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Chemical research on the fungus Bipolaris sp. led to the identification of seven ent-kaurane
diterpenoids, kaurepenoids A-G (1-7), marking the first isolation of such diterpenoids from
this genus. Kaurepenoids A-F (1-6) represent the first 2-nor-ent-kaurane diterpenoids with a
fused 5/6/6/5 tetracyclic ring system. Kaurepenoid G (7) bears a rare 2,3-epoxy-ent-kaurane

skeleton. Their structures and absolute configurations were elucidated by NMR, ECD calcula-
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tions, and single-crystal X-ray diffraction analyses. Putative biosynthetic pathways for kaure-
penoids A-F were proposed. Furthermore, the derivatization of both kaurepenoids B and C as
starting materials afforded five derivatives (8-12). Among these compounds, kaurepenoid A
could increase the efficacy of anticancer drug paclitaxel (PTX) by 204-fold at 20 umol-L™.
Mechanistic investigation demonstrated that kaurepenoid A could inhibit the transport func-
tion of P-glycoprotein (P-gp) rather than affecting its expression, and the possible recognition

mechanism was predicted by molecular docking.

1. Introduction

Ent-kauranoids are a class of typical tetracyclic diterpenoids,
formed by a perhydrophenanthrene subunit and a cyclopentane .
To date, the number of ent-kauranoids from natural resources
has exceeded 1000 members, mainly separated from the higher
plants of the genus Isodon **. The oxidation, C-C bond cleavage,
degradation, and rearrangement within the tetracyclic backbone
of ent-kaurane increased their great potential in possessing fas-
cinating skeletons, such as phyllastachysin M °, maoecrystal V ',
and crokonoid A ''. Additionally, bioactive diversity of ent-kaura-
noids, including cytotoxic '*'*, antibacterial °, antiviral "*, antith-
rombotic ', and anti-inflammatory "**’, has also been revealed by
previous research. The unusual structure, coupled with the
significant pharmacology of ent-kauranoids renders them attract-
ive synthetic targets ****,

Tumor multidrug resistance (MDR) is one of the leading
causes of clinical chemotherapy failure, and the overexpression
of P-gp is a central mechanism leading to the emergence and pro-
gression of MDR **. Among diverse ent-kauranoids, oridonin has
been verified to possess tumor MDR reversal activity via corres-
ponding regulatory effects **. For example, in human cisplatin-
resistant SGC7901 cells, treatment with 10 pumol-L™" oridonin

* Corresponding author.
E-mail addresses: 1iqin2023@hust.edu.cn (Q. Li); zhangyh@mails.tjmu.edu.cn
(Y. Zhang); zhuhucheng@hust.edu.cn (H. Zhu)
® These authors contributed equally to this work.
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alone effectively downregulates the expression levels of P-gp,
MRP1, and cyclin D1; furthermore, the combination of oridonin
with cisplatin synergistically reduces the ICs, of cisplatin *°.

The fungal genus Bipolaris is widespread in nature and has

been proven to be a prolific producer of structurally diverse sec-
36-38

ondary metabolites, including sesquiterpenoids , diterpen-
oids ¥, sesterterpenoids ‘**, meroterpenoids “*, and poly-
ketides “>*’, many of which exhibit significant biological activit-

ies such as immunosuppressive 1850, anti-inflammatory 5! antimi-
crobial **, phytotoxic °*, and MDR reversal activities **. In our on-
going investigation into the secondary metabolites of Bipolaris
sp., seven previously undescribed ent-kauranoids were isolated
and identified (Fig. 1). Among them, kaurepenoids A-F were pre-
sumed to form through 2,3-cleavage, C-2 degradation, and sub-
sequent 1,3-cyclization on the basic ent-kauranoid skeleton, res-
ulting in an unprecedented 2,3-seco-2-nor-1,3-cyclo-ent-kaurane
scaffold. The ability of these compounds to reverse MDR to PTX in
SW620/AD300 cell lines was also evaluated. Moreover, a set of
derivatives was synthesized to elucidate the structure-activity re-
lationship (SAR) of these compounds. Herein, the detailed struc-
ture elucidation, plausible biosynthetic pathway, derivative syn-
thesis, and bioactivity evaluation of these isolates are presented.

