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[ABSTRACT] Six new ent-abietane diterpenoids, abientaphlogatones A—F (1—6), along with two undescribed ent-abietane diterpen-
oid glucosides, abientaphlogasides A—B (7—8) and four known analogs were isolated from the aerial parts of Phlogacanthus curviflor-

us (P. curviflorus). The structures of these compounds were determined using high-resolution electrospray ionization mass spectro-

metry (HR-ESI-MS), one-dimensional and two-dimensional nuclear magnetic resonance (NMR) spectroscopy, electronic circular di-
chroism (ECD) spectra, and quantum chemical calculations. Notably, compounds 5 and 6 represented the first reported instances of ent-
norabietane diterpenoids from the genus Phlogacanthus. In the f-hematin formation inhibition assay, compounds 2, 4, 7-10, and 12
displayed antimalarial activity, with ICs, values of 12.97—65.01 pmol-L™". Furthermore, compounds 4, 5, 8, and 10 demonstrated
neuroprotective activity in PC12 cell injury models induced by H,0, and MPP".
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Introduction

The Dai medicine, one of the four national medicines in
China, has evolved over thousands of years among the Dai
people to address various health challenges, including dis-
ease prevention and treatment -2 1n Dai-inhabited areas, the
local climate, characterized by high temperatures and elev-
ated humidity, contributes to the prevalence of common ail-
ments such as malaria, cholera, and rheumatism ®™. The fam-
ous traditional Dai medicine “Huang Zhang”, derived from
the herbs of Phlogacanthus curviflorus (Wall.) Nees, is
widely used for its therapeutic properties in heat-clearing and
detoxification "\, P. curviflorus, belonging to the Acathaceae

Bl Extensive

family, is distributed across Southeast Asia
phytochemical investigations have revealed the presence of

diterpenoids, iridoids, triterpenes, lignans, steroids, and
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flavonoids in the genus Phlogacanthus ¥, However, only
two studies have explored the phytochemical composition of
P. curviflorus roots, identifying ent-abietane diterpenoids as
the primary constituents ™ '”. While modern pharmacologic-
al investigations have demonstrated various bioactivities of
Phlogacanthus species, including anti-oxidant "%, anti-dia-
betic M "1 anti-bacterial !> 2" 2, anti-inflammatory 221
neuroprotective ), cytotoxic and analgesic *? activit-
ies, only the neuroprotective effect of P. curviflorus has been
reported.

[20, 24]

In our preliminary investigation, we evaluated the antim-
alarial potential of the 60% ethanol (EtOH) extract and its
ethyl acetate soluble fraction obtained from the aerial parts of
P. curviflorus. The f-hematin formation inhibition assay re-
vealed inhibitory effects, with the extract and fraction dis-
playing inhibition rates of 56.83% and 66.47% at a concen-
tration of 100 pg-mL™, respectively. These findings, in con-
junction with the traditional medicinal uses of Dai medicine,
suggest the presence of antimalarial constituents in P. curvi-
florus. Therefore, systematic exploration was conducted to
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identify and investigate the chemical constituents responsible
for the antimalarial activity within this plant. A total of 12 ent-
abietane diterpenes were isolated and characterized, includ-
ing eight previously unreported compounds (1-8) and four
known compounds (9-12) (Fig. 1). In vitro antimalarial as-
says revealed varying degrees of activity for compounds 2, 4,
7-10, and 12. Furthermore, we assessed the neuroprotective
effects of compounds 1-10 and 12 using PC12 cell injury
models induced by H,0, and MPP", respectively. Compounds
4,5,10 and 5, 8, 10 exhibited protective effects against H,O,-
induced injury and MPP'-induced injury in PC12 cells, re-
spectively. Apart from phloantholide C, no reports have high-
lighted the presence of antimalarial and neuroprotective con-
stituents within the genus Phlogacanthus. This paper provides
a comprehensive account of the isolation, structural elucida-
tion, as well as antimalarial and neuroprotective activities of
the identified ent-abietane diterpenes.

Results and Discussion

Abientaphlogatone A (1) was isolated as a white
amorphous powder. Its molecular formula was determined as
CyoH,30, with seven degrees of unsaturation, as deduced
from the high-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS) ion peak [M + Na]"at m/z 355.1867
(Caled. for C,0H,40,Na, 355.1880). The 'H nuclear magnet-

ic resonance (NMR) spectroscopic data (Table 1) revealed
distinctive signals, including an olefinic proton at oy 5.96
(1H, m, H-7), two oxymethines at 3y 5.00 (1H, s, H-14) and
4.65 (1H, m, H-12), an oxygenated methylene at §; 3.80 (1H, d,
J=11.0 Hz, H-19a) and 3.43 (1H, d, J = 11.0 Hz, H-19b),
and three methyls at 3y 1.91 (3H, t, J = 1.8 Hz, H5-17), 0.96
(3H, s, H3-18) and 0.90 (3H, s, H;-20). The analysis of the
“C NMR and distortionless enhancement by polarization
transfer (DEPT) spectra (Table 2) identified 20 carbon sig-
nals, comprising three methyls, six methylenes (one oxygen-
ated), four sp’ and one sp® methines (two oxygenated), two
sp’ and three sp” nonprotonated carbons, and a carbonyl car-
bon. These spectroscopic data combined with the heteronuc-
lear multiple bond correlations (HMBC) (Fig. 2) of H-6/C-8,
H-7/C-5, C-9, C-14, H-11/C-8, C-13, H-14/C-8, C-13, Hs-
17/C-13, C-15, C-16, and H-19/C-3, C-4, C-18 indicated that
compound 1 was a furan lactone-type ent-abietane diterpen-
oid with a double bond at C-7 and C-8 and two hydroxyl
groups at C-14 and C-19, respectively. The relative configur-
ation of compound 1, except for C-14, was established based
on the analysis of Nuclear Overhauser Effect Spectroscopy
(NOESY) cross-peaks involving H-5/H3-18, H-5/H-9, H-
19a/H5-20, and H3-20/H-12 (Fig. 3). The relative configura-
tion of C-14 was determined by comparing the chemical shift
of C-14 (3¢ 69.9 in pyridine-ds) under different orientations

