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Abstract: Induced by the spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the COVID-19 pandemic underlined the clear need for antivirals against coronaviruses. In an effort
to identify new inhibitors of SARS-CoV-2, a screening of 824 extracts prepared from various parts
of 400 plant species belonging to the Rutaceae and Annonaceae families was conducted using a
cell-based HCoV-229E inhibition assay. Due to its significant activity, the ethyl acetate extract of the
leaves of Clausena harmandiana was selected for further chemical and biological investigations. Mass
spectrometry-guided fractionation afforded three undescribed phenolic lipids (1–3), whose structures
were determined via spectroscopic analysis. The absolute configurations of 1 and 2 were determined
by analyzing Mosher ester derivatives. The antiviral activity against SARS-CoV-2 was subsequently
shown, with IC50 values of 0.20 and 0.05 µM for 2 and 3, respectively. The mechanism of action was
further assessed, showing that both 2 and 3 are inhibitors of coronavirus entry by acting directly on
the viral particle. Phenolic lipids from Clausena harmandiana might be a source of new antiviral agents
against human coronaviruses.

Keywords: Clausena harmandiana; phenolic lipids; antiviral activity; coronavirus

1. Introduction

In late 2019, a new coronavirus named SARS-CoV-2 (Severe Acute Respiratory Syn-
drome CoronaVirus 2) emerged in Wuhan, China, causing a global pandemic. Those with
COVID-19 present symptoms of viral pneumonia, and the virus can cause fatal respiratory
illness [1]. This novel coronavirus disease spread rapidly around the world, affecting tens
of millions of people. Although vaccines have been developed, safe and efficient antiviral
treatments are still needed to control the emergence of such viruses.

Recently, with the aim of discovering new antiviral agents, we have developed a
molecular networking-based strategy that revolves around deciphering the relationship
between spectral networks and biological activities and further exploiting such a relation-
ship to prioritize the isolation of bioactive natural products [2–4]. In the present study, this
approach allowed us to target the isolation of specific compounds from the ethyl acetate
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(EtOAc) extract of the leaves of Clausena harmandiana (associated with a strong inhibition of
HCoV-229E replication).

Clausena harmandiana (Pierre) Pierre ex Guillaumin is a plant that belongs to the Ru-
taceae family and was harvested in north Vietnam. It is a small evergreen tree called
“Song Fa” in Thai and is widely distributed in Southeast Asia. It is used in traditional
medicines to relieve stomachache, headache, fever, eye-pain, and flatulence [5]. The major
compounds found in its roots, root bark, stem bark, twigs, and fruit are carbazole alkaloids
and coumarins [5]. Biological studies have shown that these types of molecules have antivi-
ral properties against herpes simplex virus, hepatitis C virus, human immunodeficiency
virus, human cytomegalovirus [6], influenza viruses, Enterovirus 71, coxsackievirus A16,
dengue virus, and chikungunya virus [7]. They are also known for their cytotoxicity against
several cancer cell lines [8] and their antibacterial, antifungal, and anti-malaria activity [9].

The present study describes the construction of a molecular network from LC-MS2

analyses of EtOAc Clausena spp. extracts, as well as mass spectrometry (MS)-guided
isolation, structure elucidation, and the cytotoxic and antiviral (HCoV-229E and SARS-CoV-
2) activities of three phenolic lipids (1–3) newly described from C. harmandiana. To the best
of our knowledge, this is the first report on the phenolic lipids found in the genus Clausena.

2. Results and Discussion

Within a project aiming to investigate the potential antiviral activity of medicinal
plants belonging to the Rutaceae and Annonaceae families, a total of 824 EtOAc plant
extracts previously filtered on polyamide cartridge were screened for the inhibition of
Human alphacoronavirus (HCoV-229E) as a coronavirus model. Huh-7 cells and Huh-7-
TMPRSS2 cells were infected with a recombinant molecular clone expressing the luciferase
gene reporter HCoV-229E-Luc, which allowed for rapid screening of the several hundred
plant extracts. The collection of Rutaceae evaluated included eleven extracts from different
plant parts of three species of the genus Clausena. Of these, only the crude EtOAc extract of
the leaves of C. harmandiana showed potent antiviral activity; therefore, the crude EtOAc
extract was selected for further chemical and biological investigations.

All Clausena extracts were profiled by LC-HRESIMS2 as previously described [2–4].
Briefly, the samples were analyzed using a data-dependent acquisition mode. The resulting
spectral data were preprocessed via MZmine 2 [10] and structured into molecular net-
works [11] using Metgem [12] (Figure 1A). The color code indicates which extract(s) each
ion comes from. A cluster quasi-specific to the leaf extract of C. harmandiana (Figure 1B, in
red) was highlighted. As the only active extract, the compounds corresponding to these
ions were most likely responsible for the antiviral activity. Therefore, they were subjected
to targeted isolation. The EtOAc crude extract was first subjected to silica gel flash column
chromatography, yielding 11 fractions (F1–F11); subsequently, the fractions were analyzed
using LC-HRESIMS. F4 were shown to contain compounds corresponding to the cluster of
interest and, with an IC50 value of 0.06 µg/mL, displayed strong anti-HCoV-229E activity.
From this fraction, C-18 column chromatography afforded the three undescribed phenolic
lipids (referred to here as phenolic lipids 1–3, the structures of which are shown in Figure 2).

