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The phytochemical study of the aerial part of Mesona chinensis led to the isolation of five new caffeic acid
oligomers (1-5), as well as four known analogues (6-9). The structures of the new compounds including their
absolute configurations were elucidated by comprehensive spectroscopic analysis, chemical method, and
quantum-chemical electronic circular dichroism (ECD) calculation. Among the isolates, compound 7 showed

significant in vitro antiviral activity on respiratory syncytial virus (RSV).

1. Introduction

The plant Mesona chinensis Benth. (Lamiaceae), commonly known as
“jellywort”, is a yearly herbaceous plant that widely distributed in
tropical and subtropical areas of Asia [1]. For hundreds of years, this
plant was of particular interest by local people due to its economical
and agricultural values for making grass jelly and herbal tea. Moreover,
in the southern region of China, M. chinensis has been used as a Chinese
folk medicine for the treatment of heat-shock, fever, hypertension, and
inflammatory [2,3]. Previous chemical investigations of M. chinensis
mainly focused on the bioactive polysaccharides [4-9], there are a few
reports about its small molecule metabolites. Caffeic acid (3,4-dihy-
droxycinnamic acid) and its derivatives, including its glycosides and
variety of oligomers, which biosythetically derived from L-phenylala-
nine and L-tyrosine undergoing a series of enzymatic processes [10,11],
are the most common naturally occurring phenolic acids in the plants of
family Lamiaceae. In recent years, caffeic acid derivatives from species
of family Lamiaceae have been demonstrated to show various bioac-
tivities, such as antiviral, antimicrobial, and antiinflammatory activ-
ities, which were believed to be one of the major bioactive components
of this plant family [12-17]. However, compared to other species, the
investigation about caffeic acid derivatives of M. chinensis was in-
sufficient, only about ten caffeic acid derivatives so far have been
identified from this plant [18,19].

As part of an ongoing investigation on the discovery of natural
products with antiviral activities from medicinal plants growing in
southern China [20-22], our preliminary study revealed that the 95%
aqueous ethanolic extract of the aerial part of this plant showed pro-
mising antiviral activity against respiratory syncytial virus (RSV) with
an ICgq value of 55.00 = 2.50 pg/pL. The ethanol extract was further
partitioned to afford petroleum ether, n-BuOH, and water-soluble
fractions, respectively. The following bioassay screening indicated that
the n-BuOH-soluble fraction exhibited the best anti-RSV activity
(ICs0 = 13.75 * 1.45 pg/uL) among the assayed extracts. The HPLC-
UV analysis of the n-BuOH-soluble fraction showed the characteristic
UV profiles that suggested the existence of caffeic acid derivatives as
the major components. Based on above results, we carried out a phy-
tochemical investigation on the bioactive fraction of M. chinensis. As a
result, four new caffeic acid trimers (mesonolates A-D, 1-4) and a new
caffeic acid tetramer (mesonolate E, 5), together with four known
caffeic acid oligomers, salviaflaside (6), salvianolic acid R (7), lithos-
permic acid monomethylester (8), and lithospermic acid B (9) (Fig. 1),
were isolated from the aforementioned fraction. In addition, all the
isolated compounds were evaluated for their in vitro anti-RSV activities
by cytopathic effect (CPE) reduction assay. Herein, we describe the
isolation, structural elucidation, and in vitro anti-RSV activities of these
caffeic acid oligomers. A hypothetical biogenetic pathway for all the
isolated compounds is also discussed.
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Fig. 1. Chemical structures of compounds 1-9.

2. Experimental
2.1. General experimental procedures

Optical rotation values were measured on a JASCO P-1020 polari-
meter (JASCO, Tokyo, Japan) at room temperature. UV spectra were
recorded on a JASCO V-550 UV/vis spectrophotometer. IR spectra were
obtained on JASCO FT/IR-480 plus Fourier transform infrared and
Nicolet iS50 FT-IR spectrometers using KBr pellets. 1D and 2D NMR
spectra, including 'H, *3C, DEPT135, 'H-'H COSY, HSQC, HMBC, and
NOESY, were collected on Bruker AV-300, Bruker AV-500, and Bruker
AV-600 spectrometers. HRESIMS data were collected on an Agilent
6210 ESI/TOF mass spectrometer. ECD spectra were carried out on a
Chirascan-plus circular dichroism spectrometer (Applied Photophysics,
Leatherhead, Surrey, UK). The pre-coated silica gel GFas4 plate for thin-
layer chromatography (TLC) was purchased from the Yantai Chemical
Industry Research Institute (Yantai, China). Column chromatographies
(CCs) were performed by using silica gel (100-200 and 200-300 mesh,
Qingdao Marine Chemical Inc., Qingdao, China), Sephadex LH-20

(Pharmacia Biotech AB, Uppsala, Sweden), and ODS (40-64 pum, Merck,
Darmstadt, Germany) as solid phases. Analytical HPLC was performed
on an Agilent 1260 liquid chromatograph equipped with a diode array
detector (DAD) using a Cosmosil 5C18-MS-II reversed-phase column
(4.6 x 250 mm, 5 pm, Nacalai Tesque Inc., Kyoto, Japan). Semi-pre-
parative HPLC was carried on an Agilent 1260 liquid chromatograph
equipped with a multiple wavelength detector (MWD) using a semi-
preparative Cosmosil 5C18-MS-1I reversed-phase column
(10 x 250 mm, 5 um, Nacalai Tesque Inc., Kyoto, Japan). All the sol-
vents used in column chromatographies and HPLC were of analytical
grade (Tianjin Damao Chemical Plant, Tianjin, China) and chromato-
graphic grade (Merck, Darmstadt, Germany), respectively.