R, R,
H CHOH
H CHOH
OH CH,0OH
OH CH,

12

Fig. 1 Structures of compounds 1-12
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Table1 'H NMR (600 MHz) data for compounds 1-4 (J in Hz, in CD;0D)
No. 1 2 3 4
la 1.03td (13.4,3.7) 1.13 overlapped 1.11m 0.98t(11.6)
15 1.90 overlapped 1.99 overlapped 1.98 m 2.07 overlapped
20 1.47 m 1.75 m 1.69 overlapped
3.87m
28 1.58 m 1.80 m 1.70 overlapped
3a 0.94 m 0.86 t (12.2)
3.37dd (11.7, 4.8) 3.64 m
3p 1.93 overlapped 2.15m
5 143 m 1.14 overlapped 1.45dd (11.6, 1.0) 1.31dd (12.6, 1.4)
6a 2.05m 1.33 m 1.30 m 1.55m
6f 2.22m 1.73 m 1.55m 1.93 dd (13.0, 7.5)
To 127 m 1.36 m 2.04 overlapped
5.96 m
78 2.63 dt(13.1,2.5) 2.59 d (13.0) 245m
9 243 m 1.62m 1.65 overlapped
1la 229 m 2.42dd (13.3,7.1) 243 m 2.93 dd (15.2,6.7)
118 1.50 m 1.66 m 1.65 overlapped 1.87 m
12 4.65m 5.08 m 5.08 m 4.80 m
14 5.00 brs 4.75d (1.3) 4.79 br s 4.96 br s
17 1.91t(1.8) 1.99 t (1.7) 2.00 brs 1.98 t (1.8)
18 0.96 s 1.22s 0.71s 1.04s
" 3.80d (11.0) 4.07d(11.2) 3.53d (11.0) 3.65d(11.2)
3.43d(11.0) 341d(11.2) 3.28d(11.0) 3.40d(11.2)
20 0.90s 1.03 s 1.08s 1.08s
s . of H-14 and H-12. When H-14 and H-12 exhibited the same
3‘)"18;) C NMR (150 MHz) data for compounds 1-4 (in orientation, the chemical shift of C-14 was observed at §¢
} 69.9 in pyridine-ds. When H-14 and H-12 showed the oppos-
No. 1 2 3 4 ite orientation, the chemical shift of C-14 was observed at d¢
1 40.0 40.2 40.2 458 64.9 in pyridine-ds "”. Moreover, the DP4" probability ana-
2 193 285 27.8 65.1 lysis was employed to confirm the relative configuration of C-
3 36.5 30.6 731 452 14 (l.:ig. 4). With 'fl DP4" probability épproaching }00%, .the
P 290 Y i AL re.latlve conﬁguratlon of C-14 was ass1gned as 145, aligning
with the previously deduced configuration. The absolute con-
5 51.9 57.0 48.3 53.1 . .
figuration of compound 1 was determined as 4R, 58, 95, 10R,
6 243 20.6 198 19.4 12R, 14S by comparison of the calculated electronic circular
7 129.8 37.8 37.0 30.1 dichroism (ECD) curve with the experimental ECD curve
8 137.1 78.8 78.9 131.2 (Fig. 5). Thus, the structure of compound 1 was determined
9 459 573 57.3 138.2 and designated as abientaphlogatone A.
10 374 395 395 40.7 Abientaphlogatone B (2) was obtained as a white
1 281 208 208 335 amorphous powder. Its molecular for@ula was deterrplned to
be C,yH;¢0¢ through HR-ESI-MS, with an observed ion peak
12 80.2 80.1 80.2 79.7 +
[M + Na] at m/z 389.1925 (Calcd. for C,3H;y,0O¢Na,
- . 164.8 164.9 . 389.1935), indicating the presence of six degrees of unsatura-
14 70.8 72.3 72.4 70.8 tion. Analysis of the 'H NMR spectrum (Table 1) revealed
15 123.8 123.6 123.5 121.9 the characteristic signals of three oxygenated methines at dy
16 177.4 177.6 177.6 177.4 5.08 (1H, m, H-12), 4.75 (1H, d, J = 1.3 Hz, H-14), and 3.37
17 9.1 93 93 9.1 (1H, dd, J = 11.7, 4.8 Hz, H-3), an oxygenated methylene at
18 274 24.0 133 278 oy 4.07 (1H, d, J=11.2 Hz, H-19a) and 3.41 (1H, d, J=11.2
Hz, H-19b), and three methyls at 65 1.99 (3H, t, J = 1.7 Hz,
19 64.7 65.0 66.8 65.8 13
H;-17), 1.22 (3H, s, H3-18), and 1.03 (3H, s, H3-20). The °C
20 14.6 19.7 19.7 20.7

NMR and DEPT data (Table 2) for compound 2 displayed 20
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0
HO ¢

X KO
¢ o N
HO HO 1’0 3
HO or 7 2
=== H-'H COSY

7 8 ~—~ HMBC

Fig.3 NOESY correlations of compounds 1-8

carbon resonances, including three methyls, six methylenes carbonyl carbon. Based on a comprehensive analysis of the

(one oxygenated), five methines (three oxygenated), three sp’ 'H-'H correlated spectroscopy (COSY), heteronuclear single

and two sp’ nonprotonated carbons (one oxygenated), and a quantum correlation (HSQC), and heteronuclear multiple
®
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Fig. 4 Linear correlation between the experimental and calculated *C NMR chemical shifts and DP4" analysis of compounds 1

and 2
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Fig. 5 Experimental and calculated ECD spectra of compounds 1-8

bond correlation (HMBC) spectra (Fig. 2) in conjunction with
the molecular formula, compound 2 was identified as a furan
lactone-type ent-abietane diterpenoid skeleton bearing four
hydroxyl groups. The HMBC correlations (Fig. 2) of H-1/C-
3, H-3/C-4, C-18, and C-19, H-7/C-8 and C-14, H-9/C-8 and
C-14, H-14/C-13 and C-15, and H-19/C-3, C-4, C-5, and C-
18 revealed that the four hydroxyl groups were positioned at
C-3, C-8, C-14, and C-19 in compound 2, respectively. Addi-
tionally, the NOESY correlations (Fig. 3) of H;-20/H-12, H-
14, H-19, H-3/H-5, H;-18, and H-5/H-9 suggested the relat-
ive configuration of chiral carbons in the structure except for
C-8. To determine the relative configuration of C-8, we per-
formed computational analysis of the "C NMR data and
DP4" probability analysis. The calculated result for 2a [cor-
relation coefficient (R*) = 0.9990] exhibited a better fit with
the experimental data than that for 2b (R* = 0.9952) (Fig. 4).
Moreover, the DP4" probability analysis assigned 2a with a

100% probability (Fig. 4). To confirm the absolute configura-
tion, ECD calculations were performed. A comparison
between the experimental and calculated curves (Fig. 5) es-
tablished the absolute configuration of compound 2 as 3R,
4R, 58, 8S, 9S, 10R, 12R, 14R. Thus, the structure of com-
pound 2 was elucidated and designated as abientaphlo-
gatone B.

