antiglycation properties (Selama et al., 2022), in vivo antidiabetic, 
antihyperglycemic, and anti-inflammatory effects in mice (Es-Safi et al., 2020) as well as 
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cytotoxic and antibacterial effects (Ziani et al., 2019). The hepatoprotective potential (Annaz 
et al., 2024) and in vitro antiproliferative properties (Belbachir et al., 2024) have also been 
reported. 

Most of the chemical studies of this plant have focussed on the analysis of volatile compounds 
in essential oils and have commonly identified perillaldehyde and limonene as the two major 
volatiles in the oils of its fruits and seeds (Dahmane et al., 2017; Manssouri et al., 2020; 
Neghliz-Benabdelkader et al., 2021, Annaz et al., 2024). There are a few studies in the literature 
that have attempted to characterise the more polar metabolome of A. leucotrichus. Most of 
these have either only performed basic phytochemical screens, such as antioxidant activities 
and mineral analysis or have been largely incomplete, identifying only a few metabolites 
matching to available standards by HPLC (Bouknana et al., 2022; Es-Safi et al., 2020; 
Mouderas et al., 2020; Bouzaid et al., 2024a). A deeper study on the phenolic profile of the 
aerial parts using HPLC-DAD-ESI/MSn reported a handful of flavonoids based on apigenin 
and luteolin, along with other phenolic compounds (Ziani et al., 2019). Subsequently, an 
untargeted UHPLC-MS/MS metabolomic analysis of the water and ethanol extracts of the 
plant’s fruits reported 94 compounds but these could only be tentatively identified (Abderrezag 
et al., 2021). Even the most recent studies have employed variations of HPLC-MS 
methodologies to only putatively identify compounds, including phenolic acids and flavonoids 
(Abderrezag et al., 2024; Belbachir et al., 2024; Bouknana et al., 2024; Bouzaid et al., 2024b). 
A more targeted approach using diethyl ether extraction and GC-MS and NMR, led to 
identification of a guaianolide, ammolactone-A together with some monoterpenoids including 
(+)-3-hydroxyperillaldehyde (Muckensturm et al., 1997). A further study has provided more 
complete spectroscopic characterisation and quantification of levels of ammolactone-A and R-
perillaldehyde (Bellau et al, 2022) whilst more recently, polyacetylenic caffeoyl amides, in 
addition to some known flavones and lignans, were identified from the ethyl acetate extract of 
the fruits of A. leucotrichus using NMR and mass spectrometry (Hajib et al., 2023). 

Given the extensive use of fruits/seeds of this plant to prepare medicinal teas and similar 
decoctions, there is a clear need to understand the chemical composition of more polar 
extractables. In this study we apply modern metabolomic technologies to reveal the full 
complexity of the chemical fingerprint that would be expected in such extracts. Structural data 
on 59 metabolites from seeds of A. leucotrichus using a combination of high-resolution 
UHPLC-MS and NMR, as well as the identification of 5 new metabolites, provides a much-
needed detailed metabolite profile that can be used as a basis for future biomedical studies, 
including standardisation of herbal products derived from seeds of this plant. 

 

2. Results and Discussion  

After initial collection of NMR and UHPLC-MS profiles of total extracts (water/methanol, 4:1) 
from seeds of A. leucotrichus, the crude extract was then split into 110 fractions by preparative 
reverse-phase HPLC. The crude fractions were each analysed in detail by UHPLC-MS and 
NMR. Known compounds were identified by comparing these data, including LC retention 
times, to our in-house spectral databases and/or to the literature (Table S1 and List S1 under 
Supplementary materials). For unknown metabolites, putative identifications were based on 
empirical formulae from high-resolution UHPLC-MS and MS/MS fragmentation patterns. 
Structures were then determined by combined analysis of these data, supplemented with data 
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from both 1D and 2D-NMR experiments. Fifty-nine compounds were identified in UHPLC-
MS/NMR data and one additional compound was identified based only on its NMR data 
because it did not ionise in the LCMS system. The structures of selected compounds, including 
the novel metabolites, are shown in Fig. 1, and the UHPLC-MS profile of the crude extract is 
shown in Fig. 2. The UHPLC–MS/MS data with the level of identification of each compound 
(1-59) is summarised in Table S1. 
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Fig. 1. Chemical structures of selected compounds isolated from seeds of A. leucotrichus. 
Abbreviations: glc = β-glucopyranose, Me = methyl, A = β-apiofuranosyl-(1→6)-O-β-
glucopyranose, B = (6′′-O-malonyl)-β-glucopyranose.  

 

 

Fig. 2. Total ion chromatogram (negative ion mode) of A. leucotrichus seeds extracted with 
water/methanol (4:1). Labelled peaks represent some of the isolated and identified compounds. 
Numbers in bold correspond to previously undescribed compounds. Peak numbers relate to 
structure numbers in Fig. 1 and to the full data in Table S1. 

 

Compound 34 was assigned a molecular formula of C16H24O8 based on its deprotonated ion at 
m/z 343.1396 [M-H]- (calcd. for C16H23O8

-, 343.1398). Its MS/MS pattern revealed the ion, 
[M-H-162]-, at m/z 181.0877 (C10H13O3

-) indicating the presence of a hexose. The 1H NMR 
data of the compound, especially in the upfield region (Table 1), was similar to that of 
limonene-7,10-diol-7-O-β-glucopyranoside (komarovin B), a compound that was previously 
isolated from Dracocephalum komarovi (Toshmatov et al., 2019) and is reported in A. 
leucotrichus for the first time in this study (peak 31, Fig. 2/Table 1/Table S1). The major 
differences between the NMR data of the two compounds (31 and 34) relate to the 7- and 10-
positions (Table 1). The geminal hydrogens in the 10-position of 34 are deshielded compared 
to 31 and appear as doublets δH 4.43 (1H, d, J = 12.7 Hz, H-10a) and 4.24 (1H, d, J = 12.7 Hz, 
H-10b). Both H-10a and H-10b showed correlations to the anomeric carbon at δC 104.2 (C-1') 
in the HMBC spectrum (Fig. 3), indicating the attachment of the sugar to the 10-position of the 
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aglycone. The pattern of sugar signals and the anomeric proton’s coupling constant (J = 8.3 
Hz) indicated that the sugar was a β-glucopyranose. The assignment of C-8 at 151.6 was based 
on its HMBC correlations with both H-10a and H-10b as well as H-9a. The assignment of C-7 
as a quaternary carbon was based on the absence of signals in the 1H NMR spectrum that could 
be attributed to this position as in compound 31. However, the MS/MS of the parent ion at m/z 
343.1396 yielded the fragment at m/z 299.1506 (C15H23O6