2.2. Plant material

The aerial parts of Mesona chinensis Benth. (Lamiaceae) were col-
lected from Pingyuan county of Guangdong province, P. R. China, in
July 2018. The authentication of the plant mateiral was performed by
Prof. Guang-Xiong Zhou (College of Pharmacy, Jinan University). A
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voucher specimen (No. 20180713) was deposited in the Institute of
Traditional Chinese Medicine & Natural Products, College of Pharmacy,
Jinan University, Guangzhou, P. R. China.

2.3. Extraction and isolation

The air-dried and powdered aerial parts (10 kg) of M. chinensis were
extracted with 95% EtOH (v/v) for four times (4 X 20 L) at room
temperature to obtain a crude extract (2 kg), which was then suspended
in water and successively partitioned with petroleum ether and n-
BuOH. The n-BuOH-soluble fraction (261.2 g) was separated by silica
gel column using chloroform/methanol mixture (100:0 to 0:100, v/v) as
eluent to obtain four major fractions (Fr. A-Fr. D). Fr. B (85 g) was
subjected to an ODS column and eluted with a gradient mixture of
CH3CN-H,0 (20:80 to 100:0, v/v) to afford Fr. Ba—Fr. Bf. Subsequently,
Fr. Bc (10.8 g) was chromatographed on a Sephadex LH-20 column
(CH30H/H,0, 50:50, v/v) to yield three subfractions (Fr. Bc1-Fr. Bc3).
Thus, compounds 1 (30 mg) and 5 (10 mg) were isolated from Fr. Bcl
(3 g) by using semi-preparative HPLC (CH3CN-H,O, 20:80, v/v).
Meanwhile, Fr. Bd (20 g) was separated by a Sephadex LH-20 column
(CH30H) and followed by repeated preparative HPLC to obtain com-
pounds 6 (58 mg), 8 (60 mg), and 9 (65 mg), respectively. Fr. C (50.5 g)
was separated by ODS column using a gradient mixture of CH3CN-H>0
(30:70 to 100:0, v/v) to afford Fr. Ca-Fr. Cd. After that, Fr. Cb (8.2 g)
was chromatographed on Sephadex LH-20 column (CH30H/H,O,
50:50, v/v) to afford subfractions Fr. Cbl to Fr. Cb4. Then, Fr. Cb2
(203 mg) was separated by semi-preparative HPLC using CH3CN-H,0
(15:85, v/v) as eluent to afford compounds 2 (36 mg), 3 (12 mg), and 4
(10 mg), respectively. Finally, Fr. Cd (154 mg) was also separated by
semi-preparative HPLC (CH3;0H-H,0, 25:75, v/v) to afford compound 7
(51 mg).

2.3.1. Mesonolate A (1)

Yellow oil; [a]p®® +61.2 (¢ 0.35, CH3;0H); UV (CH30H) Amay (log €):
201 (3.96), 288 (3.30), 332 (3.39) nm; IR (KBI) vmax 3423, 1697, 1613,
1513, 1450, 1369, 1277, 1169, 1054, 816 cm ~*; ECD (CH30H, Ag) Amax
215 (+3.09), 236 (—7.45), 337 (+8.61) nm; 'H NMR (CD;OD,
600 MHz) and '>C NMR (CD3OD, 150 MHz) data, see Table 1; HRESIMS
m/z 575.1161 [M + Na]* (caled. for CogH4012Na: 575.1160).

2.3.2. Mesonolate B (2)

Yellow oil; [a]lp?® +10.3 (¢ 0.35, CH;0H); UV (CH30H) Apax (log
€): 202 (3.88), 292 (3.38), 323 (3.29) nm; IR (KBI) vmax 3192, 1699,
1607, 1524, 1447, 1366, 1280, 1174, 1117, 1054, 804 cm ™ *; ECD
(CH50H, Aée) Amax 225 (—4.90), 243 (+0.53), 323 (—1.54) nm; 'H
NMR (CD30D, 500 MHz) and '*C NMR (CD5OD, 125 MHz) data, see
Table 1; HRESIMS m/z 575.1161 [M + Nal* (caled. for CogH24012Na,
575.1160).

2.3.3. Mesonolate C (3)

Yellow oil; [a@]p®® —17.6 (¢ 0.35, CH;0H); UV (CH30H) Amax (log
€): 199 (3.81), 288 (3.37), 320 (3.41) nm; IR (KBI) vmax 3292, 1602,
1522, 1453, 1388, 1269, 1177, 974, 807 cm™!; 'H NMR (CDsOD,
600 MHz) and *3C NMR (CD50D, 75 MHz) data, see Table 1; HRESIMS
m/z 707.1583 [M + Na]* (caled. for C33H3,0:¢Na, 707.1583).