2. Results and discussion
Kaurepenoid A (1) was obtained as colorless blocks. It had a

molecular formula of C,,H3,04, requiring nine degrees of unsat-
uration, as deduced by the HR-ESI-MS data (m/z 439.2088 [M +

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Fig.1 Chemical structures of 1-7.

Na]", Calcd. for C4H3,0¢Na, 439.2097). In the 'H NMR spectrum,
typical resonances for three methyls (6, 1.10, s; 1.36, s; and 1.73,
br s), one methoxyl (6y 3.69, s), and three downfield signals (oy
4.79, dd, J = 6.8, 3.5 Hz; 5.11, br s; and 5.22, dt, J = 11.2, 7.7 Hz)
were revealed. The >C NMR data (Table 1) and DEPT spectra of 1
showed 24 carbon signals, ascribed for three methyls (6; 13.3,

15.6, and 20.4), one methoxyl (6 52.1), seven methylenes (6¢
19.5, 29.0, 29.9, 30.2, 38.0, 44.4, and 48.1), five methines includ-
ing two oxygenated (6; 72.8 and 85.1), three nonprotonated car-
bons (6¢ 50.3, 53.6, and 63.0), two olefinic carbons (6. 133.8 and
143.8), and three ester-carbonyls (6 171.8, 172.8, and 175.1).
The aforementioned data suggested that compound 1 was a nor-

Table 1 'Hand **C NMR data for compounds 1-3 in CDCl; (8 in ppm, J in Hz).

1 2¢ 3¢
No.
Sy [ Sy 8¢ Oy 8¢

R a247 31%56’ 6.8) 181 a 2.46bd1d.§;3;].16, 6.8) 180 a 2.51bd;1.1(€132n.11, 6.6) 24
3 479 dd (6.8,3.5) 85.1 4.77 dd (6.8,3.5) 85.1 422t(7.8) 823
4 63.0 62.9 532
5 1.94m 52.9 1.93 m 52.9 220m 56.3
: 3 e sifen
7 1.67° 38.0 1.66° 38.0 Z 1;;2 38.7
8 503 503 504
9 1.93m 50.0 1.92m 50.0 1.83d (8.3) 516
10 53.6 535 43.6
11 522 dt(11.2,7.7) 72.8 5.21dt(11.2,7.6) 72.9 523 dt(11.1,7.7) 72.9
. e it st
13 2.44.q (3.8) 438 2.43m 438 242 q (3.5) 44.0
w g
15 511brs 1338 5.10brs 1337 5.10brs 134.4
16 14338 1437 143.4
17 1.73brs 156 1.72brs 155 1.72brs 155
18 1365 133 134s 13.2 126 19.6
19 175.1 175.2 1813
20 110 20.4 1.09 brs 203 119 205
i 1718 1716 172.0
2’ 2,63 29.0 2.65" 29.0 2.62° 29.1
3’ 2.63° 29.9 2.64° 29.6 2.64° 29.9
4 172.8 177.8 173.0
5 3.69s 52.1 3.69s 52.0

“Overlapped; "Recorded at 600 ("H NMR) and 150 (**C NMR) MHz; “Recorded at 400 ("H NMR) and 100 (**C NMR) MHz.
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%% More detailed structural information was ob-

diterpenoid
tained by 2D NMR spectral analyses.

'H-"H COSY correlations (Fig. 2) of H-5/H,-6/H,-7 and H-9/H-
11/H,-12/H-13/H,-14, and HMBC correlations (Fig. 2) from Hs-
17 to C-13, C-15, and C-16, from H,-14 to C-8 and C-15, from Hs-
20 to C-5, C-9, and C-10, and from H-9 to C-7, C-8, and C-14, es-
tablished rings C, D, and E. "H-'H COSY correlations of H,-1/H-3
and HMBC correlations from H;-20 to C-1, C-5, and C-10, and
from H3-18 to C-3, C-4, and C-5, suggested that a five-membered
ring B was fused with ring C via C-5 and C-10. The above identi-
fied functional groups and ring systems suggested that com-
pound 1 possesses an extra ring. Furthermore, based on HMBC
correlations from Hs-18 to C-3, C-4, and C-19, together with the
chemical shifts observed for deshielded C-3 (6c 85.1) and shiel-
ded C-19 (6c 175.1) **, a unique B-lactone ring was established
and assigned as ring A, which is fused to ring B via the C-3 and C-
4 positions. Moreover, the distinct downfield shift of C-11 (6¢
72.8), combined with the HMBC correlations from H;-5' to C-4/,
from H,-2' to C-4’, from H,-3' to C-1', and from H-11 to C-1" (6
171.8), indicated that a monomethyl succinate group was at-
tached to C-11 via an ester group. Thus, the planar structure of 1
was assigned as a 2-nor-ent-kaurane diterpenoid with a rare
5/6/6/5 tetracyclic carbon skeleton, bearing an additional S-lac-
tone moiety.

