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ARTICLE INFO ABSTRACT

In this study, araucarene diterpenes, characterized by a pimarene skeleton with a variably ox-
idized side chain at C-13, were investigated. A total of 16 araucarene diterpenoids and their
derivatives were isolated from the woods of Agathis dammara, including 11 previously unre-
ported compounds: dammaradione (1), dammarones D-G (2, 5, 14, 15), dammaric acids B-F
(8-12), and dammarol (16). The structures of these new compounds were elucidated using
high-resolution electrospray ionization mass spectroscopy (HR-ESI-MS) and one-dimension-
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Agathis dammara al/two-dimensional (1D/2D) nuclear magnetic resonance (NMR), while their absolute config-
Araucarene urations were determined through the electronic circular dichroism (ECD) exciton chirality
Diterpenes method and Snatzke’s method. The hypoglycemic activity of all isolated compounds was eval-

Hypoglycemic
Pancreatic 3 Cells

uated using a transgenic zebrafish model, and a structure-activity relationship (SAR) analysis
was conducted. Araucarone (3) and dammaric acid C (9), serving as representative com-
pounds, demonstrated significant hypoglycemic effects on zebrafish. The primary mechanism
involves the promotion of pancreatic S cell regeneration and glucose uptake. Specifically,
these compounds enhance the differentiation of pancreatic endocrine precursor cells (PEP

cells) into S cells in zebrafish.

1. Introduction

The hypoglycemic effect is a vital biological activity exhibited
by numerous natural-origin compounds, conferring significant
medicinal value in addressing various health conditions, includ-
ing cardiovascular diseases, diabetes, metabolic syndrome, and
obesity . Araucariaceae, an ancient family of tall trees, is pre-
dominantly found in the southern hemisphere, while Agathis
dammara is a species located in Malaysia in the northern hemi-
sphere °. Araucarene, encompassing a series of diterpene com-
pounds extracted from Araucariaceae family plants, has been his-
torically underappreciated, with limited research focusing on its
basic chemical structure dating back to the 1960s “’. Notably, the
wood resin of A. dammara, known as dammara resin, finds ex-
tensive applications in industry and medicine °. Malaysian indi-
genous populations have traditionally employed it to address
various inflammatory-related conditions, including arthritis,
headaches, muscle pain, burns, fever, diarrhea, and abdominal
discomfort °. Compounds isolated from this resin are also be-
lieved to possess potential biological activities, such as hypogly-
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cemic, hypolipidemic, antioxidant, and anti-inflammatory effe-
cts °. In a parallel investigation, we discovered that the total diter-
pene content of A dammaraand one monomeric araucarene
diterpene derived from it effectively inhibited the progression of
abdominal aortic aneurysm by suppressing the activation of the
NF-kB/NLRP3 pathway '’. Understanding the active derivatives
of araucarene diterpenes and their pharmacological effects in A.
dammara wood extract, as well as the specific mechanisms in-
volved, is essential for harnessing the potential of this plant as a
natural therapeutic agent.

This study reports the isolation of 16 araucarene diterpen-
oids and their derivatives from the wood extract ofA.
dammara, with 11 of these compounds being novel discoveries.
The structures of the new compounds were elucidated using high-
resolution electrospray ionization mass spectroscopy (HR-ESI-
MS) and one-dimensional/two-dimensional (1D/2D) nuclear
magnetic resonance (NMR), while their absolute configurations
were determined through electronic circular dichroism (ECD) ex-
citon chirality method and Snatzke’s method. These novel com-
pounds were designated as dammaradione (1), dammarones D-G
(2, 5, 14, 15), dammaric acids B-F (8-12), and dammarol (16).
The hypoglycemic activity of these diterpenoids was sub-
sequently evaluated using zebrafish models, and a structure-
activity relationship analysis was conducted. Furthermore, the

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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biological mechanism underlying their hypoglycemic action was
investigated. The findings indicate that the active compounds
promote pancreatic 8 cell regeneration by stimulating the differ-
entiation of zebrafish pancreatic endocrine precursor cells (PEP
cells) into S cells. Additionally, these compounds were observed
to enhance glucose uptake in zebrafish. This paper presents the
isolation, structural identification, hypoglycemic biological evalu-
ation, and mechanistic studies of these compounds.

2. Results and Discussion

2.1. Separation and structural identification of compounds

The 16 araucarene diterpenes and their derivatives isolated
in this study (Fig. 1) were all observed as white powders. The *C
NMR spectral data (Table 1) exhibited a high degree of similarity
in internal structure, with only minor differences attributable to
varying substituents on specific carbon atoms. These variations
served as a crucial basis for determining the structure of the nov-
el compounds identified in this investigation . '"H NMR spectral
data (Table 2) and 2D NMR techniques, including heteronuclear
singular quantum correlation (HSQC), heteronuclear multiple
bond correlation (HMBC), and correlation spectroscopy (COSY),
were employed to elucidate the planar configuration of the new
compounds (Fig. 2), while nuclear Overhauser effect spectro-
scopy (NOESY) signals were utilized to confirm their relative con-
figuration (Fig. 3). Additionally, the determination of HR-ESI-MS,
ultraviolet (UV) spectrum, infrared (IR) spectrum, and optical ro-
tation provided further significant insights into the structure of
the novel compounds. The absolute configuration of these new
compounds was established by comparing the measured and cal-
culated values of their ECD spectra (Fig. 4).

Dammaradione (1), a white powder, exhibited a molecular
formula of C,3H3,0,, indicating 6 degrees of unsaturation, as de-
termined by HR-ESI-MS at a mass-to-charge ratio (m/z) 303.2317
[M + H]" (Calcd. for CyoH3;0,, 303.2319). In 'H NMR spectrum
(Table 2) revealed four typical methyl signals at 6, 1.04 (3H, s, H-
17),1.14 (3H, s, H-18), 1.08 (3H, s, H-19), 1.09 (3H, s, H-20), con-
sistent with an araucarone diterpenoid structure. Additionally, an
atypical methyl signal appeared at 6y 2.15 (3H, s, H-16). An al-
kene hydrogen signal was observed at 8 5.48 (1H, m, H-7), cor-
responding to an in-ring double bond, as evidenced by the **C
NMR (Table 1) signals at 6;122.5 (C-7) and 134.3 (C-8). The
DEPT spectrum indicated the presence of five primary carbons,
six secondary carbons, three tertiary carbons, and five quatern-
ary carbons, including two carbonyl groups at 6. 216.8 (C-3) and
214.0 (C-15) in the "*C NMR spectrum. The planar structure of the
molecule was elucidated through analysis of HSQC, COSY, and
HMBC spectra (Fig. 2). Key HMBCs demonstrated the connection
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from 6y 2.15 (s, CH3-16) to 8¢ 214.0 (C-15), from 6y 1.04 (s, CHs-
17) to 8. 47.8 (C-13) and then to &; 32.5 (C-12), 41.8 (C-14),
214.0 (C-15), from &y 1.14 (s, CH3-18) and 1.08 (s, CH3-19) to d¢
47.4 (C-4) and then to 6. 216.8 (C-3) and 51.5 (C-5), and from 6y
1.09 (s, CH3-20) to 8¢ 47.8 (C-10) and then to &¢ 38.0 (C-1), 51.5
(C-5), 50.7 (C-9). The structure of 1 resembles that of the known
compound araucarone (3), with the notable difference being the
absence of the 16-hydroxyl group, resulting in C-16 becoming a
methyl group (6; 24.8). These NMR data confirmed the planar
structure of 1.

