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ty and Inst
A B S T R A C T

Dracomolphesin A–E (1–5), five 3,4-seco-phenylpropanoids featuring an aromatic ring opened
framework, were isolated from the aerial parts of Dracocephalum moldavica. The structures with
absolute configurations were determined by spectroscopic methods coupled with Mosher method.
Notably, these compounds represented an example of aromatic ring cleavage products of phenyl-
propanoids. The possible biosynthetic pathway of these compounds was proposed. Compounds 1, 2, 4
and 5 were demonstrated to be Nrf2 pathway activators.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Genus Dracocephalum is an important member of the Lam-
iaceae family which comprises more than 60 species of plants.
Dracocephalum moldavica L. is an annual herbaceous plant
belonging to this genus. In China, wild growing D. moldavica
mainly distribute in the northwest area, and also it is cultivated in
Xinjiang Autonomous Region. This herb has been believed to
possess benefits for the treatment of some kind of chronic diseases
including cardiac disease [1–3], antibacterial [4], atherosclerosis
[5,6] and other oxidative-stress related disorders. Previous
phytochemical studies revealed that flavonoids [7,8], triterpenoids
[9] and phenylpropanoids [10,11] are major constituents of D.
moldavica. The transcription factor Nrf2 has emerged as themaster
regulator of a cellular protective mechanism by upregulating
antioxidant response element (ARE)-bearing genes encoding
antioxidant enzymes, detoxifying enzymes, xenobiotic trans-
porters, and stress response proteins. During our ongoing
exploration of potent Nrf2 activators, D. moldavica was demon-
strated to be a good resource. Subsequent bioassay-guided
isolation afforded five new 3,4-seco-phenylpropanoids, dracomol-
phesin A–E (1–5) (Fig. 1). Herein, we report the isolation and
structure elucidation of these compounds along with their Nrf2
inducing activity.
itute of Materia Medica, Chinese
Compound 1 was obtained as yellowish oil. Its molecular
formula was determined as C12H16O7 by the analysis of HRESIMS
spectrum (m/z 295.0785 [M +Na]+, Calcd. for C12H16O7Na:
295.0794), corresponding to five degrees of unsaturation. The 1H
NMR spectrumof 1 showed three olefinic protons at dH 5.88 (m,1H,
H-2), 7.12 (dd, 1H, J = 12.3, 2.0 Hz, H-6) and 5.95 (d, 1H, J =12.3 Hz,
H-5); one oxygen-bearingmethine at dH 4.32 (dd,1H, J = 8.3, 4.6 Hz,
H-8); a pair of methylene signals at dH 2.98 (m, 1H, H-7a), 2.76 (dd,
1H, J = 14.2, 8.3 Hz, H-7b) and three methoxy groups at dH 3.68 (s,
3H, OMe-3), 3.71 (s, 3H, OMe-4) and 3.74 (s, 3H, OMe-9) (Table S1
in Supporting information). The 13C NMR data together with HSQC
spectrum of 1 revealed the existence of 12 carbon signals which
could be attributed to three carbonyls (dC 166.0, 166.0 and 173.9),
three methoxyls (dC 50.4, 50.6 and 51.1), four olefinics (dC 118.8,
119.4, 144.9 and 152.8), one methine (dC 69.2) and one methylene
(dC 42.5). The HMBC correlations fromH-6 to C-2 and C-4, H-2 to C-
3, H-5 to C-1, as well as OMe-3 to C-3 and OMe-4 to C-4 suggested
the presence of a moiety of dimethyl hexa-2,4-dienedioate (Fig. 2).
The 1H-1H COSY correlation of H2-7 with H-8, and the HMBC
correlations fromH-7 to C-1, C-2, C-6 and C-9, alongwith OMe-9 to
C-9 established the linkage of a methyl 2-hydroxypropionate
moiety to C-1. The double bonds between C-1 and C-2, C-5 and C-6
were both Z configuration. NOESY correlation observed fromH-7 to
H-2 deduced the Z configuration of C-1/C-2 double bond, and a
coupling constant (3J) of 12.3 Hz for H-5 and H-6 demonstrated the
Z configuration of the double bond between C-5 and C-6.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Structures of 1–5 isolated from D. moldavica.
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Fig. 2. Key HMBC (H→C), 1H–1H COSY (��) and NOESY ($) correlations of 1–5.
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The absolute configuration of C-8 in compound 1 was
determined by using a convenient Mosher esterification method
combined with the analysis of circular dichroism (CD) spectrum.
For Mosher’s method, two portions of 1 were treated with (S)-(+)-
and (R)-(-)-α-methoxy-α-(trifluoromethyl) phenylacetyl chloride
in deuterated pyridine directly in separate NMR tubes, which
afforded the (R)- and (S)-MTPA ester derivatives (1r and 1s,
respectively) of 1. The 1H NMR spectra of 1r and 1s were obtained
by measuring the reaction tubes directly. The proton signals of
diastereomeric MTPA esters (1r and 1s) were clearly different
(Figs. S11 and S12 in Supporting information). The observed
chemical shift differences (DdS-R) was negative on OMe-9, while
were positive on H-2, H-5, H-6 and H-7 (Fig. 3), this permitted the
assignment of absolute configuration of C-8 to be R [12–14].
[(Fig._3)TD$FIG]

