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Abstract

Teucrifarides A-D (1-4), four previously unreported neo-clerodane-type diterpenoids, combined with sixteen known
analogs (5-20), were purified from Teucrium quadrifarium. The absolute forma of compounds 1-4 were determined
via spectroscopic and ECD calculation methods, together with X-ray crystallography experiments. Among them,
compound 1 possessed a 5,20-epoxy ring featuring a unique cage-like 12-oxatricyclo [5.3.2.0"*Jundecane skeleton.
Meanwhile, 2 incorporated a 6,20-epoxy ring with a novel 12-oxatricyclo [6.2.2.0%/Jundecane skeleton. Compounds

1 and 12 exhibited significant inhibitory effects against HT-22 cells ferroptosis induced by RSL3, with ECs values

of 11.8+ 1.0 uM, and 4.52 +1.24 uM, respectively. Moreover, ROS accumulation in HT22 cells treated with compound 1
was also observed.
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1 Introduction

The genus Teucrium (Lamiaceae) comprises shrubs
and herbs, and the majority predominantly distributed
in southwest regions of China [1]. The phytochemical
research on this genus revealed that diterpenes, flavonoids,
and triterpenes were the main metabolites of this plant [2].
Diterpenoids are well known as one of the primary second-
ary metabolites within the Lamiaceae family, and several
complex diterpenoid scaffolds have been reported from the
genus Teucrium [3-5]. Especially, abietane and clerodane
exhibit interesting biological activities, including anti-fer-
roptosis [6], anti-inflammatory [7], anti-neuroinflamma-
tion [8], antifeedant [9], and cytotoxic activities [10], which
have drawn the interest of pharmacologist.

Teucrium quadrifarium, a plant of the genus Teucrium,
is a folk medicine to treat wind heat syndrome, and noso-
toxicosis [11, 12]. However, to date, the phytochemical
investigation of 1. quadrifarium has yielded only a few nat-
ural compounds, such as flavonoids [13] and neo-clerodane
diterpenoids [14]. As part of our efforts to obtain struc-
turally intriguing and biologically significant clerodane-dit-
erpenoids, a phytochemical study of T. quadrifarium was
undertaken. As a result, twenty clerodane diterpenoids,
including four previously undescribed neo-clerodane dit-
erpenoids (1-4) were obtained. Herein, the structural elu-
cidation, and anti-ferroptosis effects of these isolates were
reported.

2 Results and discussion

Teucrifaride A (1) possesses the molecular formula of
C,9H,0O4, based on the HR-ESI-MS ion at m/z 367.1149
[M+Na]* (cacld 367.1152). In the 'H NMR spectrum

(Table 1), one methyl (§; 1.03) and three olefinic protons
(8,4 6.75, 7.46, 8.09) were observed. Moreover, in the >C
NMR (Table 2) spectrum, 19 carbon resonances were
assigned to one methyl, five methylenes, seven methines,
and six non-protonated carbons, respectively. Moreover,
a characteristic furan ring [8y/d 6.75 (d, /J=2.4 Hz)/108.4
(C-14), 7.46 (t, J=1.8 Hz)/144.7 (C-15), 8.09 (s)/147.6
(C-16), and - 127.8 (C-13)] was deduced based on the
1D NMR data. The 'H-"H COSY correlations of H,~1/
H,—2/H,—3/H-4, H-10/H,~1, and H-6/H,—7/H-8, H-8/
H;—17, combined with the HMBCs of H-4 (d}; 3.12) with
C-5, C-18, of H-6 (6} 4.50) with C-5, C-18, of H-10 (6
2.90) with C-6, C-8, C-11, C-20, of Hy—17 (y; 1.03) with
C-9, and of H-11, H-13, and H-16 with C-12 (. 191.8)
suggested that compound 1 was a characteristic neo-
clerodane diterpenoid analogue, with one y-lactonic
ring unit [15]. In addition, an additional y-lactonic ring
fragment constructed via C-5—C-20 according to the key
HMBC correlations of H-10, H-8, and H-11 with C-20,
combined with the downfield characteristic at C-5 (6¢
83.9). Thus, as shown in Fig. 1, the planner structure of 1
was constructed.