-) corresponding to a neutral loss of 
m/z 44 that implied the loss of CO2 suggesting the presence of a carboxylic acid group. The 
presence of a carbonyl at C-7 was further confirmed from the 1H NMR chemical shifts of the 
nearest protons, H-2 and H-6 that appear to be more deshielded in 34 compared to 31, that is, 
6.77 and 2.31/2.20 ppm compared to 5.85 and 2.13/2.13 ppm for H-2 and H-6a/H-6b in 34 and 
31, respectively. Thus, compound 34 was newly characterised as 10-hydroxylimonene-7-oic 
acid-10-O-β-glucopyranoside. Too little was isolated for further investigative work towards the 
absolute configuration of 34, but given that R-perillaldehyde has been shown to be a major 
metabolite in ethanol extracts of A. leucotrichus (Bellau et al, 2022), we can assume that the R 
chirality at C1 has been maintained in the new derivative 34, and also the related 31 which both 
appear to be biosynthetically closely related to perillaldehyde. 

Table 1. 1H and 13C NMR spectroscopic data of compound 34 (δ in ppm, J in Hz). 

No. 31 34 
 δH δC  δH δC  
1  136.6  * 
2 5.85, m 130.0 6.77, m 141.9 
3a 2.24, m 33.2 2.38, m 33.7 
3b 2.03, m  2.15, m  
4 2.24, m 39.0 2.31, m 38.0 
5a 1.88, m 30.1 1.93, m 29.6 
5b 1.51, m  1.50, m  
6a 2.13, m 28.4 2.31, m 27.2 
6b 2.13, m  2.20, m  
7a 4.21, d (12.3) 76.5  * 
7b 4.14, d (12.3)    
8  155.9  151.6 
9a 5.06, m 111.2 5.19, s 115.3 
9b 4.97, m  5.06, s  
10a 4.12, s 66.7 4.43, d (12.7) 74.3 
10b 4.12, s  4.24, d (12.7)  
1′ 4.39, d (8.1) 103.3 4.45, d (8.3) 104.2 
2′ 3.26, dd (9.2, 8.1) 76.2 3.28, dd (9.2, 8.3) 76.3 
3′ 3.43, m 79.1 3.46, dd (9.2, 8.8) 79.1 
4′ 3.38 – 3.35, m 72.7 3.37, m 72.7 
5′ 3.38 – 3.35, m 78.9 3.41, m 79.0 
6′a 3.89, dd (12.3, 1.7) 63.8 3.90, dd (12.3, 2.0) 63.9 
6′b 3.70, dd (12.3, 5.5)  3.71, dd (12.3, 5.5)   

Data collected at 600 MHz for 1H and 150 MHz for 13C NMR in D2O:CD3OD (4:1). Spectra 
were referenced to TSP-d4 (0.01% w/v) at δH 0.00. *Could not be seen in the HMBC spectrum. 
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Fig. 3. Key selected HMBC (arrows) and 1H-1H COSY (red bonds) correlations of compounds 
34, 35, 39, 41 and 52. 

  

 

Fig. 4. Key NOESY correlations of compounds 35 and 52. 
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Compound 35 was a mixture of isomers (35a and 35b) that partially separated across two 
sequential HPLC fractions. However, UHPLC-MS of both fractions showed the same 
deprotonated ion peak at exactly the same retention time of 18.65 min. Based on this ion at m/z 
487.1243 [M-H]- (calcd. for C24H23O11

-, 487.1246), the compound was given the molecular 
formula of C24H24O11. However, the major ion peak in the MS spectrum was m/z 443.1343 
(C23H23O9

-) which corresponded to the fragment formed after a neutral loss of m/z 44 indicating 
the presence of a terminal carboxylic acid group in both molecules. The MS/MS of both 
compounds showed the major fragment at m/z 237.0925 (C16H13O2

-) formed after further 
neutral losses of m/z 162 and m/z 44 from the ion at m/z 443.1343 (C23H23O9

-) indicating the 
presence of a hexose and a second carboxylic acid group in the compounds. From the 1H NMR 
spectra of both fractions, it was observed that each contained two sets of signals in unequal 
proportions. Based on the proportion of signals, the earlier smaller fraction mainly contained 
35b with traces of 35a whilst the reverse was observed for the second bigger fraction indicating 
that the two compounds could not be successfully separated on the preparative HPLC. 
Unfortunately, the earlier fraction was not strong enough for 2D-NMR whereas the second 
fraction showed good NMR data for both compounds in the mixture. Based on the signals in 
the 1H NMR spectrum of this sample, the two compounds were in a ratio of 5:1 (35a:35b). 
Structural elucidation of both compounds was therefore done using the NMR data of this 
second fraction. 