2.3.4. Mesonolate D (4)

Yellow oil; [a]p®® —27.6 (c 0.35, CH30H); UV (CH50H) Ay (log
€): 197 (3.71), 292 (2.93), 324 (3.04) nm; IR (KBr) vy.x 3449, 1688,
1613, 1519, 1453, 1387, 1278, 1177, 1114, 1045, 813 cm ™~ *; '"H NMR
(CD30D, 500 MHz) and '3C NMR (CD;0D, 125 MHz) data, see Table 1;
HRESIMS m/z 735.1900 [M + Nal]* (caled. for CssH3gO:6Na,
735.1896).

2.3.5. Mesonolate E (5)
Yellow oil; [a]p®® +81.1 (¢ 0.35, CH30H); UV (CH50H) Apay (log
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g): 203 (4.01), 286 (3.40), 337 (3.54) nm; IR (KBr) vpax 3286, 1694,
1616, 1516, 1447, 1378, 1272, 1172, 1109, 1051, 813 cm~'; ECD
(CH30H, Ag) Amax 217 (+28.56), 240 (—4.98), 331 (+10.03) nm; 'H
NMR (CDs0D, 600 MHz) and '*C NMR (CD50D, 150 MHz) data, see
Table 1; HRESIMS m/z 769.1740 [M + Na] ™" (calcd. for C3gH34016Na,
769.1739).

2.4. Sugar identification

Samples of compounds 3 and 4 (each 3 mg) were dissolved in
2 mol/L HCl (2 mL) and refluxed at 90 °C for 2 h, respectively. Each
solution was evaporated to yield the corresponding residue of each
sample. Next, the residues were separately re-dissolved in pyridine
(2 mL) and added in L-cysteine methyl ester hydrochloride (3 mg),
respectively. The solutions were kept at 60 °C for 1 h, after that, O-tolyl
isothiocyanate (20 pL) was added into each mixture and then heated at
60 °C for another 1 h. Subsequently, HPLC was employed to analyze the
reaction mixtures, which was performed on a Cosmosil 5 C18-MS-II
column (250 mm X 4.6 mm, 5 um) using CH3CN/0.05% HCOOH-H,0
(25:75, v/v) as the mobile phase. The sugar moieties of 3 and 4 were
both determined to be p-glucose by comparison of the retention times of
the monosaccharide derivatives (tg = 16.48 min) to the derivatives of
authentic p-glucose (tg = 16.75 min) and r-glucose (tx = 15.43 min)
[23].

2.5. Quantum chemical ECD calculations

The systematic random conformational analyses of the compounds
1, 2, and 5 were performed in the SYBYL-X 2.1 program by using
MMFF94s molecular force field, which afforded 27, 155, and 26 con-
formers for compounds 1, 2, and 5, respectively, with an energy cutoff
of 10 kcal mol~? to the global minima. All the obtained conformers
were optimized under B3LYP/6-31 + G(d) level in gas phase by using
Gaussion09 software [24]. The number of stable conformers (26 for
compound 1, 26 for compound 2, and 13 for compound 5, respectively)
were subsequently subjected to TDDFT ECD calculations at B3LYP/
6-31+G(d) (1 and 2) or CAM-B3LYP/6-31+G(d) (5) levels, respec-
tively, with the consideration of the first 80 (1 and 3) or 50 (2) ex-
citations. The overall ECD curves of compounds 1, 2, and 5 were all
weighted by Boltzmann distribution. Finally, the calculated ECD
spectra of compounds 1, 2, and 5 were compared with the experimental
ones, respectively, by using SpecDis 1.70 software [25].

2.6. In vitro anti-RSV assay

Human larynx epidermoid carcinoma cell line (HEp-2, ATCC CCL-
23) and respiratory syncytial virus (RSV A2, ATCC VR-1540) were
obtained from Medicinal Virology Institute of Wuhan University, China.
HEp-2 cells were grown in the growth medium comprising Dulbecco's
modified Eagle medium (DMEM, Gibco, USA) supplemented with 10%
fetal bovine serum (FBS, Biological Industries) and 1% penicillin-
streptomycin. Anti-RSV activities of the compounds (1-9) were de-
termined by the cytopathic effect (CPE) reduction assay. HEp-2 cells
were seeded in 96-well culture plates (1.5 X 10* cells per well) and
incubated overnight at 37 °C, 5% CO,. The cells were then infected with
100TCID50 of RSV and treated with various concentrations of com-
pounds (1-9) or ribavirin. The RSV-induced CPE was observed and
scored at 60 h post-infection. The concentration required to inhibit 50%
CPE (ICso) was calculated [26]. MTT assay was used to measure the
cytotoxicity of the compounds (1-9) on HEp-2 cells as described pre-
viously [27].