The specific optical rotation of 1 is [a]} -10 (¢ 0.1 MeOH).
The NOESY signals between 8y 1.09 (s, CH3-20), 1.43 (m, §-H-4),
1.04 (s, CH3-17), and 1.14 (s, CH3-18), as well as the correlations
between 1.14 (s, CH3-19), 1.58 (m, H-5), and 1.71 (m, H-9), indic-
ated that CH3-20, CH3-17, CH3-18 exhibit S configurations, while
H-5, H-9, CH3-19 demonstrate a configuration (Fig. 3). To de-
termine its absolute configuration, quantum mechanical calcula-
tions of the ECD spectrum of 1 were conducted using the time-de-
pendent density functional theory method. The calculated ECD
spectrum, obtained at the B3LYP/6-31G + (d) level, aligned pre-
cisely with the experimental results (Fig. 4), suggesting the abso-
lute configuration of the compound is 5R, 95, 10R, 13S.

Dammarone D (2) was obtained as a white powder with NMR
signals similar to those of 3 (Table 1). Its molecular formula,
C,0H3,03, was determined by an ion peak in HR-ESI-MS at m/z
321.2422 [M + H]" (Calcd. for CyoH3503, 321.2424), indicating 5
degrees of unsaturation. The primary difference between 2 and 3
is in the A ring. Hydroxyl signals were observed in 'H NMR and
¥C NMR at &, 3.47 (1H, t, H-3) and &; 76.0 (C-3), respectively.
Furthermore, the NMR signals of 2 closely resemble those of the
known compound araucarol (7), except for the signals of C-1-C-5
and C-18 on the A ring, attributable to hydroxyl isomerization at
C-3 from f configuration (¢ 79.1 of 7) to a configuration (8¢ 76.0
of 2). HMBS, HSQC, and COSY signals support the proposed
planar structure (Fig. 2). The isomerization was confirmed by the
correlation between &y 3.47 (t, H-3) and 0.95 (s, CH3-18) in the
NOESY (Fig. 3) and specific optical rotation [a]} -24 (¢ 0.1
MeOH). Comparison of the Cotton effect observed in ECD with
calculated values indicates that the configuration of 2 is 3R, 5R,
9S, 10R, 135 (Fig. 4).

Dammarone E (5) was isolated as a white powder with a spe-
cific optical rotation of [a]} -22 (c 0.1, MeOH). Its molecular for-
mula, C,oH3,0,4, requiring 6 degrees of unsaturation, was determ-
ined by HR-ESI-MS m/z 335.2215 [M + H]" (Calcd. for Cy3H3;04,
335.2217). The NMR signals of 5 closely resemble those of 3, with
the primary difference observed at the C-2 position. The *C NMR
signal for C-2 shifted from 6. 34.6 of 3 to 6; 68.7 of 5 (Table 1).
The 'H NMR signal at 6, 4.57 (1H, m, H-2) confirms the presence
of a hydroxyl substituent (Table 2). The planar structure was elu-
cidated through analysis of various 2D NMR signals (Fig. 2). The

R, R,

OH H
9 = H
10° OH =0

Fig. 1 Structure of araucarene diterpenoids and derivatives (1-16) isolated from A. dammara (*New compounds).
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Table 1 "°C NMR spectrum (150 MHz) data of isolated araucarene diterpenes and derivatives 1-16 (*New compounds).

Compd. C-1 C-2 C-3 c4 C5 C6 C-7 C-8 ¢c9 C10 C-11 C-12 C-13 C-14 C-15 C16 C-17 C-18 C-19 C-20
1* 38.0 346 2168 474 515 238 1225 1343 507 352 198 325 478 418 2140 248 192 226 255 148
2* 31.7 25.1 760 370 440 231 1237 1332 513 350 193 325 459 418 2152 64.0 189 227 283 148
3 38.0 346 2165 474 515 239 1233 1333 507 353 195 325 459 417 2149 641 189 226 256 148
4 51.5 2106 824 451 489 234 1235 1329 518 423 194 322 457 414 2147 640 189 164 287 155
5% 47.9 68.7 2160 47.0 523 237 1228 1331 508 358 193 323 458 415 2147 640 189 226 250 156
6 123.6 143.7 2005 434 481 229 1238 1331 486 364 193 324 459 420 2147 641 19.0 225 254 16.0
7 378 27.3 79.1 386 498 232 1235 133.0 515 354 189 326 459 417 2152 640 193 157 284 149
8* 318 25.7 742 371 440 23.0 1228 1347 513 350 19.6 334 417 431 1797 202 231 291 151
9* 38.0 346 2168 475 516 238 1227 1339 506 352 19.6 33.0 421 424 1839 19.7 226 256 148

10* 51.5 2108 824 452 489 234 1230 1335 518 423 196 328 420 422 1841 196 164 287 155
11* 124.0 143.7 200.7 435 481 228 1232 1337 486 364 195 329 422 427 1844 198 225 254 160
12* 412 1739 1802 454 468 255 1224 1349 459 394 203 334 416 432 1795 201 250 266 164
13 31.8 25.2 762 370 441 231 1222 1349 518 350 196 332 371 433 80.6 627 172 228 283 148
14* 38.2 347 2172 475 512 239 1217 1350 517 353 198 33.0 371 430 804 627 173 227 256 148
15* 516 211.0 824 370 49.0 234 1220 1346 524 424 198 328 452 427 803 626 172 164 287 155
16* 379 2087 775 387 501 232 1213 136.0 521 353 199 333 374 434 80.0 625 176 165 29.0 152

*CcDCly: 1-7,9-11, 13-15; DMSO-d,: 8, 12, 16.