Abientaphlogatone C (3) was obtained as a white
amorphous powder, sharing the same molecular formula as
compound 2, which was deduced from HR-ESI-MS with an
ion at m/z 389.1922 [M + Na]" (Calcd. for CyH;,O¢Na,
389.1935). Analyses of the 1D and 2D NMR spectra (Table
1, Table 2, Fig. 2) revealed an identical planar structure of
compound 3 to that of compound 2. However, a comparison
of the "CNMR data between the two compounds high-
lighted differences at C-3, C-5, C-18, and C-19, which indic-
ated that compound 3 was an epimer at C-4 in comparison

-623 -
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with compound 2. This conclusion was further supported by
the NOESY spectra (Fig. 3), which elucidated the relative
configuration of compound 3. The calculated ECD spectrum
of (3R, 4S8, 55, 8S, 9§, 10R, 12R, 14R)-3 demonstrated excel-
lent agreement with the experimental ECD spectrum (Fig. 5),
firmly establishing the absolute configuration of compound 3.
Consequently, compound 3 was designated as abienta-
phlogatone C.

Abientaphlogatone D (4), a white amorphous powder,
exhibited a molecular formula of C,yH,30s5, as determined by
the HR-ESI-MS ion peak [M + Na]" at m/z 371.1824 (Calcd.
for CyoH,OsNa, 371.1829). The 'H and “C NMR spectro-
scopic data (Tables 1 and 2) for compound 4 were similar to
those for compound 9, with the exception of a methylene
group being absent and the presence of an oxygenated
methine in compound 4. Crucial HMBC correlations (Fig. 2)
of H-1 and H-3 with the oxygenated methine carbon at d¢
65.1 evidenced the hydroxylation of C-2 in compound 4. The
relative configuration was assigned based on NOESY correl-
ations (Fig. 3) of H-2/H-19 and H;-20, H-14/H-7a and H-12,
and H-5/H-7§ and H;-18. The absolute configuration of com-
pound 4 was determined as 2S5, 4R, 5S, 10R, 12R, 14S by
comparing the calculated ECD spectrum with the experiment-
al one (Fig. 5). Thus, the structure of compound 4 was estab-
lished and named abientaphlogatone D.

Abientaphlogatone E (5) was obtained as a pale yellow
powder. Its molecular formula was assigned as C;oH,50;
based on its HR-ESI-MS analysis (m/z 325.1783 [M + Na]’;
Calcd. for 325.1774). The 'H NMR spectrum (Table 3) re-
vealed a 1,2,4,5-tetrasubstituted benzene ring at 6y 7.39 (1H,
s, H-14) and 6.87 (1H, s, H-11), an oxygenated methylene at
8y 3.84 (1H, d, J=11.0 Hz, H-18a) and 3.56 (1H, d, J=11.0
Hz, H-18b), and three methyls at 8 2.58 (3H, s, H3-16), 1.18
(3H, s, H;3-19), and 1.07 (3H, s, H;-17). The "C NMR and
DEPT spectra (Table 3) of compound 5 exhibited 19 carbon
resonances, including three methyls, six methylenes (one
oxygenated), one sp’ and two sp” methines, two sp® and four
sp® nonprotonated carbons, and a carbonyl carbon. Com-
pound 5 was confirmed to have the same planar structure and
relative configuration as 12,19-dihydroxy-13-acetyl-8,11,13-
podocarpatriene ! based on the detailed analyses of 'H-'H
COSY, HSQC, HMBC, and NOESY spectra (Figs. 2 and 3).
However, a notable difference was observed in the specific
rotation values between compound 5 [[e]} -394 (¢ 0.1,
CH,Cl,)] and 12,19-dihydroxy-13-acetyl-8,11,13-podocarp-
atriene [[o]; +46.0 (c 0.14, CH,Cl,)], suggesting that com-
pound 5 was the enantiomer of the above known compound.
Additionally, the comparison of the calculated ECD spec-
trum and experimental ECD spectrum of compound 5 also
confirmed its absolute configuration as 4R, 5S, 10R. Accord-
ingly, compound 5 was identified as an ent-norabietane diter-
penoid with an aromatized C-ring, and it was named abi-
entaphlogatone E.

Abientaphlogatone F (6) was obtained as a pale yellow
powder. Its molecular formula was determined to be

®

C19H5403, which was identical with that of compound 5, as
deduced from the HR-ESI-MS analysis. A comparison of the
'H NMR and "C NMR data (Table 3) for compound 6 with
those for 5 revealed the substitution of a 1,2,4,5-tetrasubsti-
tuted benzene ring in compound S5 with a 1,2,3,4-tetrasubsti-
tuted benzene ring in compound 6. This substitution was
evidenced by the presence of ortho-coupled aromatic protons
at oy 6.84 and 7.53 (each 1H, d, J = 8.7 Hz) in compound 6.
The assignment of this substitution was supported by the
coupling constants (8.7 Hz) and HMBC correlations of 14-
OH/C-8, C-13, and C-14, H-11/C-8, C-10, and C-13, and H-
12/C-9, C-14, and C-15 (Fig. 2). The NOESY correlations
(Fig. 3) of H-18/H3-19 and H3-17/H-5 suggested that 18-

Table 3 'H NMR (600 MHz) and *C NMR (150 MHz) data
for compounds 5-6 (J in Hz, in CDCl;)