3. Results and discussion

Compound 1 was obtained as yellow oil. The HRESIMS of 1 dis-
played a sodiated molecular ion peak at m/z 575.1161 [M + Na]™*
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Table 1

'H and '3C NMR spectral data of compounds 1-4 in CDsOD (8 in ppm; J in Hz).
No. 1 2 3 4

Sy dc Sy dc Sy dc Sy 8¢
1 126.0 129.6 127.7° 127.6
2 120.7 7.18 d (2.0) 118.0 7.40 d (2.0) 117.5° 7.42 d (2.0) 117.5°
3 145.2° 146.0° 146.7 146.8¢
4 149.5 144.5 151.2 151.3
5 6.74 d (8.2) 114.8 6.96 d (8.4) 118.4 6.86 d (8.4) 117.7¢ 6.87 d (8.3) 117.6°
6 6.83d (8.2) 122.6 7.13 dd (8.4, 2.0) 123.7 7.15 dd (8.4, 2.0) 126.4 7.14 dd (8.3, 2.0) 126.5
7 7.70 s 139.9 7.58 d (16.0) 146.8° 7.55 d (15.9) 147.1 7.55 d (16.0) 147.3
8 126.4 6.37 d (16.0) 116.2¢ 6.35 d (15.9) 115.2¢ 6.34 d (16.0) 115.1¢
9 168.0 167.9 168.2 168.0
1 128.8 128.5¢ 129.0 128.6
2 6.66 d (2.4) 117.4 6.72 d (2.0) 117.5 6.74 d (2.2) 117.4° 6.67 d (2.0) 117.3°
3 146.1° 146.1° 146.6° 146.2¢
& 145.1% 145.3 145.2 145.4
5/ 6.64 d (8.1) 116.4° 6.70 d (8.0) 116.2 6.68 d (8.0) 116.3" 6.67 d (8.0) 116.3°
6 6.41 dd (8.1, 2.4) 122.0 6.57 dd (8.0, 2.0) 121.8 6.58 dd (8.0, 2.2) 122.0 6.52 dd (8.0, 2.0) 121.9
7’ a2.98m 37.9 a 3.05 dd, (14.2, 5.1) 38.7 a3.01m 37.8 a292m 37.9
b2.97 m b 3.00 dd, (14.2, 7.6) b 2.94 m b2.93m

8 5.10 dd (7.0, 5.6) 74.9 5.20 dd (7.6, 5.1) 74.7 5.09 m 74.7 5.01 m 74.7
o 172.1 172.0 173.4 172.0
107 361s 52.6 3.69 s 52.7 3.66 s 52.6
17 134.6 128.7¢ 127.7° 127.6*
27 6.53 d (2.5) 115.4 6.86 d (2.0) 115.4 6.91 d (2.0) 115.7¢ 7.01 d (1.9) 1121
3” 146.0° 146.4° 149.5 149.2
4 145.3 147.0 146.1° 150.6
57 6.58 d (8.3) 116.3¢ 6.75 overlapped 116.3¢ 6.74 d (8.2) 116.5¢ 6.77 d (8.2) 116.5°
6” 6.47 dd (8.3, 2.5) 119.8 6.75 overlapped 120.1 6.80 dd (8.2, 2.0) 122.7 6.92 dd (8.2, 1.9) 124.0
77 4.50 d (1.5) 41.9 5.17 d (5.2) 77.0 7.49 d (15.9) 147.4 7.55 d (16.0) 147.3
8” 4.25 d (1.5) 47.4 4.85d (5.2) 77.6 6.20 d (15.9) 114.8 6.28 d (16.0) 115.1¢
9” 176.3 170.8 169.2 169.1
10” 3.84s 56.5
Gle-1 4.90d (7.4) 103.3 4.92d (7.7) 103.2
Gle-2 3.55 m 74.7 3.56 m 74.8
Gle-3 3.55m 77.4 3.56 m 77.4
Glc-4 3.44m 72.0 3.42m 72.2
Gle-5 3.83 ddd (9.4, 6.9, 2.3) 75.6 3.83m 75.6
Gle-6 4.60 dd (12.0, 2.3) 64.7 4.65 dd (11.9, 2.3) 65.0

4.38 dd (12.0, 6.9) 4.35 dd (12.0, 7.5)

a7¢ Assignments may be interchanged.

