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Abstract

One monoterpene indole alkaloid, atheruramine (1) bearing an ether bridge linking, one
hydrobenzoin derivative, tricalydioloside (2) and two ursane-type triterpenes, atherurosides (A
and B) (3 and 4) were isolated from the leaves of Tricalysia atherura, together with eight
known compounds. The structures of these new compounds were elucidated on the basis of the
results of spectroscopic analysis, and the relative configurations of compounds 1-3 were
established by NOE difference. Four of the metabolites were screened in vitro against both
chloroquine (CQ)-sensitive (3D7) and -resistant (Dd2) strains of Plasmodium falciparum; they
were found to exhibit moderate activity against chloroquine-resistant (Dd2) (ICso 64.99—
92.29 pg/mL). Meanwhile, crude extract possesses high antiplasmodial activity against both
3D7 and Dd2 strains of P. falciparum (ICso 4.39-7.54 ng/mL) and high selectivity indices
values (SI > 10) and was found to be safe.

Keywords: Tricalysia atherura; Rubiaceae; indole alkaloid; atheruramine; hydrobenzoin
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1. Introduction

Malaria is one of the major public health challenges undermining development in the poorest
countries, especially in Sub-Saharan Africa. According to the latest ‘World malaria report’, in
2019, there were 229 million cases of malaria in 87 endemic countries, with 94% of cases
mainly in African Region. Each year, more than 400 thousand people die of malaria. An
estimated two thirds of deaths are among children under the age of five (WHO 2020). Recently,
WHO recommended widespread use of the RTS,S/AS01 (RTS,S) vaccine (Mosquirix™)
among children in Sub-Saharan Africa and in the regions with moderate to high P. falciparum
malaria transmission (Laurens 2020; WHO 2021). Indeed, the impact of this vaccine will be
the relative significant reduction (30%) in deadly severe malaria and the highly cost-effective
of this vaccine. Currently, in Sub-Saharan Africa, only 40% of inhabitants can access public
health system (WHO 2004) and most of them still rely on traditional medicine for most of their
health care needs. Medicinal plants are biologically and chemically diverse resource as they
synthesize various chemicals as defence agents against pests, diseases and predators. They are
an excellent reservoir of medicines and chemical leads from which researchers can design and
synthesize new drugs. In fact, about 25% of the drugs used in modern medicine owe their
origins to plants from tropical rainforest (Elliot 1986). In this context, Rubiaceae family is
characterized by the production of bioactive metabolites with great pharmacological potential
(Barreiro 1990; Farias 2006). It is a cosmopolitan distribution family, mostly focused in the
tropics. Being one of the largest in the Magnoliopsidae class, it ranks fourth in diversity of
species among Angiosperms (Mabberley 1990). It includes approximately 637 genera and
13,000 species (Mongrand et al. 2005; Pereira and Meireles 2010). Tricalysia is an important
genus of Rubiaceae family, largely confined to rainforest and especially in Guineo-Congolian
Region of Africa and it consists of 79 to 96 species (Bridson and Verdcourt 2003). Tricalysia
atherura is a relatively rare species, which is a shrub up to 10 m tall with young twigs
puberulous with elliptical and lanceolate leaves and ribbed fruits (Sonké et al. 2002). It is found
generally in tropical regions of Africa and usually at higher altitude in Cameroon such as the
Korup National Park in the southwest Region of Cameroon (Robbrecht 1987; Sonké et al.
2002). Due to the lack of comprehensive report on the ethnomedicinal uses of Tricalysia
atherura, several species of the genus Tricalysia have widespread been used in folk medicine
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to treat various ailments such as: stomachache, constipation, earache, malaria, jaundice, severe
fevers, joint pain and skin diseases (Bouquet 1972; Bruschi et al. 2011; Moshi et al. 2012).
Also, few are used as sedative and emetic (Moshi et al. 2012). To our knowledge, there is no
scientific report on antimalarial activity of either 7. atherura or any of its constituents.
However, its genus presents a large diversity of compounds such as: iridoids, indole alkaloids,
anthraquinones, cerebrosides, terpenoids (diterpenes and triterpenes), flavonoids, steroids and
other phenolic derivatives (He et al. 2002; Nishimura et al. 2006; Xu et al. 2010; Awouafack
et al. 2018). In the course of our continuous interest in identifying new potential antimalarials
from Cameroonian flora, the chemical constituents of the EtOAc-soluble fraction of the 80%
MeOH extract of the leaves of T. atherura have been investigated. As a result, a total of 12
compounds were isolated and characterized, including four undescribed ones among which,
one indole alkaloid (1), one glycosylated stilbene derivative (2) and two ursane type-triterpenes
(3 and 4). Reported herein are their isolation, structure determination, and their antiplasmodial
activities against two strains of Plasmodium falciparum 3D7 and Dd2.