5 6
No.
on oc on 8¢
la 1.42 m 1.39m
38.6 38.5
18 227m 2.30m
20 1.65 overlapped 1.63 overlapped
18.8 18.9
24 1.72 overlapped 1.72 m
3a 1.0l m 1.03 m
35.1 35.0
34 1.89m 1.90 m
4 38.8 38.7
5 1.47dd (12.8,2.0) 50.6 1.46 overlapped 50.5
60 1.69 overlapped 1.46 overlapped
19.1 18.2
6p 2.0l m 2.06 m
To 2.79 m 2.60 overlapped
30.0 24.4
78 2.91dd (16.4,6.4) 2.94dd (18.1,6.3)
8 125.8 124.6
9 159.6 158.5
10 38.5 38.4
11 6.87 s 133.8 6.84d (8.7) 115.0
12 160.1 7.53 d (8.7) 127.6
13 117.9 116.1
14 7.39s 131.0 160.7
15 203.9 204.1
16 2.58s 26.5 2.59s 26.5
17 1.07 s 26.8 1.07 s 26.8
3.84d(11.0) 3.85d(10.9)
18 65.3 65.2
3.56d(11.0) 3.57.d(10.9)
19 1.18s 25.3 1.19s 25.0
12-OH 11.89s
14-OH 12.66's
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CH,OH and 19-CH;3 were in the a-orientation, and 17-CHj
and H-5 were in the f-orientation. The absolute configura-
tion of compound 6 was confirmed as 4R, 5S, 10R by com-
paring the experimental and calculated ECD spectra (Fig. 5).
Based on these findings, the structure of compound 6 was
elucidated and designated as abientaphlogatone F.

Abientaphlogaside A (7) was obtained as a yellow solid.
Its molecular formula was determined as C;5H440,, based on
the [M + Na]" quasimolecular peak at m/z 679.2716 (Calcd.
for C35H440/,Na, 679.2725) observed in HR-ESI-MS analys-
is. The '"H NMR and “C NMR data (Table 4) demonstrated
that compound 7 was an ent-abietane diterpenoid with a caf-
feoyl group and a hexose unit. In-depth analyses of the 'H-'H
COSY, HSQC, HMBC, and NOESY spectra (Figs. 2 and 3)
displayed that the aglycone of compound 7 shared the same
structure as compound 9. The acid hydrolysis and high-per-
formance liquid chromatography (HPLC) analysis, in com-
bination with the coupling constant (J = 7.8 Hz) of the ano-
meric proton, confirmed the presence of f-D-glucose. The
glucosidic linkage was established by the HMBC correlation
(Fig. 2) between the anomeric proton of glucose at 5y 4.18 (H-
1') and C-19, providing evidence for the attachment of the
glucosyl moiety to C-19. Additionally, the HMBC correla-
tion between H-6' and the carbonyl carbon of the caffeoyl
group at 3¢ 169.0 revealed the acylation of the hydroxy-
methylene of the glucosyl moiety. The absolute configura-
tion of compound 7 was finally validated by ECD calcula-
tions. The calculated ECD spectrum of (4R, 5S, 10R, 12R,
145)-7 (Fig. 5) exhibited good agreement with the experi-
mental ECD spectrum. As a result, compound 7 was charac-
terized as a new ent-abietane diterpenoid glucoside and
named abientaphlogaside A.

Abientaphlogaside B (8), a yellow solid, was found to
have a molecular formula of C33H4,0,; based on the HR-ESI-
MS data (m/z 637.2610, [M + Na]"). The 'H NMR and "*C
NMR data (Table 4) demonstrated that compound 8 showed a
similar ent-abietane diterpenoid glucoside structure to that of
compound 7. The difference between these two compounds
lay in the presence of an additional hydroxyl group in the
aglycone of compound 8, with a benzoyl group in compound
8 replacing the caffeoyl group in compound 7. HMBC correl-
ations from the oxygenated methine proton at 8y 3.79 to C-1,
C-5, C-19, and from H;-18 and H-19 to the oxygenated
methine carbon at ¢ 70.7 indicated the hydroxylation of C-3,
suggesting that the aglycone of compound 8 was eupheli-
onolide M (10). The HMBC correlations of H-1'/C-19 and H-
6'/C-7", in combination with the results of acid hydrolysis
and HPLC analysis, confirmed the presence of D-glucose,
where the hydroxymethylene was benzoylated. The coupling
constant of the anomeric proton (J = 7.8 Hz) indicated a S
configuration for the glycosyl moiety. The relative configura-
tion of the ent-abietane diterpenoid skeleton, except for C-14,
was determined by NOESY correlations (Fig. 3) of H;-20/H-
19a and H-11a, H-110/H-12, and H;-18/H-3 and H-5. Since
the chemical shifts of C-14 in compounds 7 and 8 were

®

Table 4 'H NMR (600 MHz) and °C NMR (150 MHz) data
for compounds 7-8 (J in Hz, in CD;0D)
7 8
No.
o ¢ on oc
la 0.95m 1.17m
36.8 29.7
15 1.60 overlapped 1.42 overlapped
20 1.36 overlapped 1.42 overlapped
PP 19.5 PP 26.3
2p 1.60 overlapped 1.84 m
3a 0.82 m
36.5 379 m 70.7
36 1.93m
4 39.0 432
5 1.21dd (12.8, 1.0) 53.6  1.66dd(12.8,1.0) 46.3
60 1.36 overlapped 1.42 overlapped
PP 19.4 PP 19.1
6f 1.84 m 1.76 overlapped
To 1.90 m 1.97 overlapped
29.9 29.9
78 2.34m 241m
8 130.8 130.9
9 138.6 138.6
10 39.4 389
1o 2.56dd (15.4,6.7) 2.68 dd (15.2, 6.6)
333 333
11p 1.68 m 1.76 overlapped
12 4.60 m 79.9 472 m 79.8
13 163.9 163.9
14 4.86 overlapped 70.8 490 br s 70.8
15 121.7 121.8
16 177.6 177.4
17 1.96 t (1.7) 9.1 1.97t(1.7) 9.1
18 1.00 s 27.6 1.08 s 22.9
4.03d(9.5) 3.94d(9.5)
19 72.4 73.6
3.20 overlapped 3.34 overlapped
20 0.86's 20.1 0.76 s 19.7
1 4.18d(7.8) 104.4 4.22d(7.8) 104.2
2' 3.20 overlapped 75.2 320 m 75.1
3 335m 78.3 3.34 overlapped 72.3
4' 3.26t(9.5) 72.6 3.39t(9.0) 78.2
5' 3.56m 75.2 3.63m 75.3
4.43 overlapped 4.62dd (11.8,2.1
6' PP 65.1 ¢ ) 65.7
4.42 overlapped 4.50dd (11.8,7.4)
1" 127.7 131.5
2" 7.04 d (2.0) 115.2 8.05dd (8.2,1.1)  130.8
3" 147.1 7.50t (8.0) 129.7
4" 149.8 7.64 m 134.4
5" 6.79d (8.2) 116.5 7.50 t (8.0) 129.7
6" 6.95dd (8.2,2.0) 1233 8.05dd (8.2,1.1) 130.8
7" 7.56d (15.8) 147.0 167.8
8" 6.27d (15.8) 115.2
9" 169.0
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identical (3¢ 70.8), the relative configuration of C-14 in com-
pound 8 was deduced to be the same as that in compound 7,
which was also verified by the result of DP4" probability ana-
lysis (Fig. S80 in Supplementary material). Moreover, the
calculated ECD spectrum of (3R, 4R, 5S, 10R, 12R, 145)-8
exhibited good agreement with the experimental ECD spec-
trum of 8 (Fig. 5). Therefore, the structure of compound 8
was determined and designated as abientaphlogaside B.