(caled. for CygHs40;oNa: 575.1160), corresponding to a molecular
formula CogH401,. The UV spectrum of 1 exhibited characteristic ab-
sorptions of caffeic acid derivatives at 201, 288, and 332 nm. The IR
spectrum suggested the presence of hydroxy (3423 cm™?'), carbonyl
(1697 cm_l), and aromatic moieties (1613 and 1513 cm ™~ ') in 1. The
'H and '3C NMR spectra of 1 revealed signals corresponding to three
carbonyls (8¢ 176.3, 172.1, and 168.0), a 1,2,3,4-tetrasubstituted aro-
matic ring [y 6.83 (1H, d, J = 8.0 Hz) and 6.74 (1H, d, J = 8.0 Hz); §¢
149.5, 145.2, 126.0, 122.6, 120.7, and 114.8], two 1,3,4-trisubstituted
aromatic rings [y 6.66 (1H, d, J = 2.4 Hz), 6.64 (1H, d, J = 8.1 Hz),
6.58 (1H, d, J = 8.3 Hz), 6.53 (1H, d, J = 2.5 Hz), 6.47 (1H, dd,
J = 8.3, 2.5 Hz), and 6.41 (1H, dd, J = 8.1, 2.4 Hz); §: 146.1, 146.0,
145.3, 145.1, 134.6, 128.8, 122.0, 119.8, 117.4, 116.4, 116.3, and
115.4], a trisubstituted double bond [§y 7.70 (1H, s); 8¢ 140.0 and
126.4], three methines [y 5.10 (1H, dd, J = 7.0, 5.6 Hz), 4.50 (1H, d,
J = 1.5 Hz), and 4.25 (1H, d, J = 1.5 Hz); 8¢ 75.0, 47.4, and 41.9], a
methoxy group [6y 3.61 (3H, s); 8¢ 52.6], and a methylene [y 2.98
(1H, m) and 2.97 (1H, m); §c 37.9]. The above spectroscopic data to-
gether with the molecular formula information suggested that 1 was a
caffeic acid trimer with an additional ring in its structure. Based on
comprehensive analysis of 'H-"H COSY, HSQC, and HMBC spectra, the
'H and '*C NMR spectral data of 1 were fully assigned and shown in
Table 1.

The 'H-'H COSY spectrum of 1 revealed the existence of four spin-
coupling systems as shown in Fig. 2. In the HMBC spectrum of 1, cor-
relations between H-6 and C-2/C-4, between H-7 and C-6/C-9, between
H-7’/H3-10’ and C-9’, as well as between H-8" and C-1’/C-9 resulted in

the establishment of a methyl rosmarinate motif (1a). This assignment
was further confirmed by comparing the NMR data assigned for 1a with
those reported in the literature [28]. Meanwhile, the HMBC correla-
tions between H-2” and C-7”, between H-7” and C-9”, and between H-8”
and C-1” allowed the determination of a dihydrocaffeic acid moiety
(1b). In addition, the HMBC cross-peaks between H-7” and C-2/C-9 as
well as between H-8” and C-1/C-8 indicated that the above two sub-
structures 1a and 1b were coupled through C-2-C-8” and C-8-C-7”
bonds to form a 1,3-cyclohexadiene ring. Thus, the planar structure of 1
was elucidated as shown in Fig. 2.

Based on the observed NOE correlations between H-8” and H-2”/H-
6” in the NOESY spectrum of 1, as well as the characteristic coupling
constant of H-7” and H-8”(J = 1.5 Hz) [29], a trans relationship be-
tween H-8” and H-7” was established (Fig. 3). Subsequently, the abso-
lute configuration of 1 was determined on the basis of biogenetic per-
spective and quantum-chemical electronic circular dichroism (ECD)
calculation. Structurally, compound 1 possessed a methyl rosmarinate
moiety, which was believed to derive from caffeic acid and L-tyrosine
undergoing an enzymatic biosythetic process. Up to now, all reported
rosmarinic acid derivatives had a R configuration at C-8 position
[30,31]. Accordingly, the absolute configuration at C-8” in 1 was de-
duced as 8R. To determined the absolute configurations of the re-
maining two stereogenic centers C-7” and C-8”, two possible absolute
strucutures of 1, 8’R,7”R,8”S-1 and 8'R,7”S,8”R-1, were subjected to
ECD calculations by using Gaussian 09 software, respectively. As shown
in Fig. 4, the calculated ECD curve of 8R,7”S,8”R-1 showed a good
agreement with the experimental one, which was also in accordance
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Fig. 2. Key '"H—'H COSY and HMBC correlations of 1-3 and 5.

with the caffeic acid derivatives with 7”S,8”R configurations reported
in the literature [32]. Therefore, the absolute configuration of 1 was
confidently established as 8'R,7”S,8”R.

The molecular formula of 2 was determined to be CogH54015 by its
HRESIMS data at m/z 575.1161 [M + Na]™* (caled. for CogH24012Na:
575.1160). Similar to 1, the UV and IR spectra of 2 showed the typical
absorption bonds for caffeic acid derivatives. The 'H and '*C NMR
spectra of 2 revealed signals for three carbonyls (8¢ 172.0, 170.8, and
167.9), three 1,3,4-trisubstituted aromatic rings [6y 7.18 (1H, d,
J = 2.0 Hz), 7.13 (1H, dd, J = 8.4, 2.0 Hz), 6.96 (1H, d, J = 8.4 Hz),
6.86 (1H, br s), 6.75 (2H, overlapped), 6.72 (1H, d, J = 2.0 Hz), 6.70
(1H, d, J = 8.0 Hz), and 6.57 (1H, dd, J = 8.0, 2.0 Hz); é; 147.0,
146.4, 146.1, 146.0, 145.3, 144.5, 129.6, 128.7, 128.5, 123.7, 121.8,
120.1, 118.4, 118.0, 117.5, 116.3, 116.2, and 115.4], a trans-dis-
ubstituted double bond [y 7.58 (1H, d, J = 16.0 Hz) and 6.37 (1H, d,
J = 16.0 Hz); §c 146.8 and 116.2], three oxygenated methines [Jy 5.20
(1H, dd, J = 7.6, 5.1 Hz), 5.17 (1H, d, J = 5.2 Hz), and 4.85 (1H, d,

J = 5.2 Hz); 6¢ 77.6, 77.0, and 74.7], a methoxy group [y 3.69 (3H, s);
8¢ 52.7], and a methylene [§y 3.05 (1H, dd, J = 14.2, 5.1 Hz) and 3.00
(1H, dd, J = 14.2, 7.6 Hz); 6 38.7]. The above spectroscopic data
indicated that 2 was also a caffeic acid trimer. All proton and carbon
resonances of 2 were assigned with the assistance of its 1D and 2D NMR
spectra (Table 1).