Considering the set of major signals corresponding to compound 35a in the 1H NMR spectrum, 
the downfield region showed two pairs of signals at δH 7.56 (2H, d, J = 8.8 Hz, H-2′/6′), 6.95 
(2H, d, J = 8.8 Hz, H-3′/5′) and 7.35 (2H, d, J = 8.8 Hz, H-2/6), 7.15 (2H, d, J = 8.8 Hz, H-3/5) 
with the signals in each pair correlating in the 1H-1H COSY spectrum and belonging to the 
same spin system in the 1H-1H TOCSY spectrum. This confirmed the presence of two para-
disubstituted aromatic rings. Both phenyl groups were part of a phenylpropanoid moiety as 
judged by HMBC interactions from H-2′/H-6′ to C-7′ (δC 143.5) and from the olefinic proton 
at δH 7.66 (1H, d, J = 2.0 Hz, H-7′) to a carbonyl at δC 178.1 (C-9′). Likewise, the HMBC 
spectrum evidenced cross peaks from H-2/H-6 to an aliphatic-like resonance at δC 86.1 (C-7) 
and from H-7 to C-8 (δC 59.4) and C-9 (δC 179.9). The two aliphatic-like protons at δH 5.76 
(1H, d, J = 3.0 Hz, H-7) and 4.02 (1H, dd, J = 3.0, 2.0 Hz, H-8) in the 1H NMR spectrum 
featured additional HMBC cross peaks from H-7 to C-9′ and from H-8 to C-7′ and C-8′ (δC 
123.9). These couplings of H-7 and H-8 combined with an additional HMBC correlation from 
H-7′ to C-8 suggested the presence of a γ-lactone ring in 35a. These data are characteristic of 
an 8-8′ lignan-type of compound. As in compound 34, the patterns in the coupling constants of 
the sugar protons supported a β-glucopyranose with an anomeric signal at δH 5.09 (1H, d, J = 
7.6 Hz, H-1′′) in the 1H NMR spectrum. The sugar was deduced to be attached at C-4 on the 
lignan backbone according to HMBC cross peaks from H-1′′ and H-2/H-6 to C-4 (δC 160.1). 
The double bond was suggested to be in an E-configuration based on the small coupling 
constant (J = 2.0 Hz) of H-7′ from its long-range coupling to H-8 (Dall'Acqua et al., 2004; 
Miao et al., 2022). Comparing this data to that reported in literature shows that the aglycone 
part of 35a is similar to the lignan derivative initially isolated from the roots of Chaerophyllum 
hirsutum (Dall'Acqua et al., 2004), and more recently from Ligusticum chuanxiong Hort (Miao 
et al., 2022) and also identified in this study (peak 51). The small coupling constant of 3.0 Hz 
between H-7 and H-8 as well as a strong NOE correlation between themselves, and a NOE 
correlation of both signals to H-2/6 (Fig. 4) seems to suggest that the two hydrogens are in a 
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cis-configuration to each other which would suggest a 7R, 8R or 7S, 8S configuration 
(Dall'Acqua et al., 2004).  

The set of minor signals corresponding to compound 35b had the same pattern as those of 35a 
with very similar chemical shifts except for H-7′ and H-8 which appeared to be slightly more 
downfield in 35a, that is, 7.66 and 4.02 ppm for H-7′ and H-8 respectively in 35a compared to 
7.24 and 3.90 ppm in 35b (Table 2). The signals of both compounds also showed similar 
correlations in all the 2D spectra, including the same NOE correlations, suggesting similar 
structures and implying that compound 35b was a close structural isomer of 35a. The data 
suggests that the two compounds are diastereomers, that are marginally separated under a 
single HPLC peak. Despite the shift difference of H-8 in the two isomers, the presence of NOE 
correlations between H-7 and H-8 in both suggests that if there is a change in orientation, it 
occurs at both positions. A flip in the orientation of both H-7 and H-8 also changes the 
orientation of the carbonyl group at C-9 which could in turn affect the chemical shift of H-7′. 
The data suggests that one of the compounds is 7R, 8R and the other 7S, 8S. Besides, the two 
configurations are feasible from the biogenesis point of view as the oxidative coupling involved 
in lignan formation may involve both the upward and downward orientation of the intermediate 
radical species. 

As the diastereomeric mixture of 35a and 35b could not be obtained in a sufficient amount to 
confirm their absolute configurations, we are unable to define the exact stereochemistry at C7/8 
in each, or indeed to test whether the stereochemistry at C8 is interconvertible by enolisation. 
We suggest that 35 be named ammodauside. Related lignans with methoxylation in the 3-
position known as ligusticumacid E (7R, 8R) or chuanxioside C (7S, 8S) have been previously 
isolated from the rhizomes of Ligusticum chuanxiong (Yuan et al., 2020; Zhang et al., 2018). 
Indeed, one of these methoxylated derivatives was also identified in this study (peak 38) (Table 
S1 and List S1 in supplementary material). 

Compound 39 was assigned a molecular formula of C18H14O6 based on its deprotonated ion at 
m/z 325.0718 [M-H]- (calcd. for C18H13O6

-, 325.0718). Its MS/MS data included a fragment at 
m/z 281.0823 (C17H11O4

-) resulting from the loss of CO2 from a terminal carboxylic acid group. 
The major fragment was at m/z 237.0924 (C16H13O2

-) from the loss of a second CO2 molecule 
indicating that the compound contained two carboxylic acid groups. The 1H NMR data (Table 
3) included signals at δH 7.03 (2H, d, J = 8.6 Hz, H-2/6) and 6.69 (2H, d, J = 8.6 Hz, H-3/5) 
showing the presence of a para-disubstituted benzene ring of the AA′BB′ spin type. The 
presence of an additional ABX spin system was shown by the aromatic signals at δH 7.55 (1H, 
dd, J = 8.5, 2.2 Hz, H-6′), 7.27 (1H, d, J = 2.2 Hz, H-2′) and 6.99 (1H, d, J = 8.5 Hz, H-5′). The 
two signals at δH 7.37 (1H, d, J = 15.9 Hz, H-7′) and δH 6.29 (1H, d, J = 15.9 Hz, H-8′) indicated 
the presence of a double bond in the E-configuration. An additional olefinic hydrogen was 
observed at δH 7.67 (1H, s, H-7). The presence of two carboxylic acid groups was confirmed 
by the HMBC cross peaks from H-7' and H-8' to a carbonyl at δC 178.4 (C-9′) and from H-7 to 
a second carbonyl at δC 178.6 (C-9). The HMBC coupling patterns across the molecule (Fig. 
3) were consistent with the presence of two phenylpropanoid units that were bonded based on 
HMBC cross peaks from H-7 to C-3' (δC 129.2) and from H-2' to C-8 (δC 134.8) which is 
characteristic of an 8-3′ neolignan. The 13C chemical shifts of the other quaternary carbons 
were also obtained using their HMBC correlations. These included couplings of C-1 with H-7 
and H-3/5, C-4 with H-3/5 and H-2/6, C-8 with H-7 and H-2′, C-1′ with H-5′ and H-8′, C-3′ 
with H-7 and H-5′, and C-4′ with H-2′, H-5′, and H-6′. The C7-C8 double bond was determined 
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to be in an E-configuration based on a NOESY correlation that was observed between H-2′ and 
H-2/6 which is only possible if the bond is in an E-configuration. Additionally, the chemical 
shift of H-7 is the same as that of H-7′ in compound 35a (7.66 ppm) and compound 38 (7.67 
ppm) both in which the double bond is in an E-configuration. Thus, the structure of 39 was 
newly characterised and trivially named ammodaucic acid A. This compound has been 
previously synthesised and the reported NMR data is in agreement with our study (Qiu-An et 
al., 2008). However, this is the first time it has been reported from plants or any natural source. 