In addition, we isolated and identified four known com-
pounds (9-12) (Fig. 1) through a rigorous analysis of their
spectroscopic data, establishing their identity as phlogacanth-
olide B (9) ", euphelionolide M (10) **, piscatolide (11) 7,
and phlogacanthoside A (12) " The comparison between
our observed data and the reported spectroscopic data con-
firmed their structural similarity. It is worth noting that this is
the first report of compounds 10 and 11 being discovered in
the genus Phlogacanthus.

In an endeavor to identify potential antimalarial constitu-
ents from traditional Dai medicine, the antimalarial activity of
all ent-abietane diterpenoids derived from the aerial parts of
P. curviflorus was assessed through the f-hematin formation
inhibition assay. Chloroquine diphosphate, a renowned anti-
malarial drug, was used as a positive control and exhibited an
ICs, value of 8.53 = 0.08 umol-L™". As shown in Table 5, the
results revealed that compounds 2, 4, 7, and 10 could inhibit
p-hematin formation with ICsq values of 12.97-22.85
pmol-L™", indicating their pronounced antimalarial activity.
Furthermore, compounds 8, 9, and 12 exerted moderate in-
hibitory effects on -hematin formation, suggesting their cer-
tain antimalarial activity. Intriguingly, compounds 5 and 6,
featuring the ent-norabietane diterpenoid skeleton and an aro-
matized C-ring, showed no activity, implying that the C-ring
aromatization in enf-norabietane diterpenoids may not con-
tribute to the antimalarial activity. Conversely, the presence
of the furanolactone ring in ent-abietane diterpenoids ap-
peared to be crucial for the f-hematin formation inhibition as-
say. Among the furan lactone-type ent-abietane diterpenoids,
compound 1 with a double bond at C-7 and C-8, compound 3
with a 4S configuration, and compound 11 with two methyls
substituted at C-4 demonstrated negligible activity. These
findings suggest that the position of the double bond, the sub-
stituent group, and the configuration at C-4 may exert effects
on the inhibitory activity against f-hematin formation. In ad-
dition, the glycosidation of 19-OH seems to have no impact
on the inhibitory activity, as evidenced by the ICs, values of
compounds 7, 8, and 12. Further investigations are warranted
to elucidate the underlying molecular mechanisms.

Furthermore, it is worth noting that phloantholide C, an
ent-abietane diterpenoid isolated from P. curviflorus, has
been previously documented for its neuroprotective proper-
ties . To delve deeper into the potential neuroprotective ef-
fects of ent-abietane diterpenoids, we assessed all isolated
compounds belonging to this class, excluding compound 11,
due to its limited availability. Resveratrol was included as a
positive control in the experimental design. The evaluation

®

Table 5 Inhibitory activity of compounds 1-12 against f-
hematin formation (mean = SD, n =3 for each group)

Compounds ICsy/(nmol-L7™")

1 >100

2 22.85+2.31

3 >100

4 14.21£2.35

5 >100

6 >100

7 1297+ 1.14

8 62.67 +8.15

9 46.31 +£2.66

10 17.80 +2.40

11 >100

12 65.01 +7.84
Chloroquine diphosphate 8.53 £ 0.08

encompassed the utilization of H,0,- and MPP -induced
PCI12 cell models. The cytotoxicity of 1-10 and 12 against
PCI12 cells was evaluated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The con-
centrations resulting in a cell survival rate exceeding 80%
were selected for subsequent neuroprotective evaluations (Ta-
ble S7 in Supplementary material). As shown in Fig. 6A,
compounds 5 and 10 could obviously attenuate the H,0,-in-
duced injury in PC12 cells at 10 and 5 pmol-L™", respectively.
Compound 4 could significantly alleviate PC12 cell injury in-
duced by H,0, at 20 and 50 umol-L™". As shown in Fig. 6B,
compounds 5, 8, and 10 could significantly enhance the viab-
ility of PC12 cells injured by MPP" at 10 pmol-L™". In the
H,0,-induced PC12 cell injury model, compounds 4 and 10
significantly improved the cell viability, suggesting that the
presence of the double bond at C-7 and C-8 and a hydroxyl
group at C-2 or C-3 may be crucial in adjusting neuroprotect-
ive activities. In the MPP"-induced PC12 cell injury model, a
notable disparity in effects between compounds 7 and 8 was
evident, indicating that the presence of benzoic acid frag-
ment at C-6' of glucose may contribute to the augmented
neuroprotection observed in ent-abietane diterpenoids. In
both H,0,-induced and MPP*-induced PC12 cell injury mod-
els, compound 5 consistently manifested significant neuro-
protective effects, underscoring the potential significance of
the hydroxyl group's positioning within ent-norabietane diter-
penoids featuring an aromatized C-ring. However, it is essen-
tial to underscore that the aforementioned discussion serves
as a preliminary analysis of the neuroprotective activity res-
ults and is confined to a limited range of compounds. Sub-
sequent investigations are imperative to unravel the intricate
structure-activity relationship underlying these phenomena.