2. Results and discussion

The 80% MeOH extract of the leaves of T. atherura (3.5 kg, air-dried) was suspended in H2O
and then partitioned successively with n-hexane, EtOAc, and n-BuOH respectively. The entire
EtOAc-soluble fraction was subjected repeatedly to column chromatography (CC) over silica
gel, Sephadex LH-20, and semi-preparative HPLC to afford twelve compounds (1-12). In
addition to the new isolates (1-4), eight known compounds were isolated and identified as:
19a-hydroxy-amyrin (5) (Akbar and Malik 2002), uvaol (6) (Greve et al. 2017), ursolic acid
(7) (Akbar and Malik 2002), rubrinol (8) (Akhtar et al. 1994), strictosidinic acid (9) (De Silva
etal. 1971), tricalysiolide B (10) (Nishimura et al. 2006), tricalysiamide B (11) (Nishimura
et al. 2007) and asarinin (12) (Parmar et al. 1998), by comparison of their spectroscopic data
and physicochemical properties (Figure 1).

Compound 1 was obtained as an optically active white amorphous solid, (o] —43.7 (c 1.0,
MeOH). The IR spectrum showed two important absorptions at 3385 and 1678 cm ™' for hydroxyl and
carbonyl groups, respectively, while the UV absorption bands at Amax 225 and 290 nm indicated an
indole chromophore (Brown and Charalambides 1974). Its molecular formula C;H2N>O4, was
established by HR-ESI-MS at m/z 369.1805 [M + H]"(calcd. for Co1H2sN>O4': 369.1809).