Fig. 3. DdS-R values of the MTPA esters of 1 (left), and CD spectra of 1, 2, 4 and 5
(right).
Furthermore, the CD spectrum was also measured. As shown in
Fig. 3, the negative cotton effect at 222 nm (De –4.23, p→p*
transition) supported the 8R configuration, which was consistent
with reported data in literatures [15,16]. Thus, the structure of 1
was established and named as dracomolphesin A.

Compound 2 was isolated as yellowish oil. Its molecular
formula was determined as C12H16O7 on the basis of HRESIMS data
(m/z 290.1234 [M +NH4]+; Calcd. for C12H20O7N: 290.1240), which
was exactly the same as 1. The 1H NMR and 13C NMR data of 2
showed high degree of resemblance to those of 1, except for the
splitting pattern of H-5 and H-6, suggested that the two
compounds were isomers with different configuration at C-5/C-
6 double bond. The 16.3 Hz coupling constant (3J) for H-5 and H-6
suggested an E configuration of the double bond between C-5 and
C-6. NOESY correlations from H-7 to H-2 and H-5 further
confirmed the E configuration of C-5/C-6 double bond, also
indicated the Z configuration of the double bond between C-1 and
C-2. The CD curves of 1 and 2 were closely similar with the same
specific Cotton effect at 222 nm, which indicated that the absolute
configuration of 2 was identical to 1. Thus, the structure of 2 was
assigned and named as dracomolphesin B.

Compound 3 was isolated as yellowish oil. The HRESIMS of 3
exhibited a pseudo molecular ion peak at m/z 255.0863 [M+H]+

(Calcd. for C12H15O6: 255.0869), which was 18 AMU less than that
of 1 and 2, and corresponded to a molecular formula of C12H14O6.
Compared the NMR data of 3with those of 1 indicated that 3 has a
very similar structure with 1. The difference existed was a methyl
acrylate substitution in 3 instead of amethyl 2-hydroxypropionate,
thiswas revealed by signals for H-7 (dH 7.38, dd, J = 15.8, 0.8 Hz) and
H-8 (dH 6.09, d, J =15.8 Hz). The configuration of the C-7/C-8 double
bond was confirmed as E by the coupling constant of 15.8 Hz for H-
7 and H-8. The deduced structure was further confirmed by the
analysis of 13C NMR and 2D NMR data.