Table 2. 1H and 13C NMR spectroscopic data of compounds 35a and 35b (δ in ppm, J in Hz). 

No. 35a 35b 
 δH δC  δH δC  
1  137.4  136.7 
2 7.35, d (8.8) 130.2 7.41, d (8.7) 130.5 
3 7.15, d (8.8) 120.0 7.18, d (8.7) 119.8 
4  160.1  160.1 
5 7.15, d (8.8) 120.0 7.18, d (8.7) 119.8 
6 7.35, d (8.8) 130.2 7.41, d (8.7) 130.5 
7 5.76, d (3.0) 86.1 5.79, d (5.3) 85.2 
8 4.02, dd (3.0, 2.0) 59.4 3.90, m 59.8 
9  179.9  179.9 
1′  129.1  129.1 
2′ 7.56, d (8.8) 136.0 7.78, d (8.7) 136.0 
3′ 6.95, d (8.8) 118.9 6.92, d (8.7) 118.6 
4′  161.5  160.8 
5′ 6.95, d (8.8) 118.9 6.92, d (8.7) 118.6 
6′ 7.56, d (8.8) 136.0 7.78, d (8.7) 136.0 
7′ 7.66, d (2.0) 143.5 7.24, d (2.0) 145.4 
8′  123.9  128.7 
9′  178.1  173.6 
1′′ 5.09, d (7.6) 103.2 5.11, d (7.6) 103.2 
2′′ 3.53, dd (9.3, 7.6) 76.0 3.55, dd (9.2, 7.6) 76.2 
3′′ 3.56, m 78.9 3.58, m 78.9 
4′′ 3.47, dd (9.3, 9.0) 72.5 3.49, dd (9.2, 9.0) 72.7 
5′′ 3.59, ddd (9.0, 5.6, 

2.3) 
78.9 3.62, m 78.9 

6′′a 3.90, dd (12.5, 2.3) 63.6 3.91, dd (12.5, 2.1) 63.6 
6′′b 3.73, dd (12.5, 5.6)  3.73, dd (12.5, 5.5)  

Data collected at 600 MHz for 1H and 150 MHz for 13C NMR in D2O:CD3OD (4:1). Spectra 
were referenced to TSP-d4 (0.01% w/v) at δH 0.00.  

Compound 41 was assigned a molecular formula of C19H16O7 based on its deprotonated ion at 
m/z 355.0822 [M-H]- (calcd. for C19H15O7

-, 355.0823). The molecular mass of 41 differs from 
that of compound 39 by 30 Da suggesting that 41 probably differs from 39 by having an 
additional methoxy group. As in 39, the presence of two carboxylic groups in 41 was revealed 
by the MS/MS data that showed fragments corresponding to two successive neutral losses of 
CO2 at m/z 311.0928 (C18H15O5

-) and 267.1031 (C17H15O3
-), with the fragment from the second 

loss also representing the major fragment. An additional fragment at m/z 252.0796 (C16H12O3
-

) corresponded to a loss of the methyl group from the product ion at m/z 267.1031 (C17H15O3
-) 
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in line with the suggested presence of a methoxy group. The 1H NMR spectrum of 41 showed 
the presence of an ABX spin system, a double bond in an E-configuration, an olefinic proton 
and a methoxy signal at δH 3.39 (3H, s). However instead of an AA′BB′ system as in 39, the 
data confirmed the presence of a second ABX system as revealed by the signals at δH 6.56 (1H, 
d, J = 1.8 Hz, H-2), 6.80 (1H, d, J = 8.2 Hz, H-5) and 6.88 (1H, dd, J = 8.2, 1.8 Hz, H-6). The  
HMBC spectrum showed a coupling of the methoxy protons to C-3 indicating that they are 
attached to this position. Besides the couplings to C-3, the other correlations observed in the 
HMBC spectrum were similar to those of 39 (Fig. 3) consistent with the identification of 41 as 
an 8-3′ neolignan with the same base structure as 39, but with an additional methoxy group. 
Instead of two p-coumaric acid units as in 39, 41 consists of a ferulic acid, and a p-coumaric 
unit joined at the 8- and 3′ positions of the former and latter respectively. Thus, the structure 
of 41 was newly characterised and trivially named ammodaucic acid B. This is the first report 
of this compound from any source. However, a ferulic acid dimer with a similar structure has 
been isolated from extracts of saponified cell walls of cocksfoot, switchgrass and suspension-
cultured corn, along with other dimers with different coupling patterns (Ralph et al., 1994). 
This same ferulic acid dimer was a substructure of a ferulic acid trimer isolated from maize 
bran (Bunzel et al., 2005).  

Table 3. 1H and 13C NMR spectroscopic data of compounds 39 and 41 (δ in ppm, J in Hz). 