2.1. Structural Elucidation

Compound 1 was obtained as a gray amorphous powder. Its molecular formula was
defined as C24H40O3 by HRESIMS at m/z 359.2931 [M-H2O + H]+ (Calcd. for [C24H39O2]+,
359.2950), thus requiring five double bond equivalents. The 1H-NMR spectrum of 1 (Ta-
ble 1) showed aromatic resonances for a 1,2,4-trisubstituted benzene ring [∂H 6.77 (1H, d,
J = 8.5 Hz, H-6), 6.60 (1H, dd, J = 2.7, 8.5 Hz, H-5), 6.54 (1H, d, J = 2.7 Hz, H-3)], resonances
for a methyl group at ∂H 0.90 (triplet, CH3-18′), a saturated carbon chain (∂H 1.25–1.28),
and two olefinic protons at ∂H 5.36, suggesting the presence of an unsaturated alkyl chain.
Analysis of the 1H-1H COSY spectrum revealed structural fragments from C-1′ to C-4′

and C-12′ to C-18′ (Figure 3). The signal at ∂H 2.01 ppm corresponded to H-13′ and H-16′,
the four protons adjacent to the double bond, and the signals observed as multiplets at
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∂H 2.75 and 3.96 were allocated to H2-1′ and H-2′, respectively. The 13C-NMR spectrum
(Table 1) of compound 1 combined with HSQC spectrum showed carbon resonances for
three non-protonated carbons—C-2, C-4, and C-1—at ∂C 126.9, 149.4, and 149.6, respectively.
This spectrum also showed six methines (∂C 74.9, 115.1, 118.2, 118.4, 130.0, and 130.5), one
methyl carbon at ∂C 14.2, and several methylenes at 23.0–30.0 ppm. Analysis of these data
suggested that the structure of 1 had an aromatic ring substituted by two hydroxy groups
and a linear alkyl side chain bearing one hydroxy group and one double bond.
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Figure 1. (A) Molecular network generated from LC-HRESIMS2 analysis of 11 EtOAc Clausena spp.
extracts (self-loop nodes were removed from the network). (B) Detection of a cluster of ions specific
to the active leaf extract of Clausena harmandiana (in red). Targeted isolation of compounds 1–3.
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Table 1. 1H NMR (300 MHz) and 13C NMR (75 MHz) of compounds 1–3 in CDCl3 (1 and 2) and
acetone-d6 (3).

1 2 3

No. δ C δH δ C δH δ C δH

1-OH 149.6 - 149.6 - 149.6 -
2 126.9 - 127.0 - 127.5 -
3 118.4 6.54 (d, J = 2.7) 118.4 6.54 (d, J = 2.9) 118.6 6.63 (d, J = 2.7)

4-OH 149.4 - 149.3 - 150.8 -
5 115.1 6.60 (dd, J = 2.7, 8.5) 115.1 6.61 (dd, J = 2.9, 8.5) 114.5 6.58 (dd, J = 2.7, 8.5)
6 118.2 6.77 (d, J = 8.5) 118.2 6.78 (d, J = 8.5) 117.3 6.67 (d, J = 8.5)
1′ 39.2 2.75 (m) 39.2 2.75 (m) 39.8 2.75 (m)
2′ 74.9 3.96 (m) 74.9 3.96 (m) 73.3 3.95 (m)
3′ 37.3 1.50 (m) 37.3 1.50 (m) 37.6 1.52 (m)
4′ 26.0 1.37 (m) 26.0 1.35 (m) 26.2 1.40 (m)

5′–12′ 29.6–30.1 1.25–1.28 29.7–30.1 1.27–1.29 29.1–30.1 1.33
13′ 27.6 2.01 (m) 27.3 2.02 (m) 30.1 1.33
14′ 130.5 5.36 (t, J = 5.4) 130.2 5.35 (t, J = 4.6) 30.2 1.33
15′ 130.0 5.36 (t, J = 5.4) 130.2 5.35 (t, J = 4.6) 30.2 1.33
16′ 29.6 2.01 (m) 27.5 2.02 (m) 32.4 1.33
17′ 23.2 1.37 (m) 32.3 1.32 (m) 23.1 1.33
18′ 14.2 0.90 (t) 22.7 1.32 (m) 14.1 0.92 (t)
19′ 14.3 0.90 (t)
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Figure 3. Key 1H-1H COSY (in bold) and HMBC (blue arrows) correlations of compounds 1–3.

The positions of the three hydroxy groups at C-1, C-4, and C-2′ and the double bond
at C-14′/C-15′ were confirmed by 2D NMR analyses (Figure 3). The para position of
phenol groups was confirmed from the HMBC correlations from H-1′ (∂H 2.75) to C-3 (∂C
118.4); and H-3 (∂H 6.77) to C-1′ (∂C 39.2). In addition, the chemical shift values of the
aromatic carbons are similar to those reported in the literature for close analogues [13]. The
stereochemistry at the double bond between C-14′ and C-15′ was assigned as Z on the basis
of allylic carbon resonances at ∂C 27.6 and 29.6 ppm (C-13′ and C-16′) [14] and to similar
values of coupling constants of structurally close alkenylresorcinols [15].