The relative configuration of 1 was determined by analyzing
its NOESY spectrum. Initially, the correlations (Fig. 3) of H3-20/H-
3/H3-18 assigned the a-configurations of H-3, CH3-18, and CHjz-

Chinese Journal of Natural Medicines 24 (2026) 1251-1261

20. Furthermore, the cross peaks of H;-20/H-14a/H-12b, H-9/H-
11, and H-11/H;3-17 disclosed that H-9 and H-11 were f-oriented,
while both C-8 and C-13 were established as S* configurations. Fi-
nally, single crystals suitable for X-ray crystallographic analysis
were obtained (Fig. 4), which not only validated the planar struc-
ture of 1 but also determined its absolute configuration as
35,4R,55,85,95,10R,11R,13S.

Kaurepenoid B (2) was purified as colorless blocks with a
molecular formula of Cy3H3,04, as determined by the HR-ESI-MS
data (m/z 425.1939 [M + Na]", Calcd. for C,3H3,0¢Na, 425.1940).
The 'H and "*C NMR data (Table 1) of 2 closely resembled those
of 1, with the primary difference being the absence of a methoxy
signal at C-4' in the succinyl moiety, as corroborated by the de-
shielded chemical shift at C-4' (6 177.8). The NOESY spectrum of
2 revealed that compounds 2 and 1 possessed the same relative
configuration. Finally, the absolute configuration of 2 was estab-
lished as 3S,4R,55,85,95,10R,11R,13S by single-crystal X-ray
diffraction (Fig. 4).

Kaurepenoid C (3), obtained as colorless blocks, was as-
signed a molecular formula of C,,H3,0; based on the HR-ESI-MS
data (m/z 457.2201 [M + Na]", Calcd. for C,4H3,0,Na, 457.2202).
The NMR data (Table 1) indicated that compound 3 was structur-
ally similar to 1. However, in comparison to 1, the *C NMR spec-
trum of 3 showed an upfield shift for C-3 (6. 82.3) and a down-
field shift for C-19 (6. 181.3). These observations suggested that
the B-lactone ring in 1 underwent ring-opening, thereby giving
rise to 3. The relative configuration of 3 was determined by

to

Q

Fig.2 The 'H-"H COSY (bold) and key HMBC (arrow) correlations of 1-7.

Fig. 3 The key NOESY correlations of 1-7.
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Fig. 4 X-ray crystallographic structures of 1-6.

NOESY correlations (Fig. 3). The correlations of H;-20/H-3, H-
3/H3-18, H;3-18/H-6a, and H-6a/H;3-20 indicated that these pro-
tons were cofacial and assigned an a-orientation. Meanwhile, cor-
relations of H-5/H-9, H-9/H-11, and H-11/H3-17 suggested that
H-5, H-9, and H-11 were f-oriented, and cross peaks of H;-20/H-
14a/H-12a further determined the S* configurations of C-8 and C-
13. Finally, the absolute configuration of 3 was assigned as 3S,4R,
55,85,95,10R,11R,13S by X-ray crystallographic data (Fig. 4).

Table 2 'Hand "°C NMR data for compounds 4-7 in CDCl, (6 in ppm, ] in Hz).