NOESY correlation between 6y 4.57 (m, H-2) and 1.19 (s, CH3-20)
indicated that the 2-hydroxyl group adopts an a configuration
(Fig. 3). Comparison of ECD spectra further confirms the abso-
lute configuration of 5 is 2R, 5R, 95, 10R, 135 (Fig. 4).

Compounds 8-12 are 19-carbon diterpenes with a carboxyl
group (C-15) at C-13. These compounds, rarely reported in liter-
ature, are designated as dammaric acids in this study. The forma-
tion of the carbonyl group and the absence of C-16 likely result
from oxidative cleavage occurring between C-15 and C-16 (Fig.
2). To facilitate spectral data comparison (Tables 1 and 2), the
carbon atom numbering in dammaric acids omits C-16 due to its
absence.

Dammaric acid B (8) is a 19-member ring dammaric acid
diterpenoid, isolated as a white powder, with [a]> -30 (c 0.1,
MeOH). 'H NMR analysis revealed a methine-bearing oxygen at 8y
3.24 (1H, br s, H-3), corresponding to a *C NMR signal at & 74.2
(C-3) (Tables 1 and 2). In addition, the *C NMR signal at 8. 179.7
(C-15)indicated the presence of a carboxyl group. The ion peak of
HR-ESI-MS at m/z 329.2081 [M + Na]" (Calcd. for C;9H3,03Na,
329.2087), DEPT and "*C NMR spectra revealed 19 carbon atoms,
comprising 4 primary carbons, 6 secondary carbons, 4 tertiary
carbons, and 5 quaternary carbons. The HMBC from 6y 0.96 (s,
CH3-17) to 6¢ 41.7 (C-13) and subsequently to the carboxyl J;
179.7 (C-15) suggests the carboxyl group’s position at C-15 (Fig.
2). The NMR data of 8 closely resembles that of the known com-
pound araucarol (7), except for the absence of C-16 and the
transformation of C-15 from carbonyl (6; 215.2) to carboxyl (8¢
179.7), attributed to oxidative cleavage. NOESY analysis revealed
a correlation signal between 6y 0.84 (s, CH3-19) and 3.24 (br s, H-
3), indicating that 3-OH adopts a 8 configuration (Fig. 3). The ECD
spectrum confirms the absolute configuration of 8 as 38, 5R, 95,
10R, 135 (Fig. 4).

Dammaric acid C (9), a white powder with [e]; -52 (c 0.1,
MeOH), possesses the dammaric acid skeleton with 19 carbon
atoms, as determined by HR-ESI-MS at m/z 305.2106 [M + H]"
(Calcd. for C19H»903, 305.2111). It exhibits characteristics similar
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to 3 in the A ring, as evidenced by "*C NMR data (Table 1). Com-
parison of the *C NMR signals of 9 and 3 reveals that the sole dif-
ference lies in the oxidative cleavage at the C-16 position, with C-
15 transforming into a carboxyl group, resulting in an upfield
shift from 6 214.9 to 6. 183.9. HSQC, HMBC, and COSY spectra
confirm an identical planar structure to 8 (Fig. 2), while NOESY
signals (Fig. 3) and ECD spectra (Fig. 4) indicate an absolute con-
figuration of 5R, 95, 10R, 135, consistent with 8.

Dammaric acid D (10) was isolated as a white powder with a
molecular formula of C;9H,g0,, indicating 6 degrees of unsatura-
tion, as determined by HR-ESI-MS analysis. The spectrum showed
a peak at m/z 343.1874 [M + Na]® (Calcd. for Cy9H,504Na,
343.1880). Its NMR signals were characterized similarly to the
known compound araucarolone (4). In the A ring, the *C NMR
signals at 6; 210.8 and 82.4 indicated the presence of C-2 car-
bonyl and C-3 hydroxyl structures, respectively, similar to those
in 4 (Table 1). HMBS analysis revealed correlations between &y
2.61 (d, H-1) and 3.98 (d, H-3) with the carbonyl carbon at d;
210.8 (C-2), while 6,; 1.18 (s, CH3-18) correlated with the hy-
droxyl carbon at . 82.4 (C-3), further confirming the position of
each substituent in the A ring. Additionally, HSQC and COSY sig-
nals elucidated the complete molecular planar configuration
(Fig. 2). NOESY correlations indicated that the 3-hydroxyl group
also has a f configuration (Fig. 3). The specific rotation [a]> -18
(c 0.1, MeOH) and comparison of measured to calculated ECD
spectra values demonstrate that the configuration of 10 is 3R, 5R,
9S, 10R, 135 (Fig. 4).

Dammaric acid E (11), a white powder with [a]} -36 (¢ 0.1,
MeOH), exhibited an HR-ESI-MS m/z of 319.1901 [M + H]" (Calcd.
for C19H;704, 319.1904). Its structure is characterized similarly to
the known compound araucarenolone (6) in the A ring, with °C
NMR signals at 6; 124.0 (C-1), 143.7 (C-2), and 200.7 (C-3) indic-
ating an identical @, f-unsaturated ketone structure (Table 1).
The 2D NMR spectral signals elucidated the complete planar
structure of the molecule (Fig. 2). NOESY signals revealed a relat-

ive configuration consistent with other dammaric acid com-
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Dammarric acid F (14)
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~ ™ HMBC

Dammarol (16)

Fig. 2 Molecular structure and 2D NMR signals of new compounds (1, 2, 5, 8-12, 14-16).

L L C ¢

Dammarone F (14)

<, 3

~— NoESY (« configuration)
“ NoESY (f configuration)

Fig. 3 Molecular structure and NOESY signals of new compounds (1, 2, 5, 8-12, 14-16).

pounds (Fig. 3), while ECD spectroscopy confirmed the absolute
configuration as 5R, 95, 10R, 135 (Fig. 4).