Due to the specific rotation value of 0 for compound 1, we initially assumed that this
compound could be a racemic mixture. However, it has been reported in the literature that
choerosponols B and C, which possess similar planar structures and [α]D values of 0, are
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enantiomerically pure [16]. Thus, to establish the absolute configuration of compound 1,
Mosher ester derivatization experiments were performed [17]. The secondary alcohol was
converted into the (S)- and (R)-MPTA esters (1a and 1b) following the procedure described
in Brel et al. [18]. Based on the ∆δ (δS-δR) values of both MPTA esters (Figure 4), the R
absolute configuration of C-2′ was determined.
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Compound 2 possessed a molecular formula of C25H42O3 as deduced from HRESIMS
at m/z 373.3112 [M-H2O + H]+ (Calcd. for [C24H39O2]+, 373.3107). NMR data were almost
the same to those of 1 but suggested the presence of one additional methylene. Indeed,
the 13C-NMR spectrum (Table 1) showed an extra carbon at 32.3 ppm. Its position was
determined thanks to HMBC correlations (Figure 3) from H-17′ (∂H 1.32) to C-18′ (∂C 22.7)
and C-16′ (∂C 27.5). As for compound 1, the configuration of the double bond was assigned
as Z, with allylic carbon at ∂C 27.3 and 27.5 (C-13′ and C-16′) and a coupling constant of
4.6 Hz. The analysis of the Mosher esters determined the absolute configuration of C-2′ as
R. The chemical shift differences ∆δS-R of the neighboring protons were similar to those
observed for compound 1 [H-1′ (−0.027 ppm), H-3′ (+0.131 ppm), H-4′ (+0.064 ppm)]. This
compound was assigned as (2′R)-2-[(14′Z)-2′-hydroxynonadec-14′-en-1′-yl]benzene-1,4-
diol and is the R enantiomer of choerosponol B [16].

Compound 3, (2′R)-(2-(2-hydroxyoctadecyl)benzene-1,4-diol), possessed the molecular
formula of C24H42O3, as deduced from conducting HRESIMS at m/z 361.3047 [M-H2O + H]+

(Calcd. for [C24H39O2]+, 361.3107). The NMR data of compound 3 were almost identical
to those of 1 but without a double bond, as deduced from the absence of carbon around
130 ppm in the 13C-NMR spectrum (Table 1). Based on biogenetic considerations, the (R)
absolute configuration of C-2′ was proposed, as for compounds 1 and 2.

2.2. Cytotoxicity and H-CoV-229E Inhibition Assays

Compounds 1–3 were first evaluated for their cytotoxic activities against Huh7, a
human hepatocyte cell line. All compounds showed cytotoxic activities in the micromolar
range (CC50 between 0.5 and 1.3 µM) (Table 2). The maximum non-toxic concentration
that provides more than 95% viability was 0.25 µM for all three tested compounds. This
concentration was then used as the highest concentration for antiviral assays. Thus, to
assess whether compounds 1–3 exert antiviral activity against HCoV-229E, Huh7 cells
were infected with the recombinant molecular clone of HCoV-229E that expresses the
luciferase (HCoV-229E-Luc) at the MOI of 0.5 in the presence of different concentrations
(serial dilution starting from 0.25 µM) of each compound throughout the infection [19]. The
results indicated that compound 1 showed no antiviral effect at non-cytotoxic doses, while
compounds 2 and 3 exert dose-dependent antiviral activity at non-cytotoxic concentrations,
with IC50 values of 0.1 and 0.05 µM, respectively, resulting in a selectivity index (SI) of 5
and 16 for 2 and 3, respectively (Table 2).
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Table 2. Cytotoxicity and antiviral activity against HCoV-229E of 1, 2, and 3.

Compound CC50 (µM) a IC50 (µM) b SI c

1 1.30 ± 0.10 na -
2 0.50 ± 0.05 0.10 ± 0.03 5
3 0.80 ± 0.10 0.05 ± 0.04 16

Cytotoxic concentration (CC50) and inhibitory concentration (IC50) were obtained by performing nonlinear regres-
sion followed by the construction of the sigmoidal concentration–response curves from Figure 4. a Concentration
inhibited cell viability by 50%; b Concentration inhibited infection by 50%; c Selectivity index (CC50/IC50). na:
non active.