Conclusions

This study presents a comprehensive investigation into
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Fig. 6 The neuroprotective effects of compounds 1-10 and 12 in PC12 cells. A: Evaluation of the effect of 250 pmol-L™"' H,0,-in-
duced injury. B: Evaluation of the effect of 500 pmol-L™" MPP'-induced injury. After H,0, or MPP" treatment, cell viabilities are
determined using the MTT assay in the presence or absence of the tested compounds at different concentrations. Data are ex-
pressed as mean + SD (n = 3). "P<0.05,"P<0.01, "P<0.001 vs H,0, or MPP'-treated group; ##P < 0.001 vs control

the chemical constituents of the antimalarial fraction derived
from the aerial parts of P. curviflorus, well-known traditional
Dai medicine called “Huang Zhang”. Through systematic
analysis, six previously unreported ent-abietane diterpenoids
and two previously unreported ent-abietane diterpenoid gluc-
osides, alongside four known analogs, were successfully isol-
ated and characterized. Notably, the discovery of abi-
entaphlogatones E and F (5-6) marks the first report of ent-
norabietane diterpenoids within the genus Phlogacanthus.
Furthermore, this study provides the inaugural evaluation of
the antimalarial activity of constituents derived from the
genus Phlogacanthus. In the f-hematin formation inhibition
assay, compounds 2, 4, 7-10, and 12 demonstrated varying
degrees of antimalarial activity. Moreover, compounds 4, 5,
10 and 5, 8, 10 displayed noteworthy neuroprotective effects
in PC12 cell injury models induced by H,0, and MPP’, re-
spectively. This study sheds light on the previously unex-
plored neuroprotective potential of constituents from the
genus Phlogacanthus, aside from the well-documented phlo-
antholide C.

Materials and Methods

General experimental procedures

Ultraviolet (UV) spectra were recorded using a UV-
26001 UV-visible spectrophotometer (Shimadzu, Kyoto, Ja-
pan). The 'H, °C, and 2D NMR spectra were acquired using
an AVANCE III HD spectrometer (Bruker, Bremen, Ger-
many) equipped with a cryogenic probe (600 MHz). HR-ESI-
MS data were obtained using a COMPACT Q-TOF/IT-TOF
mass spectrometer (Bruker, Bremen, Germany). ECD spectra
were measured on a MOS-450 (Bio-Logic Science, Grenoble,
France). Optical rotations were determined using an MCP
200 polarimeter (Anton Paar GMBH, Graz, Austria). Column
chromatography (CC) was performed using silica gel

®

(100-200 and 200-300 mesh, Qingdao Marine Chemical Inc.,
Qingdao, China), Sephadex LH-20 (GE Healthcare, Uppsala,
Sweden), and ODS (50 um, YMC Company Ltd., Tokyo, Ja-
pan). The analytical HPLC was conducted using an Agilent
1200 system (CA, USA) equipped with a diode array detect-
or and a reversed-phase C;g column (5 pm, 250 mm x 4.60
mm, Phenomenex Luna, CA, USA). Semi-preparative HPLC
was performed using a Shimadzu LC-6AD instrument
(Kyoto, Japan) equipped with a UV SPD-20A detector and a
reversed-phase C;g column (5 pm, 250 mm x 10 mm, Phe-
nomenex Luna, CA, USA).
Plant material

The aerial parts of P. curviflorus were collected from the
Dehong Dai and Jingpo Autonomous Prefecture of Yunnan
Province, China (GPS coordinates: 24°16' N/97°29' E) in
November 2018. The plant material was authenticated by
Professor WEI Songji (Guangxi University of Chinese Medi-
cine, Guangxi, China). A voucher specimen (YLJPC-2018)
was deposited at the School of Traditional Chinese Materia
Medica, Shenyang Pharmaceutical University, China.
Extraction and isolation

The dried aerial parts of P. curviflorus (13.0 kg) were ex-
tracted with 60% EtOH (130 L x 2) for 2 h, resulting in a
crude extract (1.8 kg). The crude extract was then suspended
in H,O (18.0 L) and partitioned sequentially with ethyl acet-
ate (EtOAc; 18.0 L x 3) and n-butanol (n-BuOH; 18.0 L x 3).
The EtOAc soluble fraction (170.0 g) was further purified us-
ing CC on silica gel eluted with cyclohexane : EtOAc (V/V,
99 : 1—60 : 40) and dichloromethane : methanol (CH,Cl, :
CH;0H, V/V, 98 : 2—0 : 100). This purification process
yielded fractions designated as Fr. YA—YR.