Dammaric acid F (12) was obtained as a white powder with
19 carbon atoms, including C-7, 8 double bond signals at ; 122.4
and 134.9, similar to those in 8-11 (Table 1). The excimer ion
peak m/z 375.1770 [M + Na]" (Calcd. for C;oH,30¢Na, 375.1778)
in HR-ESI-MS indicated the presence of 6 oxygen atoms, the
highest number among all compounds in this study. Three
carboxyl signals were observed in the sp” field of the *C NMR
spectrum of 12, at 6; 173.9 (C-2), 180.2 (C-3), and 179.7 (C-15).
The "C-NMR signals of the B and C rings are largely consistent
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with the structure of 9. However, the specific optical rotation of
12, [a]3 +1 (c 0.1, MeOH), is nearly racemic compared to other
diterpenes with rigid three-ring structures, suggesting an opened
A-ring and reduced molecular rigidity. HMBC, HSQC, and
COSY analyses determined the positions of the three carboxyl
groups and confirmed the ring-opening planar structure
(Fig. 2). The A-ring opening caused shifts in 6y 0.91 (s, CH3-20),
0.97 (s, CH3-17), and 1.17 (s, CH3-18) due to spatial rearrange-
ment, but NOE correlations with 6y 1.23 (m, H-11p) indicated
their common orientation. NOE correlations between H-9 and H-
5, and between H-5 and CH3-19, suggested their opposite orienta-
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Fig. 4 ECD spectra of new compounds and comparison with calculated values.

tion (Fig. 3). Comparison of the ECD spectrum with calculated val-
ues confirms the absolute configuration as 5R, 95, 10R, 13S
(Fig. 4).

Dammarone F (14) is a 15,16-pimaricol diterpenoid, isol-
ated as a white solid with a specific optical rotation of [a]} -48 (c
0.1, MeOH). Its molecular formula, C,oH3,05, requiring 5 degrees
of unsaturation, was determined by HR-ESI-MS m/z 321.2420
[M + H]" (Calcd. for CpoH3305, 321.2424). The 'H NMR spectrum
of 14 exhibits a methine and a methylene-bearing hydroxyl
groups at 6y 3.36 (1H, dd, H-15), and at 6y [3.77(1H, dd) &
3.53(1H, t), H-16] (Table 2), respectively. The 'H-'H COSY spec-
trum reveals a correlation between these two groups, indicating
their linkage (Fig. 2). Furthermore, 6 217.2 (C-3) indicates the
presence of a carbonyl group (Table 1). The methyl long-range
coupling HMBC signals demonstrate that the carbonyl is at C-3
and the -CH(OH)-CH,0H moiety is at C-15 (Fig. 1). The NMR data
of 14 closely resembles that of the known compound (13S)-pimar-
7-ene-3a,15,16-triol (13), with the exception that the C-3 hy-
droxyl is oxidized to a carbonyl, resulting in a shift of the "*C NMR
signal from 6 76.2 to 6¢ 217.2.

Compound 14 possesses a C-15,16-diol moiety side chain at
C-13, and while the entire diterpene molecule exhibits some mo-
lecular rigidity due to its intact tricyclic structure, allowing for a
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notable cotton effect in the ECD spectrum, the side chain remains
flexible. This flexibility presents challenges in directly determin-
ing the chirality of the C-15 hydroxyl group through ECD spectro-
scopy. Consequently, we employed Snatzke’s method to ascer-
tain the chirality of this hydroxyl group. Snatzke’s method, a spe-
cialized technique for determining the absolute configuration of
vicinal diols, involves forming complexes with dimolybdenum
tetraacetate (DT). These complexes yield different cotton effects
at specific wavelengths depending on the configurations of the vi-
cinal diol . This approach has been applied to structurally simil-
ar pimarene compounds '>. The absolute configuration of the C-
15 hydroxyl group can be determined by observing the cotton ef-
fect at 305 nm in the ECD spectrum after mixing the compound
with DT. We measured ECD spectra at 0, 20, 40, and 60 minutes
after mixing 14 with DT. The resulting complex displayed a posit-
ive signal in the 280-350 nm range, which gradually diminished
over time, indicating slow dissociation of the complex at room
temperature. By subtracting the compound’s ECD spectrum from
the spectrum with the most prominent cotton effect (0 min), we
obtained a diagnostic band (Fig. 5). This band exhibited a posit-
ive cotton effect at 305 nm, aligning with literature observati-
ons '* and suggesting that the C-15 hydroxyl group of 14 pos-
sesses the S configuration.
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After confirming the configuration of the flexible C-15 hy-
droxyl group on the side chain, the remaining chiral groups of
14 are positioned on a rigid molecular framework. NOESY and
ECD spectra were utilized to confirm its absolute configuration.
Consistent with other compounds in previous sections, the
NOESY signals exhibit NOE correlations between 6y 1.14 (s, CHs-
18), 1.08 (s, CH3-20), and 0.80 (s, CH3-17), as well as between
1.08 (s, CH3-19), 1.71 (m, 5-H), and 1.54 (dd, 9-H) (Fig. 3). A com-
parison between the experimental and calculated values of the
ECD spectra further corroborates its absolute configuration as
5R, 9S, 10R, 13S, 158 (Fig. 4).

Dammarone G (15), also a white powder, [a]7 -28 (c 0.1,
MeOH), HR-ESI-MS m/z 337.2370 [M + H]" (Calcd. for CpoH330,,
337.2373), exhibits characteristics similar to 14. The key distinc-
tion lies in the presence of a hydroxyl group attached to C-3 (S
82.4) (Table 1). An NOE correlation between 8y 3.97 (m, H-3) and
0.78 (s, CH3-19) indicates that 3-OH is in the f configuration (Fig.
3). Applying Snatzke’s method, the ECD spectrum intensity of the
complex formed by 15 and DT reaches its maximum at 20 min,
analogous to compound 14, displaying a positive signal in the
diagnostic band derived from it (Fig. 5). This observation sug-
gests that its C-15 hydroxyl group also adopts the S configuration.
By integrating data from the NOESY spectrum (Fig. 3) and ECD
spectrum (Fig. 4), the absolute configuration of 15 can be estab-
lished as 3R, 5R, 95, 10R, 135S, 15S.

Dammarol (16), a white powder with [a]> -12 (¢ 0.1,
MeOH), HR-ESI-MS m/z of 323.2578 [M + H]' (Calcd. for
CyoH3503, 323.2581). Its characterization is similar to that of 13,
with identical atomic couplings displayed by HMBC, HSQC, and
COSY (Fig. 2). The primary distinction lies in the slight variation
of chemical shifts for several carbon atoms near C-3 in the A ring
(Table 1, C-3 shifted from ¢ 76.2 in 13 to 8. 77.5 in 16). Based on
this, it is speculated that 16 and 13 have the same planar struc-
ture, and the hydroxyl group on C-3 is isomerized to 8 configura-
tion, which is proved by the NOE correlation between &;; 0.89 (s,
CH3-19) and 3.01 (m, H-3) in the NOESY signal (Fig. 3). Snatzke’s
method reveals a positive signal in the diagnostic band, indicat-
ing an S configuration for the C-15 hydroxyl group of 16 (Fig. 5).
The absolute configuration, confirmed by NOESY (Fig. 3) and ECD
spectra (Fig. 4), is determined to be 35, 5R, 95, 10R, 135, 15S.