2.3. Cytotoxicity and SARS-CoV-2 Inhibition Assays

Prior to the assessment of their antiviral activity against SARS-CoV-2, the cytotoxicity
of compounds 1–3 was determined against Vero-E6 cells (Figure 5A). MTS assays showed
that all tested compounds exert similar dose-dependent cytotoxicity on Vero-E6 cells with
50% cytotoxic concentration (CC50) values of 1.5 ± 0.20, 0.5 ± 0.08, and 0.9 ± 0.20 µM for
1, 2, and 3, respectively (Figure 5A). Then, the antiviral activity of the three compounds
was evaluated against SARS-CoV-2 in Vero-E6 cells. For this, Vero cells were infected
with the pandemic strain of SARS-CoV-2 at an MOI of 0.1 for 48 h in the presence of
different non-cytotoxic concentrations of the compounds (Figure 5B). The results showed
that only 2 and 3 exert dose-dependent antiviral activity against SARS-CoV-2 at non
cytotoxic concentrations (Figure 4B), with IC50 values of 0.20 ± 0.06 and 0.05 ± 0.03 µM,
respectively. The selectivity index (SI) values—2.5 and 18 for 2 and 3, respectively—are
similar to those obtained with HCoV-229E. Taken together, these results showed that 3 is a
strong inhibitor of SARS-CoV-2 infection.
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Figure 5. Compounds 2 and 3 exert antiviral activity against SARS-CoV-2 at non-cytotoxic concen-
trations. (A) Vero-E6 cells were treated with two-fold serial dilutions (25 to 0.02 µM) of 1, 2, or 3
for 48 h. Cell viability was evaluated through MTS assay. The results are means ± SD of three
independent experiments and are expressed as relative value compared to the Mock-treated cells.
(B) Vero-E6 cells were infected with SARS-CoV-2 at an MOI of 0.1 in the presence of different non-
cytotoxic concentrations (0.25 to 0.01 µM) of each compound for 48 h, after which cells were fixed
for 20 min with 3.7% PFA. Cells were then rinsed with PBS and processed for flow cytometric assay.
Data are expressed relative to the Vehicle. The results are expressed as means ± SD of the three
independent experiments.

2.4. Characterization of the Antiviral Mechanism of Action of Compounds 2 and 3

To gain insights into the mechanism of action of 2 and 3 against coronaviruses, different
experimental approaches were performed during HCoV-229E infection. Compounds were
added at different stages of the viral replication cycle. To assess the impact on viral entry
stage, HCoV-229E and compounds 2 and 3 were simultaneously co-added to the cells for
1 h (Figure 6A). Isoquercitrin (Q3G), which is known to inhibit the endocytic pathway,
was used as a positive control [20], and compound 1 served as a negative control. To
investigate whether 2 or 3 interfere with HCoV-229E replication, cells were first challenged
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with HCoV-229E for 1 h and then treated with 2 or 3 (Figure 6A). Remdesivir, which is
known to inhibit virus replication, was used as a positive control [21].
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Figure 6. Compounds 2 and 3 inhibit HCoV-229E entry in human cells. (A) Schematic representation
of time-of-drug addition approach performed to characterize the mechanism of action of compounds
2 and 3 (0.2 µM) in HCoV-229E-Luc-infected Huh7 cells. Q3G (25 µM) and Remdesivir (0.1 µM) were
used as positive controls. Blue arrows indicate the presence of compounds. (B) Results of Luciferase
activity in HCoV-229E-infected Huh7 cells under different conditions presented in panel A. The
results are means ± SD of the three independent experiments and are expressed as relative value
compared to the Mock-treated cells (Black column). One-way ANOVA and Dunnett’s test were used
for statistical analysis (*** p < 0.001; n.s. = not significant).

Our data showed that no inhibition of infection was observed when 2 or 3 were added
after virus inoculation, suggesting that 2 and 3 do not affect the virus replication step,
unlike remdesivir (positive control), which strongly inhibited viral replication (Figure 6B).
In contrast, strong inhibition of infection was noticed when 2 and 3 were present during
the virus entry step (Figure 6B), as well as the positive control Q3G. Taken together, these
results suggest that 2 and 3 act as virus entry inhibitors.