Fr. YF (4.6 g) was subjected to purification through a
Sephadex LH-20 column (MeOH : CH,Cl,, 1 : 1, V/V) and
an ODS column (MeOH : H,0, V/V, 30%—80%). The 80%
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MeOH eluate (58.1 mg) was further purified using semi-pre-
parative HPLC (CH;0H : H,0, 73 : 27, ¥/V, 4 mL-min "),
resulting in the isolation of compounds 5 (2.0 mg, # 13.8
min) and 6 (2.3 mg, f 18.3 min). Fr. YJ (4.8 g) was first sub-
jected to purification using a Sephadex LH-20 column
(MeOH : CH,Cl,, 1 : 1, V/V), followed by fractionation on
an ODS column (MeOH : H,0, V/V, 10%—60%), yielding
fractions designated as Fr. YJ2A—-YJ2J. Fr. YJ2H (409.0 mg)
was further separated by semi-preparative HPLC (CH;CN :
H,O, V/V, 25 :75, 4 mL-minﬁl), resulting in the isolation of
compounds 1 (15.9 mg, #z 22.1 min) and 9 (43.7 mg, 3 28.3
min). Fr. YJ2I (98.8 mg) was purified using semi-preparative
HPLC (CH;CN : H,O, /¥, 30 : 70, 4 mL-min "), yielding
compound 11 (1.6 mg, #z 18.0 min). Fr. YN (12.1 g) was sep-
arated on an ODS column (MeOH : H,O, V/V, 10%—60%),
leading to the isolation of fractions designated as Fr.
YNA-YNO. Fr. YNE (205.6 mg) was further purified by
semi-preparative HPLC (CH;CN : H,O, V/V, 10 :90, 4
mL-min”"), leading to the isolation of compounds 2 (9.0 mg,
fg 29.8 min) and 3 (3.6 mg, tx 53.8 min). Compound 4 (20.4
mg, fz 31.9 min) was obtained from Fr. YNF (1.5 g) through
purification with semi-preparative HPLC (CH;O0H : H,O,
V/V, 30 : 70, 4 mL-min""). Fr. YNH (0.8 g) was subjected to
purification on a Sephadex LH-20 column (MeOH : CH,Cl,,
1:1, V/V), yielding compound 10 (0.5 g). Fr. YO (29.6 g)
was chromatographed on an ODS column (MeOH : H,O,
V/V, 30%—70%). The 409% MeOH eluate (12.7 g) was fur-
ther purified by semi-preparative HPLC (CH;0H : H,O, V/V,
40 : 60, 4 mL-min""), resulting in the isolation of compound
12 (91.6 mg, tz 42.5 min). Purification of the 50% MeOH
eluate (6.4 g) by semi-preparative HPLC (CH;CN : H,O,
V/vV, 28 : 72, 4 mL'minfl) resulted in the isolation of com-
pounds 7 (12.3 mg, g 21.8 min) and 8 (2.1 mg, #z 19.0 min).
Abientaphlogatone A (1) was obtained as a white
amorphous powder. Its specific rotation was determined to be
[a]® —68.4 (¢ 0.5, MeOH). The UV spectrum of compound 1
dissolved in MeOH exhibited maximum absorption (4,,,,) at
204 nm with a molar absorptivity (log ¢) of 1.18 and at 220
nm with a log ¢ of 1.41. The infrared (IR) spectrum of com-
pound 1, measured using potassium bromide (KBr) as the
matrix, showed characteristic absorption bands at v, ,, 3446,
2964, 2933, 2850, 1749, 1631, 1444, 1385, 1036, and 1026
em . Its ECD spectrum in MeOH displayed A, (A¢) values
of 214 (-33.23) and 233 (+13.57) nm. The '"H NMR (600
MHz, CD;0D) and “C NMR (150 MHz, CD;0D) data are
presented in Tables 1 and 2. HR-ESI-MS analysis revealed
the presence of [M + Na]™ at mass-to-charge ratio (m/z)
355.1867 (Caled. for C,oH,304Na, 355.1880).
Abientaphlogatone B (2) was obtained as a white
amorphous powder with a specific rotation of [a]® —60.9 (c
0.9, MeOH). The UV spectrum in MeOH exhibited a A,
(log ¢) value of 220 (1.91) nm. The IR spectrum (KBr)
showed characteristic absorption bands at v, 3475, 2974,
2931, 1695, 1662, 1450, 1356, 1146, 1026, and 1009 cm .
The ECD spectrum in MeOH displayed /., (A¢) values of

®

207 (-2.94), 221 (+3.78), and 238 (—1.57) nm. 'H NMR (600
MHz, CD;0D) and “C NMR (150 MHz, CD;0D) data are
shown in Tables 1 and 2. HR-ESI-MS analysis revealed the
presence of [M + Na]" at m/z 389.1925 (Caled. for
C,0H30O0¢Na, 389.1935).

Abientaphlogatone C (3) was obtained as a white
amorphous powder with a specific rotation of [a]? —51.2 (¢
0.7 MeOH). In MeOH, the UV spectrum displayed a 4,,,, (log
¢) value of 220 (1.11) nm, and the ECD spectrum showed
characteristic absorption bands at A, (Ag) values of 206
(—4.76), 218 (+4.62), and 239 (—7.46) nm. 'H NMR (600
MHz, CD,0D) and “C NMR (150 MHz, CD;0D) data are
depicted in Tables 1 and 2. HR-ESI-MS analysis unveiled the
presence of [M + Na]® at m/z 389.1922 (Calcd. for
C,oH30O0¢Na, 389.1935).

Abientaphlogatone D (4) was obtained as a white
amorphous powder with a specific rotation of [0]® —33.4 (¢
0.1, MeOH). The UV spectrum in MeOH displayed a 4,4
(log ¢) value of 220 (2.88) nm. The IR spectrum (KBr) exhib-
ited characteristic absorption bands at v,,,, 3425, 2939, 1722,
1687, 1383, 1034, and 1022 cm . The ECD spectrum in
MeOH presented A, (Ag) values of 204 (=70.06), 221
(+28.66), and 243 (-31.07) nm; 'H NMR (600 MHz,
CD;0D) and “C NMR (150 MHz, CD;OD) data are
provided in Tables 1 and 2. HR-ESI-MS analysis uncovered
the presence of [M + Na]™ at m/z 371.1824 (Calcd. for
C,0H,305Na, 371.1829).

Abientaphlogatone E (5) was obtained as a pale yellow
powder. Its specific rotation was [a]® —39.4 (c 0.1, CH,Cl,).
In MeOH, the UV spectrum exhibited 4,,, (log &) values of
203 (1.45) nm, 219 (1.44) nm, and 264 (0.87) nm, and the
ECD spectrum exhibited A,,,, (A¢) values of 212 (—6.30), 220
(+2.24), 231 (-11.89), 243 (-2.69), 265 (—7.64), and 288
(-1.62) nm. 'H NMR (600 MHz, CD;0D) and *C NMR (150
MHz, CD;0D) data are displayed in Table 3. HR-ESI-MS
analysis revealed the presence of [M + Na]™ at m/z 325.1783
(Calcd. for C9H,405Na, 325.1774).

Abientaphlogatone F (6) was obtained as a pale yellow
powder with a specific rotation of [a]? —42.7 (¢ 0.1, MeOH).
In MeOH, the UV spectrum exhibited 4,,,, (log €) values of
217 (1.71) nm and 268 (1.10) nm, and the ECD spectrum dis-
played A, (Ag) values of 220 (+9.25) and 269 (—5.59) nm;
'H NMR (600 MHz, CD;0D) and “C NMR (150 MHz,
CD;0D) data are presented in Table 3. HR-ESI-MS analysis
demonstrated the presence of [M + Na]™ at m/z 325.1781
(Calcd. for C9H,405Na, 325.1774).