The NOESY data was used for analyzing the
relative configuration of 1 (Fig. 2). The signals of
CH;—17/H-6/H-4, assigned these groups were as
a-orientation. On the contrary, the correlations of
H-8/H-10/H-11 demonstrated these protons were
[-orientation. Ultimately, the structure of 1 was fixed
to be 4R,5R,65,85,9S, and 10S, through ECD calculation
method (Fig. 3).

Teucrifaride B (2) with a molecular formula C,,H,,0;
in line with its HR-ESI-MS ion at m/z 353.1346
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Table 1 'H NMR (600 MHz) data of compounds 1-4 in CDCl, (& in ppm, J in Hz)
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Position 1 2 3 4
Sy muie. U in Hz) Sy muie. U in Hz2) Sy muie. U in Hz2) Sy muie. U in Hz)
la 1.59m 094 m 1.31m 1.56m
18 0.99 m 1.65m 1.99 m 1.89°
2a 1.74 m 1.58m 1.60 m 1.53m
2B 1.23dt(13.8,3.0) 183 m 1.97 m 1.89°
3a 2237 215m 218m 1.72m
34 1.62m 2.25m 2.34m 203 m
3.12d(6.6) - - 2.86dd (3.0,7.2)
6 450t (7.8) 541d4.8) 499 m 4481 (3.0)
7 2.08ddd (15.0,7.8,2.4) 1.72.dt(13.8,4.2) 141td (12.6,4.2) 206 m
78 2237 223m 236m 237m
8 246m 291 m 222m 192m
10 2.90dd (12.6,4.8) 3.04m 323m 1.76 dd (12.0, 1.8)
11a 331d(186) 324q 1.97 m 2.32dd (13.8,7.2)
11b 2.86d(18.6) - 2.51dd (144,9.6) 244dd (13.8,9.6)
12 - 5261 (84) 533dd (10.2,7.8)
14 6.75d (24) 6.76dd (1.8, 1.2) 6.09 s 6.38d(1.2)
15 7461(1.8) 7441(1.8) - 7441(1.8)
16 8095 8.141(1.2) 5895 7455
17 1.03d(7.8) 091d(7.2) 1.37d(7.8) 1.06 d (6.6)
18a - 4.10d (8.0) - -
18b - 4.18d (8.0) - -
19a - - - 445d(126)
19b - - - 486 d(12.6)
a - - 378m -
1’b - - 399m -
2’ - - 1261(7.2) 2095
2 Overlapped signal

[M+Na]* (cacld 353.1359). The NMR data of 2 closely
resembled those of 1, indicated these two compounds
share the almost same neo-clerodane skeleton. The main
difference was a methylene [d 4.14 (H-18), 6. 61.6
(C-18)] in 2 replace of a carbonyl carbon . 173.3 (C-18)
in 1. Besides, an unusual J-lactone ring was formed
via C-6-C-7-C-8-C-9-C-20 based on the HMBC
correlations of H-6, H-8, H-10, and H-11 with C-20,
combined with the signals of H-6/H,—7/H-8/CH;—17
in the COSY spectrum (Fig. 1). Therefore, the planner
structure of 2 was elucidated. Furthermore, the NOESY
correlations (Fig. 2) of H-10/H-8/H-11, and H-8/H-
73/H-6, manifested that H-10, H-8, H-6, and H-11 were
B-orientation. Similarly, CH;—17 was a-oriented deduced
by the NOESY signals of CH;—17/H-7a. Subsequently,
the structure of 2 was determined to be 6R, 8S, 95, 10R,
according to the calculated ECD curve was the same with
that of experimental ECD curves in the range of 200—
400 nm (Fig. 3).