Additional diterpenoids were identified through analysis of
their NMR and MS data, as well as by comparison with reported
values. These compounds include: araucarone (3) ', araucaro-
lone (4) , araucarenolone (6) ", araucarol (7) ', and (13S)-pi-
mar-7-ene-3a,15,16-triol (13) . Notably, although compound
13 has been previously reported, its absolute configuration at the
C-15 hydroxyl group had not been established in the literature.
To resolve this, Snatzke’s method was employed, revealing that
the hydroxyl group at C-15 adopts an S configuration (Fig. 5).
This assignment is consistent with the stereochemical configura-
tion observed in other C-15,16-diol compounds analyzed in this
study.

2.2. Toxicity evaluation

All zebrafish treated with 5 pmol-L™" exhibited no mortality
or impaired viability. Araucarone (3) and dammaric acid C (9),
selected for mechanistic studies, demonstrated no toxicity even
at a dose of 10 pmol-L™". These findings indicate the high safety
profile of araucarene diterpenes and their derivatives as poten-
tial therapeutic agents (Supplementary Fig. S122).

2.3. Hypoglycemic activity of diterpenes
The zebrafish (Danio rerio) exhibits glucose metabolism

pathways and metabolites similar to those in humans, making it
an ideal model for studying the hypoglycaemic activity of dr-
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ugs '*". This study utilized a Tg(Ins:htBid"™*"; LR) pancreatic 8
cell ablation zebrafish model ' to induce hyperglycaemic symp-
toms. In this transgenic zebrafish, the truncated human Bid pro-
tein (htBid) was derived from an insulin promoter and con-
trolled under a tetracycline- and ecdysone-inducible system. Fol-
lowing induction with doxycycline (Dox) and tebufenozide (Tbf),
the proapoptotic tBid expression in § cells resulted in their apop-
tosis, which was labeled by the transgenic line Tg(-1.2ins:H2B-
mcherry). The zebrafish were subsequently incubated with com-
pounds 1-16 and the positive control drug rosiglitazone (RGZ) at
5 umol-L™ for 24 h for activity testing (Fig. 6A).

The free glucose level was significantly elevated following
cell ablation compared to non-induced transgenic zebrafish, in-
dicating that S cell ablation induced hyperglycemia in the
zebrafish model. The results demonstrated that, in addition to
compounds 1 and 13-16, other araucarene diterpenes exhibited
blood sugar reduction effects in zebrafish. Compounds 3, 5-9,
11-12 displayed the most significant hypoglycemic activity, com-
parable to that of the positive control drug RGZ (P <0.001, Fig.
6B). Among them, the half maximal effect concentrations (ECs)
of araucarene (3) and dammaric acid C (9) were evaluated and
they were 2.83 + 0.28, and 3.00 * 0.31 umol-L™" (Fig. 6C).

The structure-activity relationship was analyzed based on
the presented data (Fig. 6D). The side chain of the C ring at C-13
significantly influenced the activity. The classical araucarene
structure, featuring a C-15 carbonyl and C-16 hydroxyl, demon-
strated substantial hypoglycemic activity. Similarly, the dammar-
ic acid structure, characterized by C-16 oxidation and
fracture, along with a C-15 carboxyl group, exhibited comparable
efficacy. However, acetyl or ethanediolyl substitution at C-13 con-
siderably diminished the hypoglycemic activity. Oxidation of the
A ring to form a C-2 carbonyl negatively impacted the activity.
The configuration of the C-3 hydroxyl also played a crucial role in
determining activity, with the a-hydroxyl configuration being
preferred. Additionally, the presence of a C-3 carbonyl group en-
hanced the activity.

2.4. Exploration of the hypoglycemic mechanism

To investigate the hypoglycemic mechanisms of araucarene
diterpenoids and their derivatives, araucarene (3) and dammaric
acid C (9) were selected for further study. This selection was
based on their high abundance in the A. dammara extract, signi-
ficant hypoglycemic activity, and their distinct representation of
typical araucarene and dammaric acid, respectively. Notably,
compound 9 is a novel discovery. The inhibition of blood glucose
elevation primarily involves two mechanisms in different tissues:
enhancing glucose uptake in peripheral tissue and promoting re-
generation of pancreatic 8 cells. To elucidate the hypoglycemic
mechanism, two zebrafish models were employed.

2.4.1. Regulation on glucose uptake

2-NBDG, a fluorescently labeled deoxyglucose analog, was in-
troduced into the zebrafish culture medium to indicate glucose
uptake . As illustrated in Fig. 7A, both compounds 3 and 9 signi-
ficantly promoted glucose uptake to the level of the control
group. However, their promotional effect was notably less pro-
nounced than that of RGZ.

2.4.2. Regeneration of pancreatic f cells

A double transgenic zebrafish model, Tg(Ins:htBid™*"; LR);
Tg (Ins:H2Bmcherry), was employed to quantify § cells following
compound treatment. The Tg(Ins:H2Bmcherry) zebrafish ex-
presses red fluorescent protein (mCherry) in S cells under the
control of an insulin-specific promoter, enabling their labeling.
This allows for the observation, quantification, and imaging of
zebrafish pancreatic B cells via fluorescence microscopy ‘. In
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Fig. 5 Determination of absolute configuration of the 15,16-diol moiety of 13-16 using Snatzke’s method (Diagnostic band: The ECD spectral band of the complex formed
by the compound and DT with the largest cotton effect subtracted the ECD spectral band of the compound itself).

comparison to the S cell ablation group (tBid + Dox + Tbf +
dimethyl sulfoxide (DMSO)], the number of pancreatic f cells in
the hyperglycaemic zebrafish model increased significantly after
24-h treatment with compounds 3 and 9 (Fig. 7B). These findings
suggest that the hypoglycemic activity of A.dammara araucarene
diterpenoids and derivatives may also be attributed to the pro-
motion of pancreatic S cell regeneration (Fig. 7C).