Kaurepenoid D (4) was gained as colorless blocks. Its mo-
lecular formula was determined to be C;9H,403 based on the HR-
ESI-MS data (m/z 325.1778 [M + Na], Calcd. for C;9H,c03Na,
325.1780). The 'H and *C NMR data (Table 2) of 4 were notably
simpler compared to those of 2, lacking the signals attributed to
the succinyl moiety. The planar structure of 4 was further con-
firmed by '"H-'H COSY and HMBC correlations (Fig. 2). Finally,
single-crystal X-ray diffraction analysis using Cu Ka radiation es-

4 5" 6 7°
No.
Sy [ Sy ¢ Sy [ Sy ¢
a2.76dd (137, 68) 22.77dd (12.0,67) az72m a2.17 dd (15.6, 49)
1 b157m 491 b1.26m 538 b1.60m 491 b139m 451
2 4,66 dd (9.8, 4.9) 1011
3 480 dd (68, 3.6) 85.6 419dd (88, 6.7) 82.6 4.81dd (6.7, 3.6) 85.8 3.78° 66.8
4 62.9 535 626 496
5 1.95 dd (126, 2.7) 532 220m 56.9 1.98dd (12.5, 2.4) 535 1,06 dd (11.8,3.1) 619
a1.65" a al67m al83m
6 b144m 196 1) A0 b151m 204y 174dq (144, 3.1) 285
a al7lm " a1.55"
7 165 382 arm 389 162 402 R 396
8 50.2 503 453 496
9 1.80 dd (8.0, 1.2) 523 1.69° 542 1.86d (7.1) 584 0.94d (85) 456
10 538 435 538 4238
11 410 dt (11.0,7.6) 702 411m 70.4 4.25dt(12.1,7.1) 68.9 abl'fg‘s‘j‘ 208
al9%4m al97m al86m al52m
= b147 m 339 p151ddd (13.2,11.1,25) S/ b 1.74 dd (12.1, 2.4) iy b146m 2
13 2.43d (6.0) 441 242m 442 271m 428 2.34 dt (5.5, 2.9) 445
2.07d (10.5) a2.13d (10.5) 22.01d (118) 2.00d (10.2)
w b133m hhid b130m 46 1 112dde (118,50, 1.6) o b137m dadl
15 5.05 brs 133.9 5.04brs 134.4 2.11° 48.0 5.06 brs 134.7
16 1435 1433 154.0 143.2
a4.86brs
17 1.71brs 155 1.70brs 155 s 104.3 1.69brs 156
18 1365 134 1255 196 1375 135 179.1
19 1756 177.3 1755 1195 245
20 1.08brs 203 117 207 1.07brs 201 1175 15.7
1 372s 522 3355 55.1

“Overlapped; "Recorded at 400 ("H NMR) and 100 (**C NMR) MHz; “Recorded at 600 ("H NMR) and 150 (**C NMR) MHz.
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tablished the absolute configuration of 4.

Kaurepenoid E (5) was purified as colorless blocks, and its
molecular formula was determined to be C,yH3,0, based on the
HR-ESI-MS data (m/z 357.2053 [M + Na]", Calcd. for C,yH3,0,4Na,
357.2042). The 'H and C NMR data (Table 2) of 5 were similar
to those of 4, with the key difference arising from the ring open-
ing of B-lactone and subsequent methyl esterification. The shiel-
ded effect at C-3 (8¢ 82.6) and the deshielded effect at C-19 (&¢
177.3), together with the HMBC correlation (Fig. 2) from H3-1'
6y 3.72) to C-19, confirmed the above structural assignment.
Furthermore, the relative configuration of 5 was assigned by
NOESY correlations (Fig. 3). Eventually, the X-ray diffraction ana-
lysis of 5 established its absolute configuration.

Kaurepenoid F (6) was isolated as colorless needles with the
same molecular formula as that of 4. The 'H and *C NMR data
(Table 2) of 6 closely resembled those of 4, with the primary dis-
tinction being the migration of the double bond from A" in 4 to
A" in 6, as evidenced by the HMBC correlations (Fig. 2) from H,-
17 to C-13 and C-15. Furthermore, NOESY correlations (Fig. 3) of
H-15/H-11/H-9, H-9/H-5, H-3/H;-20/H;-18, and H;-20/H-14a
established the relative configuration of 6 as 35*4R* 55*85* 9R*,
10R*,11R*135* Finally, the absolute configuration of 6 was de-
termined by X-ray diffraction analysis.