Teucrifaride C (3) was yield as a white powder. The
HR-ESI-MS data (m/z 411.1408 [M+Na]*; cacld for
411.1414) suggested a molecular of C,H,,0, By
comparison of 1D NMR data, the structure of 3 is similar
to the structure of teucvidin (5) [16], except for an ethoxy
group [dy (1.26, t, J=7.2 Hz), 3.78(1H, m), 3.99 (1H, m);
6¢c 15.2, 67.4] and an a,fB-unsaturated-y-lactone fragment
(6c 169.1, 163.3, 119.0, 101.9) in 3. Furthermore, the
ethoxy unit was fixed at C-16 due to the 'H-'H COSY
correlations of Hy—2"/H,—1’ (Fig. 1), together with the
HMBC correlations (Fig. 1) from H,—1" (8, 3.78, 3.99)
to C-16. Besides, the HMBC correlations from H-16 to
C-15, C-13, C-14, and from H-12 to C-13, C-14, C-16,
further constructed an a,b- unsaturated-y-lactone
fragment at C-12. Furthermore, the signals of H-10/H-6/
H;—17 in the NOESY spectrum revealed that they were
a-oriented. In contrast, the NOESY correlations of H-8/
H-11b/H-16, and H-12/H-14 were deserved indicating
that H-8, H-16 were S-oriented (Fig. 1). The test ECD
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Table 2 "*C NMR (150 MHz) data of compounds 1-4 in CDCl,

Position 1 2 3 4

1 219 249 234 213
2 209 218 214 242
3 20.1 267 202 195
4 408 1335 1283 454
5 839 1332 1616 46.0
6 76.2 735 76.0 77.7
7 309 329 359 292
8 315 317 383 344
9 512 502 514 499
10 410 414 363 469
11 379 36.7 375 418
12 1918 1928 720 720
13 1278 128.1 1633 1248
14 1084 1085 119.0 108.1
15 1447 1445 169.1 144.4
16 1476 147.5 1019 1400
17 18.1 19.9 14.1 16.3
18 1733 616 1725 1772
19 593
20 1773 176.1 177.1 1777
1 67.4 1705
2 15.2 21.0

curve of 3 was well matched with that of calculated ECD
spectra (Fig. 3), and the structure of 3 was assigned as
Fig. 4.

Teucrifaride D (4), a colorless acicular crystal, with the
molecular formula of C,,H,;0, based on the HR-ESI-MS
ion at m/z of 425.1559 [M + Na]* (C,,H,,O,Na, cacld for
425.1571) and *C NMR data. After careful analysis of
1D NMR data of 4 (Tables 1 and 2), we deduced that 4
possesses the same structure as that of teucvisin B (10)
[17]. Moreover, the NOESY correlations of H-10/H-
7/H-8/H-11/H-14, combined with the opposite signals
of H-6/H-7a/CH;—17, further suggested H-12 was
a-oriented. Finally, the structure of 4 was undoubtedly
confirmed to be 4S,5R,6R,8R,9R,10S,12R through the
signal-crystal X-ray diffraction experiment (Fig. 5).

Sixteen known diterpenoids were determined to be
teucvidin (5) [16], 12-epiteucvidin (6) [16], salvifaricin
(7) [18], 19-acetyl-teuspinin (8) [19], isoteuflin (9) [20],
teucvisin B (10) [17], crotocaudin (11) [21], isosalvi-
puberulin (12) [22], de-O-acetylsalvigenolide (13) [23],
salvileucalin A (14) [18], 6a-acetoxyteuscordin (15)
[24], montanin D (16) [25], teumicropodin (17) [26],
6-a-hydroxy-teuscordin (18) [27], teucvin (19) [28] and
12-epiteuflin (20) [16] through comparison of the NMR
data with those of literatures.
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Considering that clerodane-diterpenoids were reported
a remarkable anti-ferroptosis effect [6, 29], we evaluated
the ferroptosis inhibitory effect of all isolates in HT22
cells. Firstly, their cytotoxicity was assayed, and none of
them exhibited cytotoxicity on HT22 cells (Fig. 6A) at
40 puM. Then, the anti-ferroptosis effect of the isolates on
HT22 cells deduced by RSL3 and erastin as depicted in
Fig. 6B and 6C. Notably, of them, compounds 1 and 12
indicated obvious inhibitory effect against RSL3-induced
ferroptosis, and potent ferroptosis inhibition on erastin-
induced model, respectively. And the EC;; values of 1 and
12 were 11.8+1.0 pM, and 4.52+1.24 uM, respectively,
for above two different induced-models (Fig. 6D).