No. 39 41 
 δH δC  δH δC  
1  130.7  130.7 
2 7.03, d (8.6) 134.7 6.56, d (1.8) 115.3 
3 6.69, d (8.6) 118.2  150.1 
4  159.1  149.5 
5 6.69, d (8.6) 118.2 6.80, d (8.2) 118.3 
6 7.03, d (8.6) 134.7 6.88, dd (8.2, 1.8) 128.7 
7 7.67, s 140.7 7.71, s 143.0 
8  134.8  139.8 
9  178.6  177.0 
1′  131.0  130.9 
2′ 7.27, d (2.2) 134.0 7.34, d (2.2) 134.3 
3′  129.2  131.0 
4′  158.1  159.1 
5′ 6.99, d (8.5) 119.8 7.03, d (8.5) 119.6 
6′ 7.55, dd (8.5, 2.2) 131.8 7.57, dd (8.5, 2.2) 132.7 
7′ 7.37, d (15.9) 144.1 7.46, d (15.9) 146.1 
8′ 6.29, d (15.9) 123.9 6.30, d (15.9) 121.6 
9′  178.4  176.8 
OMe   3.39, s 58.1 

Data collected at 600 MHz for 1H and 150 MHz for 13C NMR in D2O:CD3OD (4:1). Spectra 
were referenced to TSP-d4 (0.01% w/v) at δH 0.00.  

Compound 46 was assigned a molecular formula of C26H30O12 based on its deprotonated ion at 
m/z 533.1661 [M-H]- (calcd. for C26H29O12

-, 533.1665). The major fragment in its MS/MS was 
at m/z 353.1035 (C20H17O6

-) formed after the loss of C6H12O6 which indicated the presence of 
a hexose in the compound. Additional fragments at m/z 338.0802 (C19H14O6

-) and 323.0563 
(C18H11O6

-) indicated successive losses of two methyl groups from the major fragment. 
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Another fragment at m/z 325.1085 (C19H17O15
-) corresponded to the loss of a -CO group. 

Attempts to obtain a pure fraction of the compound for complete NMR analysis were 
unsuccessful as the 1H NMR spectrum of the fraction containing the compound was dominated 
by signals of another compound that elutes closely on the HPLC. It was therefore not possible 
to get exploitable 2D spectra for compound 46 for complete elucidation. However, the 1H NMR 
signals for the compound were clear enough to facilitate a putative identification of its 
structure. These included δH 9.47 (1H, d, J = 8.0 Hz) which suggested the presence of an 
aldehyde group which was conjugated to an E-configured double bond as indicated by the 
signals at δH 7.62 (1H, d, J = 15.7 Hz) and 6.68 (1H, dd, J = 15.7, 8.0 Hz). The aromatic region 
indicated the presence of an ABX aromatic system from the signals at δH 7.66 (1H, d, J = 1.9 
Hz), 7.66 (1H, dd, J = 8.8, 1.9 Hz) and 6.91 (1H, d, J = 8.8 Hz) as well as a tetra-substituted 
aromatic ring with two meta-coupled protons shown by the signals at δH 7.27 (1H, d, J = 1.8 
Hz) and 7.06 (1H, d, J = 1.8 Hz). Additionally, the two signals at δH 5.46 (1H, dd, J = 8.4, 5.0 
Hz) and 4.65 (1H, dd, J = 10.6, 8.4 Hz) suggested a missing unobserved signal with couplings 
of ca. 10.6 and 5.0 Hz that was potentially overlapping with other signals. These three signals 
would indicate the same C7-C8 connection as observed for compounds 39 and 41, but with the 
bond being saturated in 46. An anomeric signal at δH 4.45 (1H, d, J = 7.9 Hz) indicated the 
presence of a β-hexose whereas the two signals at δH 3.91 (3H, s) and 3.87 (3H, s) suggested 
the presence of two methoxy groups in the compound. Combining the UHPLC-MS and 1H 
NMR data suggests that compound 46 could be a dimethoxylated glycoside derivative of 
compound 39 in which the carboxylic acid group in 9′-position has been reduced to an aldehyde 
group. With the lack of carbon data, this structure could not be confirmed, but 46 would 
otherwise also be a previously undescribed compound. 

Compound 52 was assigned a molecular formula of C26H40O12 based on its deprotonated ion at 
m/z 543.2436 [M-H]- (calcd. for C26H39O12

-, 543.2447). Its MS/MS data showed a fragment at 
m/z 499.2546 (C25H39O10

-) from the loss of CO2 from the [M-H]- ion. Additional fragments at 
m/z 411.2037 (C21H31O8

-) and m/z 231.1394 (C15H19O2
-) indicated successive losses of a 

pentose fragment and a hexose from the [M-H]- ion. The 1H NMR spectrum (Table 4) showed 
no aromatic signals but (excluding the sugar signals) evidenced the presence of three methyls 
at δH 0.91 (3H, s, H-14), 1.13 (3H, d, J = 7.5 Hz, H-13) and 1.82 (3H, m, H-15); three 
methylenes at δH 2.16 (1H, br.d, J = 19.0 Hz,, H-2a)/2.30 (1H, dt, J = 19.0, 2.6 Hz, H-2b), 1.32 
(1H, td, J = 13.0, 13.0, 6.5 Hz, H-8a)/1.64 (1H, tt, J = 13.0, 6.5 Hz, H-8b), and 1.22 (1H, ddd, 
J = 13.0, 11.0, 6.5 Hz, H-9a)/2.25 (1H, ddd, J = 13.0, 6.5, 1.2 Hz, H-9b); and six methines at 
δH 3.56 (1H, dd, J = 3.0, 1.4 Hz, H-1), 5.45 (1H, br.s, H-3), 2.39 (1H, d, J = 9.7 Hz, H-5), 4.83 
(1H, dd, J = 9.7, 6.5 Hz, H-6), 2.89 (1H, m, H-7), and 3.07 (1H, dq, J = 7.5, 7.5 Hz, H-11) with 
H-3 being an olefinic proton. Its HMBC spectrum exhibited cross peaks from H-13 to C-11 (δC 