2.4.3. Mechanism on the regeneration of pancreatic £ cells

To elucidate the regeneration source of pancreatic f cells,
three transgenic zebrafish lines Tg(Mnx1:eGFP), Tg(Ins:Fucci;LR),
Tg (gcga:eGFP) were crossed with the double transgenic
zebrafish Tg(Ins:htBid™ ", Ins:H2Bmcherry) as described in our
previous report '’. Motor neuron and pancreatic homeobox 1
(Mnx1) of Tg(Mnx1:eGFP) is a crucial regulatory factor in the
early stages of pancreatic differentiation and serves as a marker
for PEP cells *. The Fucci in Tg(Ins:Fucci;LR) functions as a 8 cell
cycle sensor in zebrafish, specifically expressing mAG-zGeminin
in pancreatic islets. Geminin, a protein specific to the S/G,/M
phase of cell replication, when fused with the monomeric Azami
green (mAG) protein, causes f cells in the S/G,/M replication
phase to emit green fluorescence, directly indicating new S cell
replication *'. The Tg (gcga:eGFP) line marks a cells with GFP
driven by glucagon promoter . These three green fluorescent-
labeled zebrafish strains correspond to the three potential
sources of regenerated £ cells: PEP cells, self-replicating S cells,
and «a cells. Through microscopic imaging of red fluorescently
labeled pancreatic § cells and quantification of double-positive
cells co-expressing red and green fluorescence, the source of 8
cell regeneration can be determined as PEP cell differentiation,
cell self-replication, or a cell transdifferentiation, respectively
(Fig. 6A).

Following 24-h treatment with compounds 3 and 9, a signi-
ficant increase was observed in the number of 8/PEP double-pos-
itive cells co-expressing insulin and Mnx1 fluorescence (Figs. 8A
and 8B). However, no statistically significant difference was
noted in the number of §/self-replicating f double-positive cells
co-expressing insulin and Fucci fluorescence (Figs. 8C and 8D),
nor in B/a double-positive cells co-expressing insulin and gcga
fluorescence (Figs. 8E and 8F). The proportion of S cells derived
from different cell types was calculated based on these cell counts
(Fig. 8G). It was found that the proportion of g cells derived from
PEP cells in the hyperglycaemic zebrafish model after drug treat-
ment was significantly increased compared with the modeling
group (DMSO0), and it was the main source of f cells (> 60%). In
contrast, the proportion of f cells derived from self-replicating
cells was reduced, while the proportion derived from transdiffer-
entiated «a cells was not significantly different and accounted for
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only a small proportion (< 20%). The above results show that 3
and 9 exert hypoglycemic biological activity by promoting the dif-
ferentiation of PEP cells into £ cells.

3. Experimental

3.1. General experimental procedures

Optical rotations were measured using a JASCO P-200 polari-
meter (Tokyo, Japan). UV spectra were recorded in methanol
with a Shimadzu UV-260 spectrophotometer (Kyoto, Japan). ECD
spectra were obtained using a JASCO ]-810 spectrometer (Tokyo,
Japan). IR measurements were performed on a Perkin-Elmer 683
spectrometer. NMR experiments were conducted on Bruker
Avance I11-600 MHz spectrometers in CDCl3 and DMSO-ds. HR-ESI-
MS data were acquired using a Thermo Fisher Q-Exactive mass
spectrometer (Boston, USA). Column chromatography (CC) sep-
arations were carried out using silica gel (300-400 mesh; Qing-
dao Haiyang Chemical Co., Ltd., Qingdao, China) and ODS RP-C;g
(40-63 pm, FuJi, Aichi, Japan). An Agilent 1260 series system
(California, USA) with a COSMOSIL 5C;g-MS-1I (5 pm, 4.6 mm x
150 mm, Kyoto, Japan) column was utilized for high-perform-
ance liquid chromatography (HPLC) analysis. Preparative HPLC
was performed using a Welch Sail 1000 series instrument
equipped with a Welch Ultimate XB-C;g column (5 pm, 250 mm x
21.2 mm, China).

3.2. Plant material

The dried wood of Agathis dammara (Lamb.) Rich was ob-
tained from Xiamen Garden Botanical Garden (24°26'54.6"N
118°06'26.4"E) in March 2021, located in Xiamen City, Fujian
Province, China. A voucher specimen (No. 2021BKS) was pre-
served in the School of Pharmaceutical Sciences, Xiamen Uni-
versity, and identified by Associate Prof. Quancheng Chen.

3.3. Extraction and isolation

A quantity of 1 kg of dried A. dammara wood underwent ex-
traction and refluxing thrice with 2 L of 95% ethanol for 1.5 h,
yielding 367 g of concentrated extract. This extract was sub-
sequently suspended in water and extracted with an equal
volume of dichloromethane, resulting in 100 g of dichlorometh-
ane extract (Fr. A). Initial separation was performed using silica
gel column chromatography (petroleum ether-ethyl acetate
100:1-0:1), yielding seven fractions (Fr. A1-Fr. A7).

Following HPLC-DAD and thin layer chromatography (TLC)
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Fig. 6 Biological test of araucarene diterpenoids of A. dammara on hypoglycemic activity in zebrafish. (A) Modeling and drug administration of hyperglycaemic zebrafish
model. (B) Compound 1-16 (5 umol-L™") on the change of blood glucose value of zebrafish after 24 h treatment in hyperglycaemic zebrafish model Tg (Ins:htBid ™" ;LR). (C)
Dose-efficacy curve and ECs, of hypoglycemic activity of compounds 3, 9 on zebrafish. (D) The structure-activity relationship between structure and hypoglycemic activity
of compounds 1-16 ('P < 0.05, "P < 0.01, and P < 0.001 vs model groups tBid + Dox + Tbf).

analysis, a scheme for further separation of Fr. A3-Fr. A6 was es-
tablished. This scheme involved off-line separation combining re-
versed-phase and normal-phase open chromatographic columns,
along with preparative HPLC. Initially, each component was
passed through Chromatorex C;g as the chromatographic station-
ary phase, with gradient elution performed using conditions de-
termined by HPLC analysis (MeOH/Water, 5%-100%). The
eluted components underwent TLC analysis, utilizing dichloro-
methane and methanol as developing solvents. A developing
solvent formula with an R¢value of 0.2-0.3 on TLC served as the
mobile phase for silica gel column chromatography separation.
The purity of the separated components was verified by TLC and
HPLC, with further purification by preparative HPLC performed if
necessary (Fig. S1).

Dammaradione (1): white powder; melting point: 88.8-
91.3 °C; [a]Z -10 (c 0.1 MeOH); UV (MeOH) A, (log €) 206
(0.36) nm; IR vy, 2924, 1702, 1455, 1377, 1096 cm™'; HR-ESI-
MS m/z 303.2317 [M + H]" (Calcd. for C,oHs;0,, 303.2319); 'H
and "*C NMR data (Tables 1 and 2).

500

Dammarone D (2): white powder; melting point:
108.9-110.0 °C; [@]} -24 (c 0.1 MeOH); UV (MeOH) A, (log €)
209 (0.41) nm; IR vy, 3852, 3741, 3434, 2926, 1703, 1456,
1388, 1218, 1227, 1051, 998 cm™’; HR-ESI-MS m/z 321.2422
[M + H]" (Calcd. for CyyH3305, 321.2424); 'H and C NMR data
(Tables 1 and 2).