The increase of intracellular reactive oxygen species
(ROS) was characteristic biomarkers of ferroptosis.
To further explore the ferroptosis inhibition of new
compound 1 against RSL3-reduced HT22 cells, the
intracellular ROS levels by fluorescence microscopy was
detected. As shown in Fig. 7, at the concentrations of
5, 10, and 20 uM, compound 1 can prominently inhibit
intracellular ROS accumulation in a dose-dependent
manner. The above results preliminarily uncovered that
new compound 1 exerts anti-ferroptosis activity should
be related to target mitochondria. However, to date, there
is no clear mechanism for ferroptosis. Thus, compound
1 should be further researched for its anti-ferroptosis
effective mechanism in the future.

3 Conclusion

In conclusion, twenty neo-clerodane isloates were iso-
lated from T. quadrifarium, including four new (1-4) and
sixteen known ones (5-20). Among them, fifteen com-
pounds were isolated from this plant for the first time,
and the results enriches the chemical components of this
plant. Additionally, new compound 1 exhibited a signifi-
cant ferroptosis inhibitory effect against RSL3-induced
HT22 cells.

4 Experimental section

4.1 General experimental procedures

XtaLAB Pro diffractometer was used to determine X-ray
crystallography. HR-ESI-MS, IR, UV, NMR spectra were
determined as described previously [30].

4.2 Plant material

The whole plants of T. quadrifarium were collected in
Pingtang County, Guizhou Province, China, in August,
2021, and identified by Prof. Ni Zhang. A specimen
voucher (No. TZC20210806) is stored in the Natural
Products Research Center of Guizhou Province.
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17 18 19 6-pH 12-aH
20 6-oH 12-pH

Fig. 2 Key NOESY correlations of compounds 1-4

4.3 Extraction and isolation by evaporation under vacuum conditions. The crude
The air-dried material (20.0 kg) was smashed and samples were suspended in H,O and then leached with
extracted with 95% aqueous EtOH (3x70 L, each 2 h)  petroleum ether (PE), and ethyl acetate (EA), respectively.
under reflux. The crude EtOH extract was obtained The PE part (1047.4 g) and EA part (819.9 g) were
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1 2 3
Fig. 3 Experimental and Calculated ECD curves of 1-3
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Fig. 4 The chemical structures of compounds 1-20

10

Fig. 5 X-ray ORTEP drawing of compounds 4 and 10

evaporated to dryness. The PE layer was purified with 100:0 to 0:100, to afford seven fractions (Fr. A-G),
silica gel chromatography, employing stepwise gradient according to TLC plates. Fr. D (74.5 g) was isolated on
elution with PE/EA mixture ranging from. CC (MeOH/H,0, from 50:50 to 95:5) to yield eight

fractions (Fr. D1-D8). Fr. D5 (13.0 g) was further
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Fig. 6 Effects of compounds 1-20 on RSL3-induced HT22 cells ferroptosis. A Cell viability of HT22 cells treated with 40 uM isolated compounds
and 1 uM Fer-1. B Cell viability of HT22 cells co-treated with 1 uM RSL3 and 40 uM isolated compounds and 1 uM Fer-1 for 24 h determined