Kaurepenoid G (7) was obtained as white powder with a mo-
lecular formula of C,;H3,0,, as suggested by the HR-ESI-MS data
(m/z 371.2202 [M + Na]’, Calcd. for C,;H3,04Na, 371.2198). The
'H NMR data (Table 2) of 7 displayed three methyl groups (8y
1.17, s; 1.19, s; and 1.69, br s), one methoxy group (éy 3.35, s),
and four deshielded proton signals (6y 3.78, overlapped for two
protons; 4.66, dd, ] = 9.8, 4.9 Hz; and 5.06, br s). Its 3C NMR data
(Table 2) and DEPT spectra suggested the presence of three
methyls (8¢ 15.6, 15.7, and 24.5), one methoxyl (6. 55.1), seven
methylenes including one oxygenated (8¢ 66.8), four methines in-
cluding one oxygenated (§c 101.1), and three nonprotonated car-
bons (6¢ 42.8, 49.6, and 49.6), two olefinic carbons (6; 134.7 and
143.2), and one carbonyl (8¢ 179.1). The spectral data of 7 closely
matched those of previously isolated compounds, differing
primarily in the structure of ring B. Rings C-E, with double bond
A" were established by the 'H-'H COSY and HMBC correla-
tions (Fig. 2). Furthermore, a seven-membered oxygen ring B was
established by the HMBC correlations from H;-19 to C-3, C-4, C-5,
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and C-18, from H,-3 to C-2 and C-5, from H3-20 to C-1, C-5, and C-
10, and from H;-1' to C-2, along with 'H-"H COSY correlations of
H,-1/H-2. Therefore, the planar structure of 7, a 2,3-epoxy-ent-
kauranoid, was assigned.

The relative configuration of 7 was deduced from the NOESY
spectrum. The cross-peaks (Fig. 3) of H-1b/H-5/H-9, H;-19/H-
5/H-3, and H-2/H3-20 indicated that H-5, H-9, and CH3-19 were -
oriented, while H-2 and CH3-20 were a-oriented. Furthermore,
the cross-peaks of H3-20/H-14a/H-12b suggested that C-8 and C-
13 were S$* and R* configurations, respectively. Eventually, the
absolute configuration of 7 was determined as 2R,4S,5S,8S,9S,
10S,13R by ECD calculation (Fig. 5).

Compounds 1-6 represented a novel class of 2-nor-ent-
kauranoids, which were biosynthetically derived from ent-
kaurane *°, as shown in Scheme 1. The proposed pathway started
with the oxidation at C2/C3 positions of ent-kaurane, affording
intermediate i. Subsequent C2-C3 bond cleavage converted i into
intermediate ii, which then underwent aldol condensation to give
intermediate iii. The oxidation and decarboxylation of iii af-
forded intermediate v, which was subsequently oxidized to yield
intermediate vii. Intermediate vii could be transformed through
two pathways: one underwent intramolecular esterification to
yield compound 6, and the other proceeded via double-bond iso-
merization to give intermediate viii. Intermediate viii had mul-
tiple subsequent reaction routes: firstly, intermediate viii was es-
terified with succinic acid to generate intermediate ix, which was
further esterified to obtain compound 3; secondly, intermediate

150 —
— Exptl. ECD of 7
Caled. ECD of 2R 48,55,85,95,10S,13R
100 = --- Caled. ECD of 25,4R,5R,8R,9R,10R,13S
50 (—
by
R l | | |
a S 250 300 350 400
@] ’ N
/ A/nm
_50 — II
/
/
oy
-100 |~
-150 L

Fig. 5 Experimental and calculated ECD spectra of 7.

condensation
- >

Scheme 1 Plausible biosynthetic pathways of 1-6.
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viii was directly converted into compound 4 via intramolecular
esterification, compound 4 was then esterified with succinic acid
to yield compound 2, and compound 2 was subsequently esteri-
fied to form compound 1; additionally, intermediate viii could
also be directly converted into compound 5 through esterifica-
tion.