Compound 4 was obtained as pale-yellow amorphous powder.
The molecular formula was determined as C22H24O10 by HRESIMS
data (m/z 471.1245 [M +Na]+; Calcd. for C22H24O10Na: 471.1267),
suggesting eleven degrees of unsaturation. By analyzing 1D and 2D
NMR spectra of 4, the proton and carbon signals were assigned into
two structural moieties (Table S2 in Supporting information). The
first moiety was the same as compound 1, inferred from the
following key signals: three olefinic protons at dH 5.90 (m,1H, H-2),
7.13 (dd, 1H, J = 12.2, 2.2 Hz, H-6) and 5.98 (d, 1H, J =12.2 Hz, H-5);
one oxygen-bearingmethine at dH 5.28 (dd,1H, J = 8.7, 4.5 Hz, H-8);
a pair of methylene signals at dH 3.18 (m,1H, H-7a), 3.05 (dd, 1H, J =
14.5, 8.7 Hz, H-7b) and three methoxy groups at dH 3.67 (s, 3H,
OMe-3), 3.71 (s, 3H, OMe-4) and 3.76 (s, 3H, OMe-9). The second
moiety was determined as ferulic acyl, deduced from a typical ABX
system signals at dH 7.05 (d, 1H, J =1.9 Hz, H-20), 6.93 (d, 1H, J
=8.2 Hz, H-50) and 7.09 (dd,1H, J = 8.2,1.9 Hz, H-60); a pair of olefinic
protons at dH 7.67 (d,1H, J =15.9 Hz, H-70) and 6.33 (d,1H, J =15.9 Hz,
H-80); amethoxyl at dH 3.94 (3H, s, OMe-30). The twomoieties were
linked through the formation of an ester bond between C-8
hydroxyl and ferulic acid, as evidenced by the HMBC correlation
from H-8 to C-90. Detailed analysis of its 2D NMR data confirmed
the structure. The configuration of the three double bonds was
assigned according to the 3J coupling constant. The absolute
configuration of 4 was determined to be identical with that of 1
based on their similar CD spectra, that is, the C-80 carbon was R
configuration. Thus, the structure of 4 was assigned and named as
dracomolphesin D.

Compound 5 was obtained as pale-yellow amorphous powder
with the molecular formula of C22H24O10, as determined by the
HRESIMS (m/z 471.1258 [M +Na]+; Calcd. for C22H24O10Na:
471.1267). The 1H NMR and 13C NMR spectra of 5 closely resembled
those of 4, the only differencewas that the configuration of C-5/C-6
double bond, which was confirmed by the splitting pattern of H-5
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Scheme 1. Possible biosynthetic pathways of 1–5.
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Fig. 4. Nrf2 inducing activity of compounds 1, 2, 4 and 5. (A) ARE-dependent
luciferase assay of compounds 1–5. (B) Compounds 1, 2, 4 and 5 upregulated the
protein levels of Nrf2, NQO1 and GCLM. (C) Compounds 1, 2, 4 and 5 activated the
nuclear translocation of Nrf2 protein.
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and H-6. The absolute configuration of 5was determined the same
as 4 according to their similar CD curves. The structure of 5 was
thus clarified and was named as dracomolphesin E.

Compounds 1–5 represented an aromatic ring cleaved skeleton
of phenylpropanoids. Dioxygenases have been identified from
certain members of plant possessing the function of opening
aromatic ring [17–20]. We proposed a plausible biogenetic
pathway of dracomolphesin A–E (1–5) with salvianic acid A
methyl ester (6), a simple phenylpropanoid generated from
shikimate pathway, as the biogenetic precursor. Compound 6
was also isolated fromD. moldavicawith a larger amount than 1–5.
As shown in Scheme 1, an intradiol dioxygenase involved oxidative
cleavage of the cyclic ring of 6 between C-3 and C-4 produced 3,4-
seco-phenylpropanoids, based on this intermediate, subsequent
esterification, isomerization and dimerization may lead to the
generation of 1–5.

The bioactivity of 1–5were examined using a stable antioxidant
response element (ARE)-dependent reporter gene assay system
derived fromHEK 293 cells. Compounds 1, 2, 4 and 5 increased the
luciferase activity in a dose-dependent manner, suggesting that
these compounds were potential Nrf2 transcriptional activators,
while compound 3 did not show obvious activity (Fig. 4A). To
further determine whether these compounds induced Nrf2
pathway, the protein levels of Nrf2 and its target genes including
NQO1 and GCLM were measured by immunoblot analysis. As
shown in Fig. 4B, 1, 2, 4 and 5 treatments enhanced both Nrf2
protein expression and the protein levels of NQO1 and GCLM dose-
dependently. Immunofluorescence analysis indicated that 1, 2, 4
and 5 trigged Nrf2 translocation from cytoplasm to nucleus
(Fig. 4C). 2.5mmol/L of sulforaphane (SF) was used as positive
control.

In conclusion, five 3,4-seco-phenylpropanoids, dracomolphesin
A–E (1–5), were isolated from D. moldavica. These compounds
represented an example of phenylpropanoids with an unusual
aromatic ring cleaved skeleton. Dioxygenases were proposed to
involve in the opening of aromatic ring. Compounds 1, 2, 4 and 5
were identified as novel Nrf2 activators. This study enriched the
structural diversity of phenylpropanoids and provided promising
target molecules for acquring Nrf2 activators.
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