Dammarone E (5): white powder; melting point: 139.6-
141.3 °C; [e]F -22 (c 0.1 MeOH); UV (MeOH) A, (log €) 206
(0.36) nm; IR v,,,, 3461, 3365, 2923, 1706, 1454, 1387, 1265,
1102, 997 cm™; HR-ESI-MS m/z 335.2215 [M + H]" (Calcd. for
Cy0H3104, 335.2217); 'H and "*C NMR data (Tables 1 and 2).

Dammaric acid B (8): white powder; melting point:
208.2-210.3 °C; [a]3-30 (c 0.1 MeOH); UV (MeOH) A, (log €)
208 (0.38) nm; IR vy, 3852, 3744, 3672, 3616, 3380, 2931,
1697, 1521, 1459, 1385, 1230, 1120, 1042, 979, 930 cm™’; HR-
ESI-MS m/z 329.2081 [M + Na]® (Calcd. for Cy9H3;03Na,
329.2087); 'H and "*C NMR data (Tables 1 and 2.

Dammaric acid C (9): white powder; melting point:
161.7-165.5 °C; [a]> =52 (¢ 0.1 MeOH); UV (MeOH) Ay, (log €)
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Fig. 7 Preliminary mechanism of compounds 3, 9 on hypoglycemic activity in zebrafish. (A) Change in fluorescence value of hyperglycaemic zebrafish model after 24 h
treatment of compounds 3, 9 (5 pmol-L™) in medium containing 600 umol-L™ glucose analog probe 2-NBDG for 3 h. (B)(C) Count and imaging of islets § cells in a hyper-
glycaemic zebrafish model after 24 h of treatment with compounds 3, 9 (5 umol-L™), characterized by mCherry-labeled insulin-specific promoter Tg(Ins:H2BmCherry) (P <

0.05, "P<0.01, and “"P < 0.001 vs model groups tBid + Dox + Tbf + DMSO).
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Fig. 8 Mechanism study of compounds 3, 9 on pancreatic f8 cell regeneration in the hyperglycaemic zebrafish model. Count and microscopic imaging of 8 cells (red cells)
and double-positive cells (yellow cells) in hybridization between different strains of zebrafish models and Tg(Ins:htBid"™ ", Ins:H2Bmcherry) after 24 h of compounds 3, 9
treatment. (A and B) Tg(Mnx1:eGFP) (green cells) (C and D) Tg(Ins:Fucci;LR) (green cells) (E and F) Tg(gcga:EGFP) (green cells) (G) Proportion of f cells derived from differ-
ent cells after treatment by 3,9 (/¥ P < 0.05, /" P<0.01,and "/**" P < 0.001 vs model groups tBid + Dox + Tbf + DMSO).

207 (0.37) nm; IR vy, 3852, 3743, 3673, 3625, 2961, 1699,
1521, 1460, 1387, 1276, 1120 cm™'; HR-ESI-MS m/z 305.2106
[M + H]" (Calcd. for C;9H,905, 305.2111); 'H and *C NMR data
(Tables 1 and 2).

Dammaric acid D (10): white powder; melting point:
188.4-190.0 °C; [ -18 (c 0.1 MeOH); UV (MeOH) Ay, (log €)
206 (0.34) nm; IR vy, 3417, 2966, 1707, 1455, 1387, 1267,
1214, 1110 cm™'; HR-ESI-MS m/z 343.1874 [M + Na]" (Calcd. for
C19H,504Na, 343.1880); 'H and "*C NMR data (Tables 1 and 2).

Dammaric acid E (11): white powder; melting point:
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152.1-158.8 °C; [a]5 -36 (c 0.1 MeOH); UV (MeOH) Ay (log €)
206 (0.39), 267 (0.39) nm; IR v, 2926, 1699, 1459, 1403, 1275,
1222 cm’™’; HR-ESI-MS m/z 319.1901 [M + H]" (Calcd. for
Cy9H370,4, 319.1904); 'H and "*C NMR data (Tables 1 and 2).
Dammaric acid F (12): white powder; melting point:
218.7-221.4 °C; [@]3 1 (¢ 0.1 MeOH); UV (MeOH) A,,,., (log €) 204
(0.09) nm; IR v, 3746, 2929, 1706, 1521, 1461, 1402, 1274,
883 cm™; HR-ESI-MS m/z 375.1770 [M + Na]® (Calcd. for
C19H,g04Na, 375.1778); 'H and **C NMR data (Tables 1 and 2).

Dammarone F (14): white powder; melting point:
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139.0-141.8 °C; ] -48 (c 0.1 MeOH); UV (MeOH) A,y (log €)
207 (0.35) nm; IR vy, 2939, 3338, 2953, 1705, 1516, 1456,
1383, 1205, 1071 cm™'; HR-ESI-MS m/z 321.2420 [M + H]" (Calcd.
for CpoH3,03, 321.2424); "H and **C NMR data (Tables 1 and 2).

Dammarone G (15): white powder; melting point:
129.5-132.7 °C; [a]} -28 (c 0.1 MeOH); UV (MeOH) A, (log €)
208 (0.41) nm; IR v, 3399, 2959, 1713, 1446, 1387, 1268,
1213, 1099, 1063, 1015 cm™'; HR-ESI-MS m/z 337.2370 [M + H]"
(Calcd. for CpgH330,, 337.2373); 'H and "*C NMR data (Tables 1
and 2).

Dammarol (16): white powder; melting point: 179.9-
182.2 °C; [e]} -12 (c 0.1 MeOH); UV (MeOH) A, (log ) 207
(0.28) nm; IR vy, 3315, 2932, 1520, 1456, 1382 cm™'; HR-ESI-
MS m/z 323.2578 [M + H]" (Calcd. for C,oH3505", 323.2581); 'H
and "*C NMR data (Tables 1 and 2).

3.4. ECD calculations

Conformational analyses were conducted using Schrodinger
Maestro 12.8's Conformational Search function. The resulting
conformers were subsequently optimized using the OPLS4 force
field and filtered with an RMSD threshold of 0.1 A and an energy
window of 5.02 kcal-mol™. Conformations accounting for less
than 1% of the Boltzmann distribution at room temperature were
eliminated. The five conformations with energies closest to the
lowest energy conformation were selected for excitation spec-
trum calculations. Theoretical calculations were performed using
Gaussian 09W. The chosen conformers were ultimately optim-
ized at the B3LYP/6-31G(d) level in methanol.