In bioassay, the MDR cell line SW620/AD300 was used to
evaluate the efficacy of these isolated compounds against MDR in
vitro. Firstly, the cytotoxic effects of compounds 1-7, in combina-
tion with PTX on SW620/AD300 cells were tested by Cell count-
ing kit-8 assay °. As shown in Table S1, after 72 h of treatment
with PTX (1 pmol-L™) plus compound 1 (20 umol-L™), SW620/
AD300 cells showed a low viability, which revealed that com-
pound 1 had the potential in reversing MDR. Most importantly,
the reversal effect of compound 1 was remarkably superior to
that of the positive control verapamil (VPM). The above results
demonstrated that the concurrent existence of the f-lactone ring
and the succinic acid moiety is essential for conferring activity.
However, the structural comparison between compounds 1 and 2
reveals that esterification of the carboxyl group at C-4' can signi-
ficantly enhance the activity of compounds. Therefore, we first
synthesized four different esterification products using com-
pound 2 as a precursor (Fig. 6). However, none of these analogs
(8-11) showed a significant improvement in MDR activity com-
pared to 1 (Table S1). These findings indicate that increasing the
size and hydrophobicity of the ester group at C-4' is not benefi-
cial. Simultaneously, to further confirm the effect of S-lactone
ring, compound 12 was synthesized from compound 3, yet this
modification did not yield improved activity. Therefore, com-
pound 1 was ultimately selected as an effective lead candidate for
reversing tumor MDR.

Firstly, the colony formation assay suggested that compound
1 combined with PTX significantly inhibited the proliferation of
SW620/AD300 cells, even PTX at the concentration of 0.25
umol-L™" (Figs. 7A and 7B). Furthermore, the impact of com-
pound 1 on the cell cycle progression of SW620/AD300 cells was
assessed by flow cytometry. The result showed that the combina-
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1 20 pmol-L™!

Colony number

PTX/(umol- L") —

PTX 0.5 pmol'L™'  PTX 1 pmol-L™"

PTX 0.25 pmol-L™! 1/(umol-L1) —
c 1 20 pmol-L™! 1 20 pmol-L™! 1 20 pmol-L™'
600F 500
6001 4001
&) B © ©200f-
2001 2001
1001 °
00 300K 600K 900K T2M S00KG00KO00K T2M 0 300K G00KG00K T2M g
FL2.AZFL2-A FL2AZFL2-A FL2A:FL2-A 3
- PTX I pmol-L™! - 2
1 - 1 - 1 20 ymol-L! E
150 Z 50t
| 150 2000~ o
z 1001 | Z100f- el &
3 S E1oo =
o \ o S0 A ©
|
K OQKSOUKQOUK v 0 300Ke00ko0R T2 300K 00K 900K T 2M 250
PTX 0.25 umol-L”' PTX 0.5 pmoi-L'  PTX I pmol-L"' PTX/(umol-L™) —
1 20pumol' L' 1 20 umol-L™! 1 20 pumol- L' 1/(umol-L-1) —
FL2-A:=FL2-A

Chinese Journal of Natural Medicines 24 (2026) 1251-1261

R\
(o)

OH
(0]

ROH (2.00 eq)
EDCI (1.10 eq)
DMAP (0.10 eq)

DCM;rt; 3 h

CH,I (2.00 eq)
K,CO; (2.50 eq)

DMF;rt; 3 h

Fig. 6 The synthesis of 1 and 8-12.

tion treatment of compound 1 (20 pmol-L™") and PTX caused a
decrease in G, phase (from 35% to 20%) and S phase (from 45%
to 27%), and an increase in G,/M phase (from 15% to 47%) in
SW620/AD300 cells (Figs. 7C and 7D).

Moreover, to confirm the MDR reversal ability of compound
1 was related to P-gp modulation mechanism, the effect of com-
pound 1 on the expression of P-gp in SW620/AD300 cells was ex-
plored. The result indicated that compound 1 at 20 pmol-L™ did
not affect the P-gp expression (Fig. 7G). Then Rhodamine123
(Rho123) accumulation assay was conducted to detect the efflux
function of P-gp under the effect of compound 1. The results
showed that compound 1 dose-dependently increased the intra-
cellular accumulation of Rho123, a substrate of the P-gp efflux
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Fig. 7 Effects of 1 on the cell proliferative, cell cycle, and Rho123 accumulation of SW620/AD300 cells, and the thermal stability of P-gp. (A and B) Images and quantitative
analysis of SW620/AD300 cells colony after treatment with PTX, 1, or combination. (C and D) Flow cytometry analysis of the cell cycle in SW620/AD300 cells after treat-
ment with PTX, 1, or combination. (E and F) Analysis of Rho123 accumulation of 1 in SW620/AD300 cells by flow cytometry. (G) Expression levels of P-gp in SW620/AD300,
SW620/AD300 (treated with 1), and SW620. Na'/K" ATPase was used as the loading control. (H) Melting graph of P-gp in CETSA treated with 1. Data are presented as the