41.2), C-7 (δC 40.5) and a carbonyl at δC 187.5 (C-12); from H-14 to C-9 (δC 32.5), C-10 (δC 
37.6), C-1 (δC 83.3) and C-5 (δC 44.0); and from H-15 to C-4 (δC 137.4) and C-3 (δC 123.0). 
Additionally, the 1H-1H-COSY and 1H-1H TOCSY spectra evidenced two main spin systems 
in 52, mainly between H-5, H-6, H-7, H-8a, H-8b, H-9a, H-9b, H-11 and H-13; and between 
H-1, H-2a, H-2b, H-3 and H-15 consistent with the presence of a eudesmane-type sesquiterpene 
lactone (Han et al., 2005; Kurimoto et al., 2012) . The 1H NMR spectrum also showed the 
presence of an anomeric signal at δH 4.46 (1H, d, J = 8.0 Hz, H-1′) which together with its 
associated signals showed the presence of a β-glucopyranose. The HMBC cross peak from H-
1' to C-1 showed that the β-glucopyranose was attached to the hydroxyl at C-1 of the 
sesquiterpene lactone aglycone.  
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Table 4. 1H and 13C NMR spectroscopic data of compounds 52 (δ in ppm, J in Hz). 

No. δH δC  
1 3.56, dd (3.0, 1.4) 83.3 
2a 2.16, br,d (19.0) 30.5 
2b 2.30, dt (19.0, 2.6)  
3 5.45, br,s 123.0 
4  137.4 
5 2.39, d (9.7) 44.0 
6 4.83,  dd (9.7, 6.5)* 85.2 
7 2.89, m 40.5 
8a 1.32, td (13.0, 13.0, 6.5) 27.5 
8b 1.64, tt (13.0, 6.5)  
9a 1.22, ddd (13.0, 11.0, 6.5) 32.5 
9b 2.25, ddd (13.0, 6.5, 1.2)  
10  37.6 
11 3.07, dq (7.5, 7.5) 41.2 
12  187.5 
13 1.13, d (7.5) 12.3 
14 0.91 s 25.2 
15 1.82, m 24.2 
1′ 4.46, d (8.0) 103.9 
2′ 3.23, dd (9.0, 8.0) 76.2 
3′ 3.44, m 78.8 
4′ 3.40, m 72.7 
5′ 3.49, ddd (9.6, 5.8, 2.0) 78.2 
6′a 3.98, dd (11.6, 2.0) 70.3 
6′b 3.72, dd (11.6, 5.8)  
1′′ 5.12, d (2.9) 111.9 
2′′ 3.97, d (2.9) 79.6 
3′′  82.4 
4′′a 4.01, d (10.1) 76.6 
4′′b 3.87, d (10.1)  
5′′a 3.65, d (3.7) 66.7 
5′′b 3.65, d (3.7)  

Data collected at 600 MHz for 1H and 150 MHz for 13C NMR in D2O:CD3OD (4:1). Spectra 
were referenced to TSP-d4 (0.01% w/v) at δH 0.00. *overlapped with residual water signal. 

Comparing the data of the sesquiterpene lactone glycoside identified so far (only part of the 
compound) to the literature shows that it is similar to that of eudesma-3-enolide 1-O-β-
glucopyranoside, a compound that has been previously isolated from Sonchus transcaspicus 
(Han et al., 2005). However, the 1H NMR spectrum additionally showed a second anomeric 
signal at δH 5.12 (1H, d, J = 2.9 Hz, H-1′′) which together with its associated signals, a δC value 
of 111.9 ppm for C-1′′ and the appearance of C-3′′ as a quaternary carbon at δC 82.4 indicated 
the presence of a β-apiofuranose. The appearance of the C-6′ of the glucose at a significantly 
downfield chemical shift of 70.3 ppm together with a coupling observed between H-6′b of the 
glucose and C-1′′ of the apiose in the HMBC confirmed that the apiose was attached to the 6-
position of the glucose. The relative configurations of 52 around the decalin ring were 
determined by examination of J couplings alongside COSY and NOESY data. Accordingly, 
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the orientations of H-1 and the methyl H-14 were supported by strong NOE interactions from 
H-7 to H-14, and then from H-14 to H-1. In addition, the lack of NOE interaction between H-
14 and H-5 indicated a trans-decalin in 52. The methyl H3-13 did not show any NOE interaction 
except that expected with H-11. Conversely, H-11 also had an NOE with H-7α, indicating a cis 
relationship of these hydrogens. Together, these interactions indicate that the 13-methyl group 
is β-orientated as shown.  Compound 52 is novel and trivially named ammodolide. Although 
free apiose is rare in plants, apiofuranose is commonly seen as a module in glycosylated natural 
products and it has been suggested that since the discovery of apiin (a well-known apiosylated 
flavonoid glycoside), over 1000 apiosylated conjugates have been recorded in plants 
(Picmanova and Moller, 2016). 

Four indole alkaloid derivatives including non-glycosylated (8) and glycosylated (5, 7, and 9) 
compounds were also isolated. However, their NMR data was not sufficient for complete 
elucidation of their structures. Nevertheless, this seems to be the first report of indole alkaloid 
derivatives in A. leucotrichus. Of the known compounds isolated in this study, some have been 
identified from A. leucotrichus in previous studies. Ammolactone-A (58) and 3-
hydroxyperillaldehyde (see supplementary material for spectroscopic data) were previously 
identified from the seeds bought from local markets in N. Africa (Muckensturm et al., 1997; 
Bellau et al, 2022). The stereostructure for ammolactone-A (58) has been revised (Hernandez 
and Joseph-Nathan, 2000) and this revision is depicted in Fig. 1. Similarly, vanillin (26) and p-
coumaric acid (30) were identified from the aerial parts of the plant collected from Algeria 
(Mouderas et al., 2020). Apigenin 6,8-di-C-β-glucopyranoside (33), luteolin 7-O-β-
glucopyranoside (40) and malonyl dicaffeoyl quinic acid (47) have also been previously 
detected in the aerial parts (Ziani et al., 2019). The same study also putatively identified two 
isomers of luteolin-O-(malonyl-hexoside), one of which could correspond to luteolin 7-O-(6′′-
O-malonyl)-β-glucopyranoside (50) identified in our study. Apigenin 7-O-β-glucopyranoside 
(48), balanophonin 4-O-β-glucopyranoside (49), chrysoeriol (54), luteolin (55), ammodaucine 
A (57), and ammodaucine D (59) were identified from fruits collected from Morocco (Hajib et 
al., 2023). Isoleucine (3), guanosine (4), tryptophan (10), salidroside (13), olivil O-β-
glucopyranoside (23 or 32), licoagroside B (29) and secoisolariciresinol dihexoside (37) have 
also been putatively identified from fruits harvested from Algeria (Abderrezag et al., 2021). 
Additionally, scopolin (22) was identified from fruits of spontaneous plants growing in Algeria 
(Abderrezag et al., 2024). 