Analysis of the "H NMR data (Table S1) suggested the presence of four aromatic hydrogens,
corresponding to an unsubstituted indole ring at ou 6.96 (1H, dd, J=28.0; 7.8 Hz, H-10), 7.04
(1H, dd, J=8.0; 7.6 Hz, H-11), 7.27 (1H, d, J=8.5 Hz, H-12) and 7.36 (1H, d, /= 8.0 Hz, H—
9), one N-methyl at ou 3.07, and three pair of oxymethylene protons at ou 2.88 (2H, brs, H—
17), 3.67 (1H, d, J=14.0 Hz, H-22§)/3.75 (1H, overl, H-22a), and 3.76 (2H, overl, H-18).
The 3C NMR and DEPT spectra revealed 21 resonances, comprising 4 sp? quarternary carbons,
4 sp? methines, 1 N-methyl, 3 sp* methylenes, 3 sp® methines, 2 sp® quarternary carbons, 3 sp?
oxymethylenes, one amide carbonyl group (Figures S7, S8). The above data revealed that the
structure of 1 was similar to that of N-methylakuammidine (Nogueira et al. 2014). Both differ
by the presence of a hydroxyethyl fragment at C—20 and an oxymethylene attached to C-22 in
1 instead of the double bond between C—18 and C-19, the carboxyle group at C-22,
respectively in N-methylakuammidine. The COSY and HSQC supported the presence of an
unsubstituted indole moiety and N-methyl group, an isolated hydroxymethylene,
one — CH20 — unit, and a hydroxyethyl fragment. This was further confirmed by the HMBC
cross-peaks of H-5 and H-15 (Ju 3.40 and Ju 2.22 respectively) to C-21 (Figures S10, S11)
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Figure 1. Structures of compounds 1-12.
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providing additional support for the presence of a carbonyl function at C-21. Furthermore, the
HMBC correlations of methyl signals at du 3.09 to C—16 (Jc 53.9) and C-5 (Jc 61.2), and H—
3 (on 4.04) to C-15, C-5, C—14 revealed the presence of a N-methyl group in 1. Moreover, an
hexacyclic skeleton which includes one bridge between C-20 and C-22 was confirmed by an
HMBC cross-peak from H-220/22f (éu 3.67 and 3.75) to C-20 (éc 84.1), C-16 (dc 53.9) and
C-15, and H-15 (du 2.22) to C-20 and C-19 (dc 38.1) (Figure S12). The -CH2CH20H unit
was supported by the HMBC correlations from the isolated methylene hydrogens H-19a/5 (ou
1.82/1.98) to C-20 (Jc 84.1), C—15 (dc 38.6) and C—18 (Jdc 58.3) suggesting attachment of the
hydroxylethyl side chain to the quaternary C-20 carbon, which was linked to an oxygen atom
as was evident from its observed shift at dc 84.1. Insertion of an ether bridge linking the
quaternary C-20 and the oxymethylene C-22, placement of an OH substituent at C—18 of a
terminal vinyl group (double bond between C—18 and C-19 in 1 instead of the double bond
between C-19 and C-20 for most common alkaloids), resulted to an isolated hydroxyethyl
fragment with a complete assembly of the ring system of 1, which is also in agreement with
the full HMBC data (Figure S12). Additionally, the chemical shifts at C—3 (dc 49.2) and the N-
methyl group (dc 51.6) in 1, were very closed to those reported for cis-N-
methylquinolizidinium moieties with chemical shifts at dc 49.6 and 48.9 (Bartlett et al. 1962;
Kiang et al. 1966). Based on the above analysis, compound 1 was deduced as a zwitterion,
supported by the significant upfield-shifted carbon atoms (C-3 and C-5: dc 49.2 and 61.2)
neighboring the nitrogenated charges of 1 compared to those of N-methylakuammidine (C-3
and C-5; dc 60.7 and 66.3, downfield-shifted due to attractive effects of the positive nitrogen
N4) (Nogueira et al. 2014; Bitombo et al. 2021). The relative configuration of 1 was elucidated
by Nuclear Overhauser Effect Spectroscopy (NOESY) correlations similar to that of the related
sarpagine polycyclic framework in various natural derivatives (Battersby and Yeowell 1964;
Puteri et al. 2019), especially macusine C (Battersby and Yeowell 1964). First, H-3 and H-
5/N+—CH3 were assigned to be a-axially oriented from the NOESY correlations between H-3
and H-5/N+—CH3s while CH2—-17 were deduced to possess f-orientation from the NOESY
correlations of H-17 with H-144. Furthermore, the o configuration of H-15 and the hydroxyl
ethyl group were confirmed by the NOE correlation of H-15 to H-19a and H-14a (Figures
S2, S13). Therefore, the structure of atheruramine was elucidated as shown in Figure 1.