Similar to 1, compound 2 showed characteristic 'H and '*C NMR
signals due to a methyl rosmarinate moiety (2a) and a dihydrocaffeic
acid unit (2b). The existence of substructures 2a and 2b were further
confirmed by the "H-'H COSY and HMBC correlations showed in Fig. 2.
Different from 1, the significant upfield shift at C-8 (¢ 116.2) and
downfield shifts at C-7” (8¢ 77.0) and C-8” (6¢ 77.6) were observed in
the 13C NMR spectrum of 2, suggesting a different coupling pattern
between the methyl rosmarinate and dihydrocaffeic acid motifs in 2.
Furthermore, in the HMBC spectrum, cross peaks between H-7” and C-4
as well as between H-8” and C-3 were observed, allowing the con-
struction of a benzodioxane ring between fragments 2a and 2bvia C-

¥ NOE

Fig. 3. Key NOE correlations of 1 and 5.
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Fig. 4. Experimental and calculated ECD spectra of 1, 2, and 5.

3-0-C-8” and C-4-0-C-7” bonds (Fig. 2).

The observed NOE correlation between H-7” and H-8” in the NOESY
spectrum of 2, together with the coupling constant of 3Jy.~ g in-
dicated the cis relationship of H-7” and H-8” (Table 1) [33]. Similar to
1, the absolute configuration of 2 was deduced to be 8’R,7”S,8”S on the
basis of biosynthetic consideration and quantum chemical ECD calcu-
lation (Fig. 4).

The molecular formula of 3 was assigned as C33H3,016 based on its
HRESIMS data at m/z 707.1583 [M + Na]™* (caled. for C33H3,0;¢Na:
707.1583). Similar to 2, the 'H and *3C NMR spectra of 3 displayed the
feature signals of caffeic acid derivatives. In addition, the NMR spectra
of 3 showed the signals due to a rosmarinic acid unit instead of the
methyl rosmarinate unit in 2. Besides, the 1D NMR spectra of 3 revealed
characteristic signals corresponding to a carbonyl (6¢ 169.2), a 1,3,4-
trisubstituted aromatic ring [y 6.91 (1H, d, J = 2.0 Hz), 6.80 (1H, dd,
J = 8.2,2.0 Hz), and 6.74 (1H, d, J = 8.2 Hz); ¢ 149.5, 146.1, 127.7,
122.7, 116.5, and 115.7], a disubstituted double bond [8y 7.49 (1H, d,
J = 15.9 Hz) and 6.20 (1H, d, J = 15.9 Hz); 6 147.4 and 114.8], and a
sugar moiety [y 4.90 (1H, d, J = 7.4 Hz), 4.60 (1H, dd, J = 12.0,
2.3 Hz), 4.38 (1H, dd, J = 12.0, 6.9 Hz), 3.83 (1H, ddd, J = 9.4, 6.9,
2.3 Hz), 3.55 (2H, m), 3.44 (1H, m); éc 103.3, 77.4, 75.6, 74.7, 72.0,
and 64.7]. After acid hydrolysis of 3, the obtained monosaccharide
derivative was analyzed by HPLC, which resulted in the identification
of the sugar unit to be p-glucose. The -configuration of the p-glucose
moiety was subsequently determined on the basis of coupling constant
of the anomeric proton. The above spectroscopic data and molecular
formula information indicated that 3 was a caffeic acid trimer with a §-
p-glucose moiety. Comprehensive 1D and 2D NMR spectral data inter-
pretation led to the full assignment of all proton and carbon resonances
of 3 (Table 1).

In the 'H-'H COSY spectrum of 3, seven spin-coupling systems
could be deduced as shown in Fig. 2. The existence of a rosmarinic acid
unit (3a) in 3 was verified by the HMBC cross-peaks between H-7 and

C-2/C-9, between H-8 and C-1, between H-7’ and C-2’/C-9’, as well as
between H-8 and C-9/C-1’. Meanwhile, the HMBC correlations be-
tween H-2” and C-6”, between H-5” and C-17/C-3”, between H-6” and
C-4”, between H-8” and C-1”, as well as between H-7” and C-2”/C-9”
allowed the establishment of a caffeoyl moiety. In the HMBC spectrum,
the correlation between H-6 of glucose and C-9” of the caffeoyl moiety
was observed, indicating that the caffeoyl moiety was attached to the C-
6 position of glucose moiety to form a substructure 3b. Furthermore,
based on the HMBC cross peak between H-1 of the glucose moiety and
C-3 of the rosmarinic acid moiety, the fragment 3b was determined to
attach to the C-3 position of fragment 3a (Fig. 2). The absolute con-
figuration of C-8” was also assigned to be R by similar biosynthetic
consideration. Therefore, the structure of 3 was determined and shown
in Fig. 1.