Terpene and lignan derivatives constituted the previously undescribed compounds as well as  
several of the identified known compounds. Terpene derivatives have commonly been 
identified in the essential oil of A. leucotrichus especially R-perillaldehyde and limonene that 
have frequently been identified as the major compounds in the plant′s oil (Idm’hand et al., 
2020). R-Perillaldehyde and ammolactone-A were major metabolites in ethanol extracts 
(Bellau et al 2022). Very few lignan derivatives have also been identified from the plant (Hajib 
et al., 2023).  

Terpenes have applications in food, medicine and cosmetic industries with reports of potential 
pharmacological effects including anti-cancer, and anti-inflammatory activities (Fan et al., 
2023; Masyita et al., 2022). They also have bioprotectant activity against insect pests, 
nematodes and other phytopathogens (Isman, 2000). The aglycone of 34 is similar to perillic 
acid, a substance with potential antidiabetic activity that has been described as an effective 
preservative and antimicrobial agent (Keserla et al., 2023; Rehdorf and Kleber 2017). Previous 
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works on eudesmane-type sesquiterpenes similar to 52 indicate they have the potential of being 
used in the formulation of anti-cancer (Wang et al., 2023) and anti-inflammatory drugs (Dang 
et al., 2019), as well as herbicides (Wu, H-B. et al., 2022). Lignans have known antioxidant 
properties and have been shown to contribute to important biological effects including antiviral 
and antibacterial effects, as well as playing an ecological function by helping plants to 
counteract the effects of both biotic and abiotic stresses (Šamec et al., 2021). Phellinsin A, a 
lactone-type lignan similar to 35, 38 and 51, has shown great potential to prevent and treat 
cardiovascular diseases such as hyperlipemia and arteriosclerosis (Kim et al., 2006). This study 
has aimed to characterise the polar metabolome of A. leucotrichus, via a metabolomics 
approach, designed to rapidly annotate known metabolites but also to provide data on new 
metabolites, in order to facilitate future investigations to determine the active principles behind 
the recorded traditional medicinal uses of this plant. In this context, the biological effects of 
terpenes and lignans highlighted may be important in the reported traditional use and 
potentially point to other possible uses of A. leucotrichus. However, to explore this, a larger 
scale chromatographic isolation or bioassay-guided fractionation would be necessary to obtain 
sufficient quantities of each compound for further biological assessment. As A. leucotrichus is 
available from commercial sources, it may also be advantageous to rapidly compare multiple 
samples, via the profiling technology described, in order to relate profiles to biological efficacy 
and thus to better target individual compounds for more detailed biomedical work. 

 

3. Conclusions 

In summary, the profile of identified compounds mainly comprised phenolic acid derivatives 
and lignans. These mainly included derivatives of ferulic and p-coumaric acids, for both the 
known and newly characterised (35, 39, 41 and 46) compounds. Relatedly, most of the known 
lignans that were characterised are based on coniferoyl alcohol as the base monolignol. The 
other compounds included flavonoid, terpene, phenolic and alkaloid derivatives together with 
some amino- and organic acids. Interestingly, despite being very common secondary 
metabolites, only eight flavone derivatives were isolated and identified from the extract. 
Besides the lignan derivatives, the other two new compounds (34 and 52) described are terpene 
derivatives.   

 

3. Experimental 

3.1 General experimental procedures 

Acquisition of UHPLC-MS data was done using an LTQ-Orbitrap Elite mass spectrometer 
connected to a Dionex UltiMate 3000 RS UHPLC system (Fisher Scientific). A reversed-phase 
Hypersil GOLD C18 selectivity HPLC column (3 μm, 30 ×2.1 mm i.d. Thermo Fisher 
Scientific) kept at 35 °C was loaded with samples (10 μL). The solvent system was composed 
of water/0.1% formic acid (A) and acetonitrile/0.1% formic acid (B). The elution gradient was 
as follows: 0-5 min, 0% B; 5-27 min, 31.6% B; 27-34 min, 45% B; and 34-37.5 min, 75% B. 
The total run time was 40 min using a flow rate of 0.3 mL/min. A heated ESI device was used 
to collect mass spectra, which were acquired in negative mode with a resolution of 120,000 
spanning the m/z 50–1500 range. The capillary temperature, source voltage, sheath gas, 
auxiliary gas, and sweep gas were each set to 350°C, 2.5 kV, 35 (arbitrary units), 10, and 0.0 
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(arbitrary units), respectively. Other acquisition parameters were set to their default values. 
Using an isolation width of m/z 2, automatic MS/MS fragmentation of the top four ions was 
carried out. High-energy C-trap dissociation (HCD) was used to fragment ions, with a 
normalised collision energy of 65 and an activation time of 0.1 ms. Xcalibur v. 2.2 (Thermo 
Fisher Scientific) was used to collect and examine the data. 