Compound 2 was obtained as an optically active amorphous yellow solid, (o] 39.7 (¢ 1.0,
MeOH). The IR spectrum, showed the absorption bands at 3380 (O—H stretching), 2920 (C—H
stretching), 1562 (C—H bending for aromatic), 1455 (C-H bending), 1205 and 1032 cm™ (C—
O stretching). The UV absorption bands at Amax = 226, 251 and 260 nm indicated a benzoin
chromophore (Lim et al. 2021). Its molecular formula C26H34014, was established by HR-ESI-
MS at m/z 571.2086 [M +H]"(caled. for CasH3sO147: 571.2084). The analysis of 'H NMR
spectrum (Table S2) suggested the presence of eight aromatic hydrogens corresponding to two
disubstituted benzene ring systems at ou 6.85 (1H, overl, H-4")/6.83 (1H, overl, H4"), 6.99
(2H, overl, H-2'/H-2"), 7.02 (2H, overl, H-6'/H-6") and 7.25 (1H, dd, J=28.0; 7.5 Hz, H-
5")/7.24 (1H, dd, J=8.0; 7.5 Hz, H-5'); two methine protons at du 5.95 (1H, brs, H-1) and
5.81 (1H, brd, J=1.0 Hz, H-2), which suggesting the presence of oxymethine groups, were
supported by '*C-NMR resonances occurring at dc 68.4 and 68.2 respectively. In addition, the
"H-NMR spectrum of 2 also showed signals of two anomeric protons at du 4.64 and 4.23 (1H
each, d, J=7.5Hz, H-1"" and H-1"" respectively). The protons of each monosaccharide
residue were assigned starting from the readily identifiable anomeric protons using 'H-'H
COSY and HSQC spectra. The *C NMR data and HSQC spectrum revealed 23 resonances,
comprising 3 sp? quarternary carbons, 6 sp? methines, 2 sp® methylenes and 12 sp® methines
(Figure S16). According to literature, the NMR data of 2 (Table S2) were similar to those of
hydrobenzoin (Lim et al. 2021), differing mainly by the presence of quaternary phenolic carbon
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atom at Joc 159.3 (C-3'/3") and two anomeric carbon atoms at oc 102.0 and 101.8 (C-1"" and
1"""), respectively in 2. The 'H-'"H COSY spectrum indicated that the oxygen—substituted
methine proton at du 5.95 (H-1) coupled with the second one at Ju 5.81 (H-2). There were also
correlations between all the aromatic protons in the 'H-'H COSY spectrum. The whole
structure of this compound consists of three quaternary carbons; dc 159.3, 136.3 and 136.0 (C—
3'/3" C-1" and C—-1" respectively), two different secondary carbons at dc 68.4 and 68.2 (C—1
and C-2) and distinguishable carbons of the glucopyranosyl moieties (éc 102.0, 78.3, 78.0,
74.6, 71.4 and 64.4 for the first sugar unit/dc 101.8, 78.3, 78.1, 73.8, 71.3 and 62.8 for the
second sugar unit). The HMBC spectrum showed that the oxygen-substituted methine proton
H-1 (Ju 5.95) correlated with an oxygen substituted methine carbon C-2 (dc 68.2), and with
aromatic carbons C—1’, C—2" and C-6'. There were other correlations observed from the second
oxygen-substituted methine H-2 (Ju 5.81) with C-1 (dc 68.4) and aromatic carbons C—1"" and
C-6" (Figure S20). Furthermore, the HMBC correlations of anomeric proton signals H-1"" at
o1 4.64 to C—1 (dc 68.4) and H-1"" at du 4.23 to C-2 (Jc 68.2) indicated the connections of
these sugars with vicinal hydroxy carbons C—1 and C-2 respectively. The aromatic protons at
oH 6.99 were assigned as H-2'/2", because they showed connectivities with C-1, C-1', C-1",
C-2, C-3'" and C-3" suggesting their attachment to the vicinal ethane diol side chain through
quaternary C—1" and C—1" carbons. These analyses further supported the structure of 1,2-O,0-
di-(f-D-glucopyranosyl)-1,2-bis(3-hydroxyphenyl)ethane for 2. The relative configuration of
C-2 could not be assigned by NOESY because there was no NOESY correlation between H—
1 and H-2. However, it was deduced by comparison with the coupling constants and optical
rotation data of similar compounds. The small characteristic coupling constant of H-1 and H—
2 (J=1.0 Hz), enabled a frans-relationship between both protons (Agata et al. 1988; Figure 1).
Additionally, a comparison with literature data of related acyclic vicinal diol derivatives ((7'R,
8'R)-threo-strebluslignanol-2-O-f-D-glucopyranoside and 1-(4’-methoxyphenyl)-1,2-
propanediol) (Li et al. 2012a; 2012b) led to the conclusion that the optical rotation, [a]p can be
assumed to the (R, R) configuration. Based on the above analysis, compound 2 was determined
to be (1R*, 2R*)-threo-1,2-0,0-di-(f-D-glucopyranosyl)-1,2-bis(3-hydroxyphenyl)ethane, to
which the trivial name tricalydioloside was given.