The ECD calculations for the selected conformers were per-
formed in methanol using Time-dependent Density functional
theory (TD-DFT) at the B3LYP/6-31 + G (d) or B3LYP/6-311 + G
(d, p) level, utilizing Gaussian 09W. Rotatory strengths for 20 or
30 excited states were computed. Subsequently, GaussView 6.0
was employed to generate the spectrum by combining the ener-
gies of various conformations according to the Boltzmann energy
equation, resulting in the final ECD calculation spectrum.

3.5. Establishment and treatment of hyperglycaemic zebrafish
model

Following the crossbreeding of the transgenic zebrafish
strain Tg (Ins:htBid"™ ", Ins:H2Bmcherry) with the desired geno-
type strain, fertilized eggs were collected the subsequent day,
which was designated as day 0 post-fertilization (0 dpf). Tbf
(3 pL, 50 mmol-L™") and Dox (3 pL, 100 mmol-L™") were intro-
duced into a 3.5 cm cell culture dish containing 6 mL of 0.3 x
Danieau’s buffer. Subsequently, the dish was incubated in a
zebrafish incubator under dark conditions for 48 h to induce
B cell ablation at 2 dpf.

Diabetic zebrafish that were ready to be used in experiments
after B cell ablation were rinsed with 0.3 x Danieau’s buffer to re-
move Tbf and Dox. The larvae were placed into a 24-well plate at
a density of 10 zebrafishes/well in 2 mL of egg water. All com-
pounds were made in mmol-L™" with DMSO (prepare other con-
centrations when calculating ECs;). For the treatment, each group
was added accordingly with 2 mL of egg water treated with 1 pL
of each of the compounds (10 mmol-L™") to reach the final con-
centration of (5 umol-L™"), and the control group was treated with
the same amount of DMSO. The treatments lasted for 24 h in the
zebrafish incubator. The group of tBid, which was not induced
with Tbf and Dox, was used as a control of normal zebrafish.

3.6. Total glucose level test

Following compound treatment, a pool of 10 larvae was ho-
mogenized in 100 pL of sample buffer. The homogenate was cent-

502

Chinese Journal of Natural Medicines 23 (2025) 492-503

rifuged at 10 000 r-min™" for 10 min. Free glucose in 10 pL of su-
pernatant (equivalent to one larva) was quantified according to
the manufacturer’s protocol. Fluorescence (excitation, 520 nm;
emission, 580-640 nm) was measured using a SpectraMax M5
Microplate Reader (Molecular Devices, California, USA). Each
sample was analyzed for three pools. The resultant data were im-
ported into GraphPad Prism 8.0.2 software, and statistical differ-
ences among the groups were evaluated using the t-test method.

3.7. 2-NBDG test

Following compound administration, zebrafish (6 dpf) were
incubated in a culture medium containing 600 umol-L™" 2-NBDG
(Apexbio, B6035, Texas, USA) for 3 h. A group of 5 larvae was ho-
mogenized in 100 pL of sample buffer. The homogenate was cent-
rifuged at 10 000 r-min”" for 10 min. The supernatant (30 pL)
was transferred to a 96-well plate for fluorescence detection (ex-
citation, blue 475 nm; emission, 500-550 nm) using a Spec-
traMax M5 Microplate Reader (Molecular Devices, California,
USA). Each sample was measured in triplicate. The resulting data
were analyzed using GraphPad Prism 8.0.2 software, and statist-
ical differences between groups were evaluated using the t-test
method..

3.8. Microscopic imaging and counting of pancreatic cells

After 24 h of compound treatment, the larvae were washed
with 0.3 x Danieau’s buffer. The specimens were then fixed
overnight in 4% paraformaldehyde at 4 °C. Subsequently, the lar-
vae were mounted on slides using aqua-mount (Richard-Allan-
Scientific, Michigan, USA), with their right sides facing upwards
to expose the islets. Cell counting was performed based on RFP
and GFP signals using a Leica TCS SP8 microscope (Leica, Wezt-
lar, Germany) with a 63 x objective lens. Image processing and
cell counting were conducted using LASX Office 1.4.5 software.
The resulting data were analyzed using GraphPad Prism 8.0.2
software, and statistical differences between groups were as-
sessed using the t-test method.

3.9. Determination of absolute configuration of the 15,16-diol moi-
ety using Snatzke’s method

Following the established protocol ', approximately 1:1
mixtures of DT were prepared using 1.0 mg-L™ of compou-
nds 13-16. Immediately after mixing, the initial CD spectrum
was recorded, and its progression was monitored until it reached
a stationary state (0, 20, 40, 60 min). The sign of the characterist-
ic band at 305 nm (band IV, as per Snatzke’s nomenclature) cor-
relates with the absolute configuration of the 15,16-diol moiety.

4. Conclusion

This study characterizes araucarene as a series of diterpene
compounds extracted from plants in the Araucariaceae family. Its
potential biological activity has been largely overlooked, with
only basic chemical structure studies conducted in the 1960s .
Araucarene is distinguished by a diterpene framework featuring
pimarene, with varying degrees of oxidation observed on its side
chain at C-13 and the A ring. The most common configuration in-
volves a side chain substitution at C-15 with a carbonyl group and
at C-16 with a hydroxyl group, as exemplified by compounds such
as araucarone, araucarolone, and araucarol. This research identi-
fies a series of derivatives with novel structures, including C-16
methyl substitution (1), the dammaric acid structure of C-16 ox-
idative cleavage (8-12), and the dammarol structure of C-15 and
16 hydroxyl groups (13-16). Various degrees of oxidation have
occurred on the A-ring of these compounds, including a novel
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structure where the entire A-ring is oxidized and cleaved into two
carboxyl groups (12). Notably, the dammaric acid structure ex-
hibits hypoglycemic biological activity comparable to that of clas-
sical araucarene and demonstrates the same hypoglycemic mech-
anism.

In summary, 11 new abietene and pimarene diterpenes along
with 15 known analogs were isolated from A. dammara. These
araucarene diterpenes and derivatives with different structural
characteristics exhibit different hypoglycemic activities in the hy-
perglycaemic zebrafish model. On this basis, the structure-activ-
ity relationship of these drugs was analyzed. Further mechanism
studies revealed that these drugs produce hypoglycemic activity
mainly by promoting pancreatic 8 cell regeneration and glucose
uptake. The mechanism by which the drugs promote pancreatic 8
cell regeneration is to promote the differentiation of PEP cells in-
to S cellsin zebrafish. These findings enrich the structural di-
versity of araucarenes and provide potential lead compounds for
the development of naturally derived anti-hyperglycaemic drugs.
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