by an MTT assay. C Cell viability of HT22 cells co-treated with 1 uM erastin and 40 uM isolated compounds and 1 uM Fer-1 for 24 h determined

by an MTT assay. D Chemical structures of 1 and 12. Dose-response relationship of compounds 1 (E), and 12 (F) inhibiting RSL3-induced ferroptosis
in the HT22 cells. Data represent the means + SEM from triplicate experiments. ##P < 0.0001 compared with control cell; P <0.0001 compared

with cells treated with RSL3

purified via Sephadex LH-20 (CH,Cl,/MeOH, 1:1) to
yield compound 5 (32.3 mg), 6 (18.4 mg). Compound 1
(MeOH/H,0, 57:43, t; 19.5 min, 9.3 mg), and 9 (MeCN/
H,0, 49:51, t; 26.0 min, 9.1 mg) were obtained from
Fr. D6 via semi-preparative HPLC. And compounds 4
(MeCN/H,0, 45:55, t; 53.0 min, 5.6 mg), 10 (MeCN/
H,0, 45:55, t; 47.0 min, 3.6 mg) isolated from Fr. D6 by
semi—preparative HPLC. Fr. D4 was isolated through
Sephadex LH-20 (CH,Cl,/MeOH, 1:1) and semi-
preparative HPLC to give compounds 11 (MeOH/H,0,
64:36, ty 27.5 min, 9.6 mg), and 12 (MeOH/H,0, 48:52,
tz 31.0 min, 1.9 mg). Fr. D3 was repeatedly separated on
CC, and subsequently purified to have 7 (13.2 mg) and 8
(6.3 mg) via Sephadex LH-20 (CH,Cl,/MeOH, 1:1). Fr. F
(87.5 g) was chromatographed on CC (MeOH/H,O0, from
30:70 to 95:5) to give eight fractions (Fr. F1-Fr. F8). Fr. F2
(17.2 g) further afforded six fractions (Fr. F2a—Fr. F2f)

after purified by silica gel (CH,Cl,/MeOH, from 100:1 to
0:100). Compounds 13 (MeCN/H,0, 35:65, t; 27.0 min,
2.8 mg), 14 (MeCN/H,0, 35:65, t; 40.0 min, 3.3 mg),
and 15 (MeOH/H,0, 48:52, t; 48.0 min, 17.9 mg) were
obtained from Fr. F2¢, and compounds 16 (MeCN/H,0O,
40:60, t; 36.0 min, 17.8 mg), 17 (MeOH/H,0, 48:52, t;
39.0 min, 12.5 mg), 18 (MeCN/H,0, 48:52, £z 26.0 min,
9.8 mg) were yield from FrF2d, by semi-preparative
HPLC.

The EA layer was purified with silica gel chroma-
tography and afforded eight fractions (Fr. EA-Fr. EH)
according to TLC plates. Fr. EB (26.8 g) was fur-
ther chromatographed on CC (MCI, MeOH/H,0,
from 30:70 to 95:5) to give nine fractions (Fr. EB1-
EB9). Compounds 2 (MeOH/H,0, 56:44, t; 27.0 min,
12.5 mg), 3 (MeCN/H,O, 45:55, t; 37.0 min, 7.0 mg),
19 (MeOH/H,0, 40:60, t; 48.0 min, 2.5 mg), and 20
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Fig. 7 The intracellular ROS levels was detected by fluorescence microscopy: HT22 cells induced by RSL3 and treated with an indicated
concentrations of compound 1 (5, 10, and 20 puM) or Fer-1(1 uM) for 4 h under a fluorescence microscope after H2PCFDA staining (20x)

(MeOH/H,0, 40:60, tz 57.0 min, 4.2 mg) were purified
from Fr. EB5 through semi-preparative HPLC.