To further elucidate the underlying mechanism of antiviral action, we investigated
whether 2 and 3 target the virus or the cells. HCoV-229E particles were pre-incubated with
2 or 3 (0.2 µM) for 1 h and then diluted 20-fold prior to infection to reach a concentration of
0.01 µM for inoculation (Figure 7A), a concentration that does not inhibit HCoV-229E-Luc
infection for both 2 and 3 (as shown above). Compound 1 was used as a negative control.
In parallel, Huh7 cells were infected with HCoV-229E-Luc and subsequently treated with
0.2 and 0.01 µM of 2 or 3, serving as controls (Figure 7B). Phospholipase (PLA2), which
is known to have broad-spectrum virucidal activity, was used as a positive control [22].
The results clearly indicated that when HCoV-229E-Luc was pre-incubated with 2 or 3 at a
high concentration (0.2 µM) before infection at a low concentration (0.01 µM), the antiviral
activity was much stronger than when infection was performed in the presence of 0.01 µM
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of 2 or 3 without pre-incubation (Figure 7B). Compounds 2 and 3 were able to inhibit the
infection up to 60 and 80%, respectively, as well as PLA2, which inhibited 90% of infection
(Figure 7B). Taken together, these results suggest that 2 and 3 inhibit HCoV229E entry by
acting directly on the viral particle.
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Figure 7. Compounds 2 and 3 inhibit viral entry by a direct action on the viral particle. (A) Schematic
representation of free-virus particle assay to characterize the virucidal or virostatic effect of 2 and
3 (0.2 µM) against HCoV-229E-Luc. PLA2 (5 µg/mL) was used as a positive control. The amount
of virus used for inoculation was identical for the different conditions; (B) Huh7 cells were infected
with HCoV-229E-Luc in the presence of 0.2 or 0.01 µM of 2 or 3 or with HCoV-229E-Luc previously
treated with 0.2 µM of 2 or 3 and then diluted 20 times, leading to a concentration of 0.01 µM of 2 or
3 for the incubation period (0.2 µM to 0.01 µM: 0.2 µM > 0.01 µM). At 12 h post-infection, the cells
were lysed, and Luciferase activity was quantified. (C) SARS-CoV-2 inoculum was pre-incubated for
1 h with 1, 2, or 3 (0.2 µM) or 0.01% DMSO for the Mock-treated cells. PLA2 (5 µg/mL) was used as a
positive control; The residual of infectivity was titrated on Vero-E6 cells. The results are means ± SD
of three independent experiments and are expressed as relative value compared to the Mock-treated
cells. One-way ANOVA and Dunnett’s test were used for statistical analysis (*** p < 0.001; ** p < 0.01;
n.s. = not significant).
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To assess whether the antiviral activity of 2 and 3 against SARS-CoV-2 is also at-
tributable to their ability to inhibit virus infectivity by acting directly on the virus particle,
a residual infectivity assay was carried out. SARS-CoV-2 virus particles were incubated
with 2 or 3 (0.2 µM). Compound 1 (0.2 µM) and PLA2 (5 µg/mL) were used as negative
and positive controls, respectively. After 1 h of incubation, titration of residual infectivity
showed that compounds 2 and 3 were able to decrease viral progeny up to 1 log as well
as the positive control. Compound 3 appears to be the most effective at a non-cytotoxic
dose of 0.2 µM, where the molecule is able to significantly inhibit SARS-CoV-2 infectivity
by more than 1 log. These results suggest that compounds 2 and 3 possess antiviral activity
against SARS-CoV-2 by acting directly on the virus particle.

From a structural standpoint, compounds 1–3 are monosubstituted hydroquinone
and belong to a large family of phenolic lipids. They are structurally very similar to
choerosponols B and C isolated from Choerospondias axillaris, an Anacardiaceae native
to Nepal [16]. They all possess a C-2′ hydroxylated unsaturated (1 and 2) or saturated
(3) alkyl side chain, which only differs in the number of carbons: 18 for 1 and 3; 19 for 2. As
choerosponols and with IC50 values in the micromolar range, compounds 1–3 exhibited
strong cytotoxic activities on different cell lines. In contrast, only compounds 2 and 3
exert strong antiviral activities against HCoV-229E and SARS-CoV-2 viruses; compound 1
shows no antiviral activity. While the presence of a double bond in the C-14′ position of the
alkyl side chain of compound 1 could explain the activity difference between compounds
1 and 3, it cannot explain the difference regarding compound 2, which only possesses an
additional methylene group on the alkyl chain. Therefore, the discrepancy between the
antiviral activity of 1 and 2 is difficult to explain rationally, and further studies are needed
to explain it better.

Multi-informative molecular networks, which compare taxonomically related samples,
are a highly useful approach for highlighting a chemical family of interest within a bioactive
extract. In the present study, we used molecular networks in conjunction with biological
data, which enabled us to directly target the isolation of two compounds with strong
antiviral activities.

3. Materials and Methods
3.1. Plant Material

The leaves of Clausena harmandiana were collected in Hòa Bình, Mai Châu, Vietnam,
in April 1996 and identified by Dr. Nguyen Cuong. A voucher specimen (VN-0081) was
deposited at the Institute of Ecology and Biological Resources, Vietnam Academy of Science
and Technology (VAST), Hanoï.

3.2. Phytochemical Analysis—General Experimental Procedures

Optical rotations were measured at 24 ◦C on an MCP 300 polarimeter (Anton Paar, Les
Ulis, France). UV spectra were recorded using a Varian Cary 100 UV–vis spectrophotometer.
IR spectra were recorded using a PerkinElmer BX FT-IR spectrometer. All NMR spectra
were recorded using a 300 MHz instrument (Avance 300, Bruker, Wissembourg, France).
Chemical shifts (relative to CDCl3 or acetone for 3) are in ppm, and coupling constants
(J) are in Hz. The multiplicity of signals is reported as follows: s, singlet; d, doublet;
dd, doublet of doublets; t, triplet; m, multiplet. HR-ESI-MS were run on an ESI-TOF
spectrometer (LCT, Waters, Guyancourt, France). Nucleodur analytical and preparative
C-18 columns (250 mm × 4.6 mm and 250 mm × 21 mm; 5 µm Macherey-Nagel, Hoerdt,
France), were used for preparative HPLC separations using a Waters autopurification
system equipped with a sample manager (Waters 2767), a column fluidics organizer, a
binary pump (Waters 2525), a UV–Vis diode array detector (190–600 nm, Waters 2996),
and a PL-ELS 1000 ELSD Polymer Laboratory detector. A prepacked puriFlash (Intershim,
Montluçon, France) silica cartridge was used for flash chromatography using a Combiflash
Rf 200i (Teledyne Isco, Lincoln, NE, USA). For thin-layer chromatography (TLC), pre-coated
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silica gel 60 F254 (0.25 mm, Merck, Saint Quentin Fallavier, France) plates were used. All
other chemicals and solvents were purchased from Carlo Erba (Val de Reuil, France).