mean +SD, n=3.""P<0.001 vs NC.
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pump (Figs. 7E and 7F). These findings suggested that compound
1 could enhance the sensitivity of SW620/AD300 cells to PTX via
the inhibition of P-gp. To determine whether compound 1 could
directly bind to P-gp at the molecular level, the cellular thermal
shift assay (CETSA) was conducted to explore the target engage-
ment of compound 1 to P-gp in SW620/AD300 cells. As shown in
Fig. 7H, compound 1 could significantly enhance the thermal sta-
bility of P-gp, even at a high temperature (65 °C), while P-gp in
the vehicle group was largely degraded at this temperature.
These results indicated that 1 could be a potential P-gp inhibitor.

Meanwhile, molecular docking was performed between P-gp
(PDB model 7A6E) and compound 1. Using the complex struc-
ture of P-gp with the inhibitor tariquidar as a reference, one mo-
lecule of 1 was docked into the vestibule between the binding
pocket and the access tunnel of P-gp, which suggested that com-
pound 1 formed a stable complex with P-gp with a binding affin-
ity of -6.799 kcal-mol™ (Fig. 8). Additionally, the docking results
indicated that compound 1 formed three hydrogen bonds (H-
bonds) with Trp232 (TM4), GIn347 (TM6), and GIn990 (TM12),
and an aromatic H-bond with Trp232 (Fig. 8).

Based on the above research, we established a xenograft
model bearing P-gp-overexpressing SW620/AD300 cells in nude
mice to detect the reversal activity of compound 1 in vivo. The
mice were treated with Vehicle, PTX, PTX plus VPM, and PTX plus
compound 1, respectively. The results showed that the combina-
tion of compound 1 and PTX could significantly reduce the tumor
weight and volume of nude mice compared to PTX alone or
vehicle control, even better than VPM (Figs. 9A-9C). Additionally,
no significant body weight loss was observed at the tested dose,
indicating that compound 1 was well tolerated in mice (Fig. 9D).
Meanwhile, the HE and TUNEL analysis of tumor tissues (Figs. 9E
and 9F) showed that the co-administration of compound 1 and
PTX not only enhanced the death (nuclear pyknosis, vacuoles in

Compound 1
Tariquidar
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HE staining) and apoptosis (bright green in TUNEL staining) of
tumor cells, but also showed no increase in hepatotoxicity and
nephrotoxicity. These results suggested that compound 1 could
effectively reverse drug resistance in vivo and in vitro, making it a
highly promising and safe candidate for combination therapy
with PTX.

3. Conclusion

In conclusion, seven previously undescribed ent-kaurane
diterpenoids were isolated and identified from the fungus Bi-
polaris sp. Among them, kaurepenoids A-F (1-6) were the first
reported 2,3-seco-2-nor-1,3-cyclo-ent-kauranoids, with several
(compounds 1, 2, 4, and 6) featuring a distinctive $-lactone ring.
Kaurepenoid G (7) had a rare 2,3-epoxy-ent-kaurane skeleton. In
bioassay, kaurepenoid A reversed the resistance of SW620/
AD300 cells to PTX with a reversal fold of 204. Further SAR stud-
ies revealed that the B-lactone ring and the monomethyl succin-
ate group are key pharmacophores. The presence of both is indis-
pensable for the compounds to exhibit potent reversal of PTX res-
istance in MDR cells, while the absence of either one leads to a
significant reduction or complete loss of activity. Thus, our re-
search not only expand the diversity of ent-kauranoids, but also
provide a significant target in the search for novel lead com-
pounds to overcome PTX resistance.