Abientaphlogaside A (7) was obtained as a yellow solid
with a specific rotation of [a]* —114.4 (¢ 0.4, MeOH). The
UV spectrum in MeOH displayed 4,,,, (log ¢) values of 206
(2.52) nm, 300 (0.90) nm, and 329 (1.07) nm. The IR spec-
trum (KBr) showed characteristic absorption bands at v,
3435, 2935, 1703, 1637, 1606, 1265, 1180, and 1165 cm .
The ECD spectrum in MeOH presented A, (A¢) values of
204 (-32.72), 221 (+12.00), and 243 (—18.00) nm. 'H NMR
(600 MHz, CD;0D) and *C NMR (150 MHz, CD;0D) data
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are provided in Table 4. HR-ESI-MS analysis uncovered the
presence of [M + Na]” at m/Zz 679.2696 (Calcd. for
C;5H,4401,Na, 679.2725).

Abientaphlogaside B (8) was obtained as a yellow solid
with a specific rotation of [a]® —83.2 (¢ 0.4, MeOH). In
MeOH, the UV spectrum displayed 1,,,,, (log ¢) values of 202
(1.12) nm and 224 (0.91) nm, and the ECD spectrum exhib-
ited A4 (Ag) values of 204 (—16.08), 220 (+4.33), and 246
(=4.07) nm. "H NMR (600 MHz, CD;0D) and *C NMR (150
MHz, CD;0D) data are presented in Table 4; HR-ESI-MS
analysis unveiled the presence of [M + Na]" at m/z 637.2590
(Calcd. for C33H4,0;(Na, 637.2619).

NMR calculations

Geometry optimization of all conformers of compounds
1a/1b, 2a/2b, and 8a/8b was performed using Gaussian 09
software at the B3LYP/6-31G(d) level in a methanol solvent
model. Plausible conformers were further calculated at the
B3LYP/6-311+G(d, p) level ™. Subsequently, the calculated
NMR data for these conformers were scaled based on the
Boltzmann distribution theory. Finally, chemical shift errors
were computed using linear regression and DP4" probability
analysis .

ECD calculations

The absolute configurations of compounds 1—8 were de-
termined using the Gaussian 09 program package. First, the
compounds were constructed in GaussianView and subjected
to a comprehensive conformational search using CONFLEX.
Conformations with energies lower than 3.0 kcal-mol™" were
selected for subsequent calculations based on the density
functional theory at the B3LYP/6-31G(d) level ®”. The ECD
spectra of the selected conformers were then computed using
at the B3LYP/6-311++G(2d, p) level, employing the CPCM
solvation model in a MeOH solution. The calculated ECD
curves were generated using SpecDis 1.51 and compared
with the experimental ECD curves to determine their abso-
lute configurations "1,

Acid hydrolysis and determination of sugars

For the acid hydrolysis and determination of sugars in
compounds 7 and 8, each compound (1.0 mg) was subjected
to hydrolysis with 2 mol-L™ HCI for 2 h at 90 °C. The result-
ing hydrolysate was dissolved in H,O and extracted with
CHCI;. Subsequently, the aqueous layer was dried under va-
cuum to yield 7a and 8a. 7a, 8a, standard D-glucose and L-
glucose (Sigma, St. Louis, MO, USA) were individually dis-
solved in 1.0 mL of pyridine containing L-cysteine methyl es-
ter (3.0 mg, Sigma, St. Louis, MO, USA). The mixture was
heated at 60 °C for 1 h, followed by the addition of otolyl iso-
thiocyanate (5 pL, Sigma, St. Louis, MO, USA) and further
heating at 60 °C for another 1 h. Finally, the resulting mix-
ture was directly analyzed by HPLC on an RP-C;g column (5
pm, 4.60 mm x 250 mm; Phenomenex Luna, CA, USA) at
30 °C with isocratic elution (25% CH;CN/0.1% formic acid,
0.8 mL-min"") ®%. The standard glucose derivatives exhib-
ited single peaks at 20.250 min (D-glucose) and 18.390 min
(L-glucose), respectively. The #; for compounds 7 and 8 was

20.001 min and 19.899 min, respectively, confirming the
presence of D-glucose.
p-Hematin formation inhibition assay

The f-hematin formation inhibition assay was conducted
based on a previously reported method ™7, with appropri-
ate improvements. In a 96-well plate, 50 uL of tested samples
at different concentrations in dimethyl sulfoxide (DMSO), 50
L of hemin solution (1.0 mmol-L™", dissolved in 0.1 mol-L™
NaOH solution, Sigma, St. Louis, MO, USA), and 80 pL of
acetate buffer (4.0 mol-L™", pH 5.0) were added. The plate
was then incubated at 55 °C for 5 h. Subsequently, the 96-
well plate was cooled to room temperature, and 100 pL of a
30% (V/V) pyridine-HEPES solution (20.0 mmol-L™", pH 7.5,
Sigma, St. Louis, MO, USA) was added to each well. After
allowing for standing precipitation for 3 h, 25 pL of the su-
pernatant was transferred to another 96-well plate, followed
by the addition of 200 pL of pyridine-HEPES solution. The
plate was thoroughly shaken, and the absorbance was meas-
ured at 405 nm. Chloroquine diphosphate (Sigma, St. Louis,
MO, USA) served as a positive control, while DMSO was
used as a negative control. All experiments were performed
in triplicate.
Cell viability assay in PC12 cells induced by H,O, and MPP"

PC12 cells (ATCC, Manassas, VA, USA) were seeded in
a 96-well plate at a density of 1 x 10" cells/mL and cultured
in RPMI 1640 medium (Hyclone, Logan, USA) with 10%
fetal bovine serum (FBS, Gibco, Gaithersburg, USA) in a hu-
midified incubator at 37 °C and 5% CO, for 12 h. Sub-
sequently, PC12 cells were exposed to 250 pmol-L™" H,0, or
500 pmol-L™" MPP". After incubation for 12 h, the cells were
added with tested compounds at various concentrations and
incubated for another 12 h. Afterward, 10 pL of MTT (5
mg~mL71, Sigma, St. Louis, MO, USA) was added to each
well. After 4 h of incubation, the medium was removed, and
the formazan crystals were dissolved by DMSO. The absorb-
ance of the formazan solution was measured at 490 nm (Bio-
Rad Model 680, Bio-Rad, Hercules, CA, USA). In addition,
cytotoxicity was evaluated by a colorimetric assay using the
MTT method after the cells were incubated with the tested
compounds for 24 h.

Supplementary material

UV, NMR, HR-ESI-MS, CD spectra and further detailed
experimental information are available as Supplementary ma-
terial, and can be requested by sending E-mails to the corres-
ponding authors.
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