3.3. Extraction and Isolation

Dried leaves of C. harmandiana (150 g) were extracted with EtOAc (3 × 200 mL, 1 h
each at room temperature). The EtOAc solutions were combined and evaporated to dryness
under reduced pressure to give a crude residue (1.2 g). This residue was subjected to flash
chromatography over silica gel and eluted with a gradient of Heptane-EtOAc (90:10 to
0:100) then EtOAc-MeOH (95:5 to 80:20) to yield 11 fractions (F1–F11). F4 (151 mg) was
further purified by preparative HPLC (C-18 column, Nucleodur, 250 mm × 21 mm, 5 µm,
CH3CN-H2O 90:10 + 0.1% formic acid at 21 mL/min) to yield compounds 1 (34.0 mg;
tR 13.6 min), 2 (63.3 mg; tR 17.4 min), and 3 (10.6 mg; tR 23.4 min).

3.3.1. (2′. R)-2-[(14′Z)-2′-Hydroxyoctadec-14′-en-1′-yl]benzene-1,4-diol (1)

Gray amorphous powder. [α]24
D ± 0.0 (c 1, CHCl3); UV (MeOH) λmax (log ε), 294 nm

(3.7), 202 nm (4.5); IR νmax 3190, 2919, 1458, 1195, 1012, 812, and 722 cm−1. HRESIMS m/z:
359.2931 [M-H2O + H]+ (Calcd. for C24H39O2

+, 359.2950). 1H-NMR (CDCl3, 300 MHz) and
13C-NMR (CDCl3, 300 MHz); see Table 1.

3.3.2. (2′. R)-2-[(14′Z)-2′-Hydroxynonadec-14′-en-1′-yl]benzene-1,4-diol (2)

Beige amorphous powder. [α]24
D ± 0.0 (c 1, CHCl3); UV (MeOH) λmax (log ε), 293 nm

(3.1), 201 nm (3.9); IR νmax 3355, 2920, 1451, 1197, 1101, 814, and 721 cm−1. HRESIMS m/z:
373.3112 [M-H2O + H]+ (Calcd. for C25H41O2

+, 373.3107). 1H-NMR (CDCl3, 300 MHz) and
13C-NMR (CDCl3, 300 MHz); see Table 1.

3.3.3. (2′. R)-(2-(2-Hydroxyoctadecyl)benzene-1,4-diol) (3)

Beige amorphous powder. [α]24
D + 2.0 (c 1, acetone); UV (MeOH) λmax (log ε), 294 nm

(3.5), 202 nm (4.3); IR νmax 3181, 2918, 1463, 1206, 1101, 822, and 719 cm−1. HRESIMS m/z:
361.3047 [M-H2O + H]+ (Calcd. for C24H41O2

+, 361.3107). 1H-NMR (Acetone-d6, 300 MHz)
and 13C-NMR (Acetone-d6, 300 MHz); see Table 1.

3.4. Preparation of (S)-MTPA and (R)-MTPA Esters of 1 and 2

In an NMR sample tube, 1.0 mg of dimethylaminopyridine (DMAP) was added
to 1.0 mg of compound 1 or 2. Additionally, 9 µL of pyridine-d5 and 600 µL of CDCl3
were added to the mixtures. Then, (R)-MTPA chloride (5 µL, 27 µmol) was added. The
resultant reaction mixtures were stirred at RT for 2 h to produce (S)-MTPA esters 1a and
2a. The identical procedure was carried out to obtain the (R)-MTPA esters 1b and 2b from
(S)-MTPA chloride.

(S)-MTPA Ester (1a). 1H NMR (500 MHz, CDCl3): 0.91 (3H, t, H-18′), 1.34 (2H, m,
H-17′), 2.02 (4H, m, H-13′, H-16′), 1.27 (16H, m, H-5′-12′), 5.36 (2H, m, H-14′, H-15′), 2.67
(2H, m, H-1′), 5.21 (1H, m, H-2′), 1.46 (2H, m, H-3′), 1.21 (2H, m, H-4′), 3.25, 3.43 (3H, s,
MTPA-OCH3).

(R)-MTPA Ester (1b). 1H NMR (500 MHz, CDCl3): 0.91 (3H, t, H-18′), 1.34 (2H, m,
H-17′), 2.02 (4H, m, H-13′, H-16′), 1.27 (16H, m, H-5′-12′), 5.37 (2H, m, H-14′, H-15′), 2.70
(2H, m, H-1′), 5.22 (1H, m, H-2′) 1.35 (2H, m, H-3′), 1.15 (2H, m, H-4′), 3.26, 3.43 (3H, s,
MTPA-OCH3).

(S)-MTPA Ester (2a). 1H NMR (500 MHz, CDCl3): 0.82 (3H, t, H-19′), 1.25 (4H, m,
H-17′, H-18′), 1.95 (4H, m, H-13′, H-16′), 1.19 (16H, m, H-5′-12′), 5.28 (2H, m, H-14′, H-15′),
2.58 (2H, m, H-1′), 5.13 (1H, m, H-2′), 1.37 (2H, m, H-3′), 1.13 (2H, m, H-4′), 3.17, 3.34 (3H, s,
MTPA-OCH3).