The molecular formula of 4 was deduced to be C35H3¢0;6 by its
HRESIMS at m/z 735.1900 [M + Na]* (caled. for CssHz50;6Na:
735.1896), which was 28 mass unit more than that of 3. The 1D NMR
spectra of 4 highly resembled those of 3 (Table 2), with major differ-
ence attributed to the presence of 'H and '*C NMR signals corre-
sponding to two additional methoxyl groups [§y 3.84 (3H, s) and 3.66
(3H, s); 8¢ 56.5 and 52.6] in 4. In the HMBC spectrum, the correlations
between H3-10’ and C-9” and between H3-10” and C-3” were observed,
indicating that the two additional methoxyl groups were located at C-9’
position of the rosmarinic acid moiety and C-3” position of the caffeoyl
moiety, respectively. The sugar unit in 4 was also established as f-p-
glucopyranosyl by using the same method as that for 3. Thus, the
structure of 4 was established (Fig. 1).

The molecular formula of 5 was established as C3gH340,¢ on the
basis of its HRESIMS data (m/z 769.1740 [M + Na]™*; caled. for
C3gH34016Na: 769.1739). The UV spectrum showed the absorptions
maxima at 203, 286, and 337 nm. The IR spectrum exhibited the
characteristic absorption bands for hydroxyl (3286 cm '), carbonyl
(1694 cm ™ 1), and benzene ring (1616 and 1516 cm ™). The 1D NMR
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Table 2

'H and '3C NMR spectral data of compound 5 in CDsOD (§ in ppm; J in Hz).
No. Su Sc No. Su Sc
1 126.2 1” 134.1
2 119.6 27 6.52d (2.2) 115.4
3 145.2% 3” 145.9*
4 149.5 4 145.1¢
5 6.79 d (8.1) 114.9 5” 6.59 d (8.2) 116.4¢
6 6.86 d (8.1) 122.6 6” 6.47 dd (8.2, 2.2) 119.9
7 7.71s 140.1 7" 4.44d (1.2) 41.9
8 6.34 d (16.0) 126.2 8” 4.30d (1.2) 47.5
9 167.9 9” 173.8
1 128.8° 17 128.6°
2/ 6.66 d (2.1) 117.4¢ 2” 6.54d (2.1) 117.4¢
3 146.1° 3” 145.9*
4 1451° 47 145.3¢
5 6.62 d (8.1) 116.3¢ 5” 6.63d (8.2) 116.3°
6’ 6.41 dd (8.1, 2.1) 122.0 6” 6.30 dd (8.2, 2.1) 122.3
7 a2.99 m 37.9 7" a 2.87 dd (14.3, 4.5) 37.6

b 298 m b 2.81 dd (14.3, 7.8)

8 5.11 dd (7.3, 5.1) 75.0 8” 4.98 dd (7.8, 4.5) 75.5
9 172.1 9” 171.5
10 3.61s 52.6 10” 3.51s 52.6

#°Assignments may be interchanged.

spectra of 5 revealed the presence of four carbonyls (6c 173.8, 172.1,
171.5, and 167.9), a 1,2,3,4-tetrasubstituted aromatic ring [§y 6.86
(1H, d, J = 8.0 Hz) and 6.79 (1H, d, J = 8.0 Hz); §c 149.5, 145.2,
126.2, 122.6, 119.6, and 114.9], three 1,3,4-trisubstituted benzene
rings [8y 6.66 (1H, d, J = 2.1 Hz), 6.63 (1H, d, J = 8.1 Hz), 6.62 (1H,
d,J = 8.2Hz), 6.59 (1H, d, J = 8.2 Hz), 6.54 (1H, d, J = 2.1 Hz), 6.52
(1H, d, J = 2.2 Hz), 6.47 (1H, dd, J = 8.2, 2.2 Hz), 6.41 (1H, dd,
J = 8.1, 2.1 Hz), and 6.30 (1H, dd, J = 8.2, 2.1 Hz); §; 146.1, 145.9,
145.9, 145.3, 145.1, 145.1, 134.1, 128.8, 128.6, 122.3, 119.9, 120.0,
117.4, 117.4, 116.4, 116.3, 116.3, and 115.4], a trisubstituted double
bond [y 7.71 (1H, s); 8¢ 140.1 and 126.2], four methines [§y 5.11 (1H,
dd, J = 7.3, 5.1 Hz), 498 (1H, dd, J = 7.8, 4.5 Hz), 4.44 (1H, d,
J = 1.2 Hz), and 4.30 (1H, d, J = 1.2 Hz); 8¢ 75.5, 75.0, 47.5, and
41.9], two methoxy groups [dy 3.61 (3H, s) and 3.51 (3H, s); ¢ 52.6
and 52.6], and two methylenes [y 2.98 (1H, m), 2.97 (1H, m), 2.87
(1H, dd, J = 14.3, 4.5 Hz), and 2.81 (1H, dd, J = 14.3, 7.8 Hz); 8¢ 37.9
and 37.6]. The above spectroscopic data and molecular formula in-
formation indicated that 5 was a caffeic acid tetramer. All the 'H and
3C NMR signals of 5 were assigned based on its 1D and 2D NMR
spectra (Table 2).