Teucrifaride A (1): Yellow oil; UV (MeOH) A, (log
€): 200 nm: (2.87); [«]% +14.21 (0.02, MeOH); IR (KBr)
Voo 3444, 2935, 1786, 1678, 1118, 1010 cm™'; 1D NMR
data: see Tables 1 and 2. HR-ESI-MS [M+Nal*: m/z
367.1149 (cacld for C;4H,,0O4Na*, 367.1152).

Teucrifaride B (2): Yellow oil; UV (MeOH) A, (log
€): 200 (2.87) nm, 254 (2.00) nm; [«]® +34.62 (0.03,
MeOH); IR (KBr) v, 2933, 2866, 1734, 1676, 1558,
1508, 1155 cm™}; 1D NMR NMR data: see Tables 1
and 2; HR-ESI-MS [M+ Na]*: m/z 353.1346 (cacld for
C,oH,,0-Na*, 353.1359).

Teucrifaride C (3): White and amorphous powder; UV
(MeOH) A, (log €): 206 nm: (3.28); [«]%’ —54.17 (0.02,
MeOH); IR (KBr) v,...: 3525, 2939, 1689, 1180 cm™%; 1D
NMR data: see Tables 1 and 2; HR-ESI-MS [M+ Na]™:
m/z 411.1408 (cacld for C,,H,,0,Na*, 411.1414).

Teucrifaride D (4): Colorless acicular crystal; mp
151-152 °C; UV (MeOH) A, (log &): 208 nm: (3.68);
[e]®+ 27.03 (0.01, MeOH); IR (KBr) v,,,: 3155, 2970,
2939, 1774, 1751 cm™%; 1D NMR data: see Tables 1

and 2; HR-ESI-MS [M+Na]*: m/z 425.1559 (cacld for
Cy,H,cO,Nat, 425.1571).

4.4 Single-crystal X-ray diffraction analysis of 4 and 10

A suitable crystal of compounds 4 and 10 were cho-
sen and subjected to X-ray diffraction analysis on a
XtaLAB AFC12 single X-ray diffractometer. The crystal
was maintained at 100.00 (10) K for 4, and at 99.99 (10)
K for 10, during data collection. The structural analysis
was initiated using the Olex2 software, where the crys-
tal structures were determined by the SHELXT program
with intrinsic phasing. Subsequently, the structures
were refined using the SHELXL refinement package,
employing least squares minimization techniques [30].
The crystallographic data (CCDC.2383165 for 4 and
CCDC.2383166 for 10) can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html.

4.5 ECD calculations
ECD calculation methods were the same with previous
reports [30].
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4.6 Cell viability assay

HT22 cells were grown in a culture medium consisting
of DMEM (from HyCyte) supplemented with 1%
penicillin/streptomycin (ECOTOP) and 10% fetal bovine
serum (HyCyte). The culture was maintained in a 5%
CO2 environment at a temperature of 37 ‘C within an
incubator. HT22 cells were plated at a density of 3000
cells per well in 96-well plates and allowed to attach
for 24 h. Subsequently, RSL3 (1 pM) or erastin (1 pM)
along with different concentrations of compounds were
introduced. After 24 h, MTT reagent (10 pL, 5 mg/
mL) was introduced to each well and incubated for an
additional 4 h. Following this, the formazan crystals
were solubilized using 150 pL of DMSO. The plates were
softly shaken for 15 min at ambient temperature, and
then tested the absorbance at 490 nm using a microplate
reader.

4.7 Intracellular reactive oxygen species detection

HT22 cells were cultured at 300,000 cells/well in 6-well
plates for 24 h. RSL3 (1 pM) and three different con-
centrations (5, 10, 20 uM) of compound 1 and Fer-1
(1 uM) were added to plates. After a 4 h reaction, the
supernatant medium was aspirated off and H,PCFDA
(I mL, 10 pM) was added in an incubator and incubated
for 40 min (37 °C), then washed twice with serum-free
medium and photographed with a fluorescence micro-
scope under dark conditions.
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