For NMR data, a Bruker Avance 600 MHz NMR spectrometer (Bruker Biospin, Germany) was 
used to collect 1H and 13C NMR spectra at 600.05 MHz (1H) and 150 MHz (13C) respectively. 
One dimensional 1H spectra were acquired with a 5 mm TCI cryoprobe using a zgpr pulse 
sequence with a 90°angle. A pre-saturation delay of 5 s was used to suppress the residual water 
signal. Spectra had a spectral width of 12 ppm and 64,000 data points. Transformation of the 
FIDs was automatically done using Topspin version 4.2.0 using an exponential window and a 
line broadening of 0.5 Hz. 1H–1H correlation spectroscopy (COSY) spectra were acquired 
using the cosyprqf pulse sequence at a frequency of 600.05 MHz in both dimensions, with 
acquisition times of 0.1434 and 0.0896 s. The sweep widths were 7142.9 Hz, and 32 transients 
were used to acquire 1024 data points in each dimension.  1H–13C heteronuclear single quantum 
coherence (HSQC) spectra were acquired using the hsqcetgpsi2 pulse sequence, at 600.05 and 
150.9 MHz, with acquisition times of 0.1433 and 0.00212 s. Sweep widths of 7142.9 Hz and 
30,120.5 Hz were used to obtain the data. Using 128 transients, 2048 and 1024 data points were 
acquired. The 1H–13C heteronuclear multiple bond correlation (HMBC) spectra were acquired 
using the hmbcgpndqf pulse sequence with the same acquisition parameters as for the HSQC 
data. All the spectra were obtained at 300 K in D2O:CD3OD (4:1), and chemical shifts are given 
in δ, relative to 3-(trimethylsilyl) propionic acid-d4, 0.01 % w/v (TSP-d4) standard. Phasing and 
baseline correction were carried out within the instrument software and data was analysed using 
MestreNova software.  

 

3.2 Plant material  

Dried seeds of A. leucotrichus harvested from Marrakech in western Morocco were sourced 
from Arij Al Ghaba, a local certified co-operative. Species identification was carried out by 
representatives from the co-operative. The samples were transported to Rothamsted Research 
in the UK where they were milled into a fine powder (Retsch Ultra Mill ZM200, Retsch, UK). 
The milled samples were stored at room temperature in the dark until use.  
 

3.3 Extraction and fractionation 

For preliminary screening of the crude extract, three replicates (15 mg) of the milled sample 
were suspended in either H2O/CH3OH (4:1 v/v, 1 mL) for UHPLC-MS analysis or in an NMR 
solvent consisting of D2O/CD3OD (4:1 v/v) containing 3-(trimethylsilyl) propionic acid-d4, 
0.01 % w/v (TSP-d4) (1 mL) for 1H NMR analysis. The samples were vortexed for 10 s and 
then heated at 50°C for 10 min. This was followed by centrifugation at 13200 rpm for 10 min. 
The supernatants were pipetted into clean tubes and heated at 90°C for 2 min followed by 
cooling at 4°C for 30 min and subsequent centrifugation at 13200 rpm for a further 10 min. 
The supernatants were then transferred to glass vials for UHPLC-MS or 5 mm NMR tubes for 
NMR analysis. Following the same procedure, 260 mg of milled sample was extracted in 6 mL 
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of H2O:CH3OH (4:1 v/v) for fractionation. The resultant extract was aliquoted into a glass 
autosampler vial for HPLC fractionation. 

Fractionation was done on a Dionex UltiMate 3000, Thermo Fisher Scientific HPLC system 
with an Ascentis C-18 column (5 μm, 5 × 250 mm, Supelco, UK). A constant flow rate of 1 
mL/min of the mobile phases, water + 0.1% formic acid (A) and acetonitrile + 0.1% formic 
acid (B), was used to carry out the chromatographic separation. The binary gradient was: 0–10 
min, 5% B; 10–50 min, 22% B; 50–60 min, 37% B; 60–70 min, 50% B; 70–80 min, 70% B; 
and finally, 80–95 min, 100% B. Following multiple injections (each 100 μL) on the HPLC, 
the resultant fractions were automatically collected by time into separate glass tubes. The 
system was set to automatically restart the collection into the same glass tubes at each run. The 
eluting compounds were monitored between the wavelengths, 200 and 800 nm. After the 
collection, each fraction (200 μL) was pipetted into a glass vial and analysed by UHPLC-MS. 
Using a Speedvac concentrator (Genevac, Suffolk, UK), the remaining volume was dried 
overnight and then dissolved in 700 μL of NMR solvent for subsequent NMR analysis. 

 

3.3.1 10-hydroxylimonene-7-oic acid-10-O-β-glucopyranoside (34):  

Yellow amorphous solid (26 µg); UV λmax 220 nm; 1H (600 MHz, D2O:CD3OD (4:1)) and 13C 
NMR (150 MHz, D2O:CD3OD (4:1)) data, see Table 1; UHPLC-MS m/z 343.1396 [M-H]- 
(calcd. For C16H23O8

-, 343.1398). 

3.3.2 Ammodauside (35):  

Yellow amorphous solid (34 µg); UV λmax: 223, 322 nm (35a) and 218, 328 nm (35b); 1H (600 
MHz, D2O:CD3OD (4:1)) and 13C NMR (150 MHz, D2O:CD3OD (4:1)) data, see Table 2; 
UHPLC-MS m/z 487.1243 [M-H]- (calcd. for C24H23O11

-, 487.1246). 

3.3.3 Ammodaucic acid A (39):  

Amorphous solid (26 µg); UV λmax 223, 307 nm; 1H (600 MHz, D2O:CD3OD (4:1)) and 13C 
NMR (150 MHz, D2O:CD3OD (4:1)) data, see Table 3; UHPLC-MS m/z 325.0718 [M-H]- 
(calcd. For C18H13O6

-, 325.0718). 

3.3.4 Ammodaucic acid B (41):  

Yellow amorphous solid (8 µg); UV λmax 219, 314 nm; 1H (600 MHz, D2O:CD3OD (4:1)) and 
13C NMR (150 MHz, D2O:CD3OD (4:1)) data, see Table 3; UHPLC-MS m/z 355.0822 [M-H]- 
(calcd. for C19H15O7

-, 355.0823). 

3.3.5 Ammodolide (52):  

Yellow amorphous solid (39 µg); UV λmax 220 nm; 1H (600 MHz, D2O:CD3OD (4:1)) and 13C 
NMR (150 MHz, D2O:CD3OD (4:1)) data, see Table 4; UHPLC-MS m/z 543.2436 [M-H]- 
(calcd. for C26H39O12

-, 543.2447). 
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