The 'H — 'H COSY spectrum of 5 displayed the existence of six
spin-coupling systems (Fig. 2). In the HMBC spectrum, cross peaks
between H-5 and C-3, between H-6 and C-2/C-4, between H-7 and C-6/
C-9, between H-8 and C-9/C-1’, between H-7’ and C-2’/C-9’, between
H-2'and C-4’, between H-5 and C-3’, between H-6” and C-2’, as well as
between H3-10” and C-9’ allowed the establishment of a methyl ros-
marinate unit (5a) in 5, which was identical to the fragment 1a in 1. In
addition, the HMBC correlations between H-5” and C-1”7/C-3”, be-
tween H-7” and C-2”/C-6", between H-8” and C-1”/C-9”, between H-
7”7 and C-9”, between H-8” and C-1”, between H-5” and C-3”, between
H-2” and C-4”, as well as between H3-10” and C-9” led to the con-
struction of a methyl dihydrorosmarinate unit (5b) in 5. Furthermore,
the connection of substructures 5a and 5b through C-2-C-8” and C-8-C-
7” bonds were respectively deduced by the HMBC cross-peaks between
H-7” and C-2/C-9 as well as between H-8” and C-1/C-8. Thus, the
planar structure of 5 was elucidated and shown in Fig. 2.

Similar to 1, the trans relationship between H-7” and H-8” was
determined by NOE correlations between H-8” and H-2”/H-6” in its
NOESY spectrum. Subsequnetly, the absolute configuration of 5 was
established to be 8'R,7”S,8”R,8”R employing the same method as de-
scribed for 1 (Fig. 4).

The structures of the four known compounds 6-9 were identified as
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Scheme 1. Hypothetical biosynthetic pathways for compounds 1-9. The in-

volved enzymes are: PAL = phenylalanine ammonia lyase; C4H = cinnamic
acid 4-hydroxylase; C3H = cinnamic acid 3-hydroxylase; 4CL = 4-coumaric
acid CoA-ligase; TAT = tyrosine aminotransferase;

HPPR = hydroxyphenylpyruvate reductase; RAS = rosmarinic acid synthase;
Caf-pHPL 3'H = caffeoyl-4’-hydroxyphenyllactate 3’-hydroxylase.

salviaflaside (6) [34], salvianolic acid R (7) [35], lithospermic acid
monomethylester (8) [36], and lithospermic acid B (9) [37], respec-
tively, by comparison of their spectral data with the literature values.
Compounds 1-9 are nine caffeic acid oligomers with different degree
and mode of polymerization. A brief hypothetical biogenetic pathway
for these compounds was proposed as shown in Scheme 1
[10,11,38,39].

All the isolated compounds (1-9) were evaluated for their in vitro
anti-RSV activities using the cytopathic effect (CPE) reduction assay. As
a result (Table 3), compounds 7 and 9 exhibited promising anti-RSV
activities with ICsg values of 5.00 * 1.25puM and 21.25 = 0.25 pM,
respectively, whereas the anti-RSV activities of compounds 1, 2, 5, and
8, esterifying at C-9’ carboxyl, decreased significantly. Meanwhile, the
three caffeic acid glycoside oligomers (3, 4, and 6) did not show an
anti-RSV effect under the higher concentration of 50 pM.

4. Conclusion

The phytochemical investigation on a bioactive fraction of the aerial
parts of M. chinensis resulted in the discovery of nine caffeic acid oli-
gomers. Among them, mesonolates A-D (1-4) are four new caffeic acid
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Table 3
The In vitro anti-RSV activities of compounds 1-9.

Compounds ICso = SD (uM)* CCso + SD (uM)°
1 475 + 2.50 > 50
2 > 50 > 50
3 > 50 > 50
4 > 50 > 50
5 > 50 > 50
6 > 50 > 50
7 5.00 = 1.25 > 50
8 475 + 2.50 > 50
9 21.25 + 0.25 > 50
Ribavirin® 6.88 *+ 0.63 > 50

@ ICs is the concentration of compound that reduced 50% CPE compared to
control cells infected with RSV.

> CGso is the concentration of compound corresponding to half maximal
inhibition of the growth and survival of HEp-2 cells.

¢ Ribavirin was used as the positive control.

trimers and mesonolate E (5) is a new caffeic acid tetramer. In addition,
compounds 1 and 7-9 displayed in vitro anti-RSV activities to a different
extent with ICso values ranging from 5.00 = 1.25 pM to
47.5 * 2.50 uM. Notably, compound 7 showed the strongest anti-RSV
activity, which was comparable to that of the positive control ribavirin.
This study suggested that caffeic acid derivatives might be the major
active components contributed to the anti-RSV activity of M. chinensis.
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