Compound 3 was obtained as white amorphous powder. It gave a positive Liebermann-
Burchard’s reaction (Golembiewska etal. 2013), indicating its triterpenoidal nature. Its
molecular formula was determined as C3sHssOes based on the HR-ESI-MS pseudo-molecular
ion peak at m/z 575.4068 [M + H]" (calcd. for C35Hs9O6": 575.4075), requiring seven degrees
of unsaturation. These degrees of unsaturation can be accounted for five rings system, one
olefinic double bond and one monosaccharide group. Its IR absorption bands at 3448, 1619,
1205 and 1110 cm™! suggested the presence of hydroxyl groups, double bond, C-O-C and C-
OH bonds respectively. The '"H NMR spectrum of 3 (Table S3) exhibited seven singlet methyls
at ou 0.84 (3H, s, H-23), 1.03 (3H, s, H-24), 0.94 (3H, s, H-25), 0.76 (3H, s, H-26), 1.31 (3H,
s, H-27), 0.92 (3H, s, H-28) and 1.18 (3H, s, H-29), and one doublet methyl group at du 0.93
(3H, d, J=6.3 Hz) attributable to H-30 of an ursane-type framework of 3 (Ibrahim et al. 2012;
Khedr et al. 2016). In addition, we noticed signals of an anomeric proton at du 4.27 (1H, d,
J=8.0 Hz, H-1"), three oximethines at du 3.56 (1H, m, H-2"), 3.51 (1H, m, H-3") and 3.79 (1H,
m, H-3') together with two oxymethylene protons at ou 3.50/3.81 (2H, m, H-5'a/f) bonded to
the carbon at dc 66.3 ('*C-NMR spectrum), revealing the presence of a xylopyranosyl moiety
in 3 (Evina et al. 2017), identified after acid hydrolysis and comparative TLC. The *C-NMR
and HSQC spectra showed the presence of 35 carbons consisting of eight methyls, ten
methylenes, ten methines among which, one oxymethine at dc 90.7 (C-3), one tri-substituted
olefinic double bond at dc 129.3 (C-12), one anomeric carbon at dc 107.1 (C-1'), and an
oxygen-bonded quaternary carbon dc 73.7 (C—19). Detailed 1D and 2D NMR analyses of 3



were similar to those of the known compound 19a-hydroxy-a-amyrin (Akbar and Malik 2002)
except for the presence of an additional xylopyranosyl moiety. In the HMBC spectrum (Figure
S27), the correlations between H-1" (du 4.27) and C-3 (dc 90.7)/C-5' (dc 66.3) and between
H-3 (ou 3.12) and C-1’ (6c 107.1) indicated that the xylopyranosyl moiety was connected at
C-3. The relative orientation of the methyl groups and protons was elucidated based on their
NOE correlations, shown in Figure S1. Hence, the absence of NOE between H-18 and H-27,
H-5 and H-25, and H-26 and H-27 is diagnostic for their anti-orientation. The observed NOEs
revealed that H-5, H-9, H-12 and H-27 are a-oriented, whilst H-18, H-25, and H-26 are f-
oriented. The assigned relative configuration is in excellent agreement with previous literature
reports (Mahato and Kundu 1994; Akbar and Malik 2002; Kim etal. 2012). Hence, the
structure of 3 was assigned as 3-O-f-D-xylopyranosyl-19a-hydroxy-urs-12-ene and named
atheruroside A.