(R)-MTPA Ester (2b). 1H NMR (500 MHz, CDCl3): 0.82 (3H, t, H-19′), 1.25 (4H, m,
H-17′, H-18′), 1.95 (4H, m, H-13′, H-16′), 1.19 (16H, m, H-5′-12′), 5.28 (2H, m, H-14′, H-15′),
2.61 (2H, m, H-1′), 5.14 (1H, m, H-2′), 1.24 (2H, m, H-3′), 1.07 (2H, m, H-4′), 3.17, 3.34 (3H, s,
MTPA-OCH3).
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3.5. Data-Dependent LC-ESI-HRMS2 Analysis

LC analyses were performed using a Thermo Ultimate 3000 system equipped with
a Cortecs C18 column (2.1 × 100 mm; 2.7 µm, Waters). The mobile phase consisted of
water-acetonitrile (H2O-CH3CN) acidified with 0.1% formic acid (90:10) held for 2 min,
then a gradient from 90:10 to 0:100 in 20 min held at 0:100 for 8 min at a flow rate of
600 µL.min−1. The temperature of the column oven was set to 40 ◦C, and the injection
volume was set to 5 µL. LC-ESI-HRMS2 analyses were achieved by coupling the LC system
to an Impact II Bruker quadrupole time-of-flight mass spectrometer (Bruker Daltonics,
Bremen, Germany) equipped with an ESI dual source (operating in the positive-ion mode).
Source parameters were set as follows: end plate offset—350 V, capillary voltage—4500 V,
nebulizer pressure—60 psi, drying gas flow rate—10 L.min−1, drying gas temperature—
240 ◦C. MS scans were operated in full-scan mode from m/z 100 to 1400 (at 6 Hz). MS1 scan
was followed by MS2 scans of the five most intense ions above an absolute threshold of
2000 counts. Selected parent ions were fragmented with a collision energy fixed at 30 eV and
using an m/z dependent isolation window of 2–4 amu. The mass accuracy was guaranteed
via an injection of a calibration solution from sodium formate clusters with external (at the
beginning of each run) and internal (segment 0.1 at 0.4 min of each sample) calibration by a
High Precision Calibration (HPC) equation with a maximum mass delta of 1 ppm and 7 as
the minimal number of calibration points. LC-UV and MS data acquisition and processing
were performed using DataAnalysis 4.4 software (Bruker Daltonics, Bremen, Germany).

3.6. MZmine 2 Pre-Processing

The MS2 data files were converted from the .d Agilent standard data format to the
.mzXML format using MSConvert software (part of the ProteoWizard package (Palo Alto,
CA, USA, v3)) [23]. The .d Bruker data files were converted to .mzXML format using
DataAnalysis 4.4 software. All .mzXML were then processed using MZmine 2 v53 [10].
Mass detection was conducted using a noise level of 400 counts for MS and 0 count for
MSMS dimension. The ADAP chromatogram builder was used with a minimum group
size of scans of 4, a group intensity threshold of 3000, a minimum highest intensity of 4000,
and an m/z tolerance of 15 ppm [24]. The ADAP wavelets deconvolution algorithm was
used with the following standard settings: S/N threshold = 8, minimum feature height
= 3000, coefficient/area threshold = 10, peak duration range—0.02–1.0 min, RT wavelet
range—0.01–0.07. Isotopologues were grouped using the isotopic peaks grouper algorithm,
with an m/z tolerance of 15 ppm and an RT tolerance of 0.1 min. MS2 scans were paired
using an m/z tolerance range of 0.025 Da and RT tolerance range of 0.1 min. Peak alignment
was performed using the join aligner module (m/z tolerance = 15 ppm, weight for m/z = 1,
weight for RT = 1, absolute RT tolerance = 0.1 min). The peak list was gap-filled with the
peak finder module (m/z tolerance = 5 ppm and RT tolerance = 0.05 min). Eventually, the
.mgf spectral data file and its corresponding .csv metadata file (containing RT and peak
areas) were exported using the dedicated “Export to GNPS-FBMN” built-in module [11,25].

3.7. Molecular Network Analysis

The two files mentioned above were imported into MetGem 1.3.6. [12]. MS2 spectra
were window-filtered by choosing only the top ten peaks within the ±50 Da window
throughout the spectrum. The data were filtered by removing all peaks in the ±5 Da range
around the precursor m/z. The m/z tolerance window used to find the matching peaks
was set to 0.02 Da, and cosine scores were kept under consideration for spectra sharing
at least 4 matching peaks. The network was created where edges were filtered to have a
cosine score above 0.8. Further edges between two nodes were kept in the network only if
each of the nodes appeared in each other’s respective top 10 most similar nodes.

3.8. Cells and Culture Conditions

Human-derived hepatoma cells, Huh7 (ATCC, PTA-8561) cells, and Vero-E6 cells
were grown in Dulbecco’s Modified Eagle Medium (DMEM, PAN Biotech, Aidenbach,
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Germany) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% peni-
cillin/streptomycin, and 0.1% amphotericin B (PAN Biotech). Cells were cultured at 37 ◦C
in 5% CO2 incubator.