The HR-ESI-MS spectrum of compound 4 exhibited a guasi-molecular ion at m/z 575.4066
[M + H]"(calcd. for C3sHs906": 575.4075), consistent with the molecular formula of C35HssOs.
The '3C-NMR data of 4 were in good agreement with those of 3 except for the nature of
monosaccharide moiety (identified as xylose in 3). The presence of an additional downfield
shifted oxymethylene at oc 74.4 (C—4') and a remarkable hydroxylated quaternary carbon at dc
80.1 (C-3') in 4, suggested the xylopyranosyl moiety in 3 was replaced by an apiofuranosyl
one (Xu et al. 2010), in 4 (Table S3). This was confirmed by unique '"H-'H-COSY correlation
between H-1/H-2', and HMBCs from H-1" (du 4.97) to C-3 (dc 89.4)/C-2' (éc 78.1)/C-3" (dc
80.1), from H—4'a/f to C-1' (éc 112.5)/C-3" (dc 80.1)/C-5" (éc 65.5), from H-5' (du 3.56) to
C-3"(0c 80.1)/C-2" (6c 78.1) and from H-3 (3.03) to C—1" (dc 112.5) (Figure S39). Meanwhile,
the small coupling constant of H-1" with H-2" (/= 2.5 Hz), implied the S-orientation of H-1'
(Silva and Parente 2004). Additionally, The NOE correlation of H-18 and H-20 and H-29,
and the absence of NOE between H-18 and H-30 indicate the a-orientation of OH-19 and
strengthened the relative configurations of 4, which are similar to those of 3. Therefore,
compound 4 was elucidated as 3-O-f-D-apiofuranosyl-19a-hydroxy-urs-12-ene and named
atheruroside B.

The leaves of T. atherura exhibited strong antiplasmodial activity against the chloroquine
resistant strain Dd2 (ICso 4.39 +0.27 pg/ml with a selectivity index > 22.78 against Vero cells)
and were promising against the chloroquine sensitive 3D7 strain (ICso 7.54 +0.53 pg/mL, with
a selectivity index > 13.26 against Vero cells) respectively as shown in Table S4. The in vitro
antiplasmodial activity was analyzed in accordance with the system of antiplasmodial activity
of Rasoanaivo et al. (1992). According to this norm, an extract is regarded to be very active if
ICs0 < 5 ng/mL, moderately active if 5 <I1Cso < 50 pg/mL, weakly active when 50 pg/mL <ICso
<100 pg/mL and inactive with an ICso > 100 ug/mL. At this stage, the results of the evaluation
of the possible risks associated with the application of 7. atherura extract found in this study
indicate that this plant possesses active components capable of inhibiting P. falciparum in-vitro
with weak cytotoxic effects as regards to its traditional use (Table S4). The antimalarial activity
exhibited by the compounds tested (1, 4, 5 and 8) was rather low (64.99 pg/mL to > 100 pg/mL)
(Table S4). The most active compound against the chloroquine-resistant Dd2 was atheruramine
(1), suggesting that alkaloids should be the most active components within the plant, in
agreement with moderate antimalarial activities previously reported for some alkaloids (Staerk
etal. 2000; Irungu et al. 2014; Puteri etal. 2019). Compounds in the extract might act
synergistically hence leading to high antiplasmodial activity of the methanol extract. The
results suggest that 7. atherura could be ranked among true antimalarials, according to a
previous report regarding pharmacopeia of the whole genus (He et al. 2002). This is the first



ever report on potential in-vitro antimalarial activity of 7. atherura. Additional survey should
be carried on 7. atherura aiming to develop at least one antimalarial drug.

3. Experimental (in supplementary data)
4. Conclusions

The phytochemical investigation of 7. atherura resulted in the discovery of twelve compounds.
Among them, atheruramine (1), tricalydioloside (2) and atherurosides A and B (3 and 4) are
described for the first time. In addition, compounds 1, 4; 5 and 8 displayed slight in vitro
antiplasmodial activitiy against Dd2 strains of P. falciparum with ICso values ranging from
64.99 to 92.29 ng/mL. Notably, compound 1 showed the strongest antiplasmodial activity
among the isolates. However, the leaves extract of 7. atherura possesses high antiplasmodial
activities against P. falciparum with relatively low cytotoxicity. This study suggested that
alkaloids and triterpenes might be the major active components contributed to the
antiplasmodial activity of 7. atherura.
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