3.9. Viruses

Recombinant HCoV-229E-Luc expressing the luciferase gene was kindly provided
by V. Thiel [26]. SARS-CoV-2 virus was isolated in 2020 from a nasopharyngeal swab of a
COVID-19 PCR-positive patient in Reunion Island [27]. SARS-CoV-2 was propagated on
Vero-E6 cells.

3.10. Chemicals and Antibody

Q3G, PLA2 were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Remdesivir was purchased from Invivogen (Toulouse, France). All stock solutions were
prepared in sterile dimethyl sulfoxide, DMSO (Sigma-Aldrich). Monoclonal human igG1
antibody SARS-CoV-2 spike (clone H4) was purchased from Invivogen (Toulouse, France).

3.11. Cytotoxic Assays

The cytotoxicity of isolated phytocompounds were determined using an MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]-based
viability assay (CellTiter Aqueous One Solution Cell Proliferation Assay from Promega,
Charbonnières-les-Bains, France). A total of 2 × 104 Huh7 and Vero-E6 cells were seeded on
a 96-well plate and incubated with a serial dilution of phytocompounds. Forty-eight hours
after treatment, the MTS test was performed according to the manufacturer’s instructions.
Absorbance was assessed at 490 nm, and the percentage of viable cells was calculated. Dose–
response curves were established on Prism GraphPad to calculate the concentration causing
death in 50% of the cells (CC50).

3.12. HCoV-229E-Luc Infection Inhibition Assays (Screening of 824 Plant Extracts)

HCoV-229E-Luc was mixed with the plant extracts at three different concentrations
(25, 10 and 2.5 µg/mL) for 10 min. Huh-7 cells and Huh-7 cells transduced with a lentiviral
vector expressing the TMPRSS2 protease gene (Huh-7-TMPRSS2 cells) were infected with
HCoV-229E-Luc at a multiplicity of infection (MOI) of 0.5 in a final volume of 50 µL for
1 h at 37 ◦C in the presence of the plant extracts. The virus was removed and replaced
with culture medium containing the extracts for 6 h at 37 ◦C. Cells were lysed in 20 µL of
Renilla lysis buffer (Promega), and luciferase activity was quantified in a Tristar LB 941
luminometer (Berthold Technologies, Bad Wildbad, Germany) using a Renilla luciferase
assay system (Promega), as recommended by the manufacturer.

3.13. HCoV-229E-Luc Infection Inhibition Assays (Evaluation of Fractions and Pure Compounds)

Huh7 cells were treated with different concentrations of fractions or compounds
diluted in the culture medium and inoculated with HCoV-229E at a MOI of 0.5 in a final
volume of 100 µL. At 12 h post-infection, the medium was removed, and the cells were lysed
in 40 µL of Renilla luciferase buffer (Promega, E2810). Luminescence was measured using
the FLUOstar Omega spectrophotometer and by following the manufacturer’s instructions.

3.14. SARS-CoV-2 Infection Inhibition Assays

Vero-E6 cells were seeded in 24-well plates overnight before inoculation with SARS-
CoV-2 at an MOI of 0.1 in the presence of 1–3 at different concentrations for 48 h at 37 ◦C.
Vero-E6 cells were trypsinized and fixed for 20 min with 3.7% PFA. The cells were then
rinsed with PBS and processed for flow cytometric assay, Cytoflex (Beckman, Villepinte,
France), as previously described using monoclonal human igG1 antibody SARS-CoV-2
spike (clone H4) for 1 h, followed by a Goat anti-Human IgG Cross-Adsorbed secondary
antibody, Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA), for the detection
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of infected cells. The percentage of infected cells was assessed using Cytexpert software
(version 9.00, La Jolla, CA, USA).

3.15. Virucidal Assay against SARS-CoV-2

Moreover, 25 × 104 PFU of SARS-CoV-2 were pre-incubated with the drugs in DMEM
at 37 ◦C for 1 h; DMSO (0.01%) was used as vehicle control. After pre-incubation, the
mixture was diluted (serial tenfold dilution) and used to infect a monolayer of Vero-E6 cells.
After incubation at 37 ◦C for 1 h, the infected cells were covered with 300 µL of medium
containing 1.0% carboxymethylcellulose (CMC) with DMEM + 5% FBS. The cells were
incubated at 37 ◦C for 3 days. Finally, the Vero-E6 cells were fixed with 3.7% PFA and
stained with Crystal violet. Plaques were counted and compared to the control.

3.16. Statistical Analysis and IC50 and CC50 Determination

Both the Cytotoxic concentrations (CC50) and inhibitory concentrations (IC50) were
obtained by performing nonlinear regression followed by the construction of sigmoidal
concentration–response curves. The results are means ± SD of at least three independent
experiments performed in triplicate and are expressed as relative value compared to
untreated infected cells (Mock-treated). Statistical analyses were conducted using one-way
ANOVA. All statistical analyses were carried out using GraphPad Prism software (version
9.0; La Jolla, CA, USA). Significance levels are shown in the figures as follows: * p < 0.05;
** p < 0.01; *** p < 0.001, **** p < 0.0001, n.s. = not significant.
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