4. Experimental

4.1. General experimental procedures

Optical rotations were measured on a Rudolph Autopol IV
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Fig. 8 Molecular docking result of 1 with P-gp.
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automatic polarimeter (Rudolph Research Analytical, Hackett-
stown, NJ, USA) in CH30H. IR spectra were recorded on a Vertex
70 FT-IR spectrophotometer (Bruker, Karlsruhe, Germany). UV
spectra were acquired using a PerkinElmer Lambda 35 spectro-
photometer (PerkinElmer, Inc., USA). NMR spectra were recor-
ded by a AVANCE NEO 600 NMR spectrometer (Bruker, Karls-
ruhe, Germany) and AM-400 spectrometer (Bruker, Karlsruhe,
Germany). ECD data were acquired using a JASCO-810 instru-
ment (JASCO Co., Ltd., Tokyo, Japan). HRESIMS data were ob-
tained on a Bruker micrOTOF II spectrometer, and the chemical
shifts were referenced to the solvent peaks of CDCl; (y,c
7.26/77.16). The crystallographic data were obtained with an
XtaLAB PRO MMOO7HF equipped with graphite-monochromat-
ized Cu Ka radiation. Melting points were obtained using a Micro
melting point instrument (SGW X-4B). An Agilent semipreparat-
ive HPLC system with an Ultimate XB-C,g column (5 um, 10 x 250
mm, Welch Ultimate XB-C;g) was used to purify these com-
pounds. The packing materials for column chromatography were
silica gel (100-200 and 200-300 mesh, Qingdao Marine Chemic-
al Inc., Qingdao, China), ODS (50 pm, YMC, Japan), and Sephadex
LH-20 (Pharmacia Biotech AB, Uppsala, Sweden), and the com-
pounds were visualized by spraying silica gel plates with 10%
H,S0, in EtOH and heating.

4.2. Fungal material

The fungus Bipolaris sp. was obtained from the Agricultural
Culture Collection of China with the number ACCC 38958. This
strain was cultivated on potato dextrose agar (PDA) medium and
authenticated by ITS sequence analysis. The sequence data for
this strain have been submitted to GenBank with accession
no.PQ771450. The strain was preserved in the culture collection
center of Tongji Medical College, Huazhong University of Science
and Technology.

4.3. Extraction and isolation

The strain was cultured on PDA medium for 5 days, and then
was cut into small pieces and inoculated into 1 L Erlenmeyer
flasks, each containing 230 g rice and 230 mL distilled water
(total 60 kg rice). Flask cultures were incubated at 28 °C for one
month. The fermentation was extracted ten times with aqueous
ethanol (EtOH) to yield a residue. The residue was suspended in
H,0 and partitioned with ethyl acetate (EtOAc). Then EtOAc
residue (1 kg) was isolated by silica gel column chromatography
(CC) eluting with petroleum ether (PE, 60-90 °C), EtOAc, and
CH;0H gradient system (from 10:1:0 to 5:5:2) to obtain five
fractions (Fr.1-Fr.5). Fr.3 was separated on an ODS column
(CH30H-H,0, 30%-100%) to yield 11 fractions (Fr.3.1-Fr.3.11).
Fr.3.8 was subjected to silica gel CC (PE/EtOAc, 15:1-0:1) to af-
ford 13 fractions (Fr.3.8.1-Fr.3.8.13). Fr.3.8.11 was further sub-
mitted to silica gel CC (PE/EtOAc, 10:1-0:1) to get eight frac-
tions (Fr.3.8.11.1-Fr.3.8.11.8). Fr.3.8.11.2 was repeatedly puri-
fied by semipreparative HPLC (70% CH3;CN-H,0, 3.5 mL-min™") to
get compound 1 (10.0 mg, tg = 44.0 min). Fr.3.8.11.3 was separ-
ated by semipreparative HPLC (62% CH3CN-H,0, 3.5 mL-min™")
to yield compound 2 (68.0 mg, tg =32.0 min). Fr.3.8.5 was isol-
ated by preparative HPLC (70% CH3CN-H,0, 10.0 mL-min™") to
get nine fractions (Fr.3.8.5.1-Fr.3.8.5.9). Fr.3.8.5.7 was purified
by semipreparative HPLC (82% CH;0H-H,0, 3.0 mL-min™") to get
compound 7 (1.0 mg, tz = 12.0 min). Fr.3.7 was submitted to
silica gel CC (PE/EtOAc, 15:1-0:1) to obtain 13 fractions
(Fr.3.7.1-Fr.3.7.13). Fr.3.7.5 was isolated by semipreparative
HPLC (71% CH3;0H-H,0, 3.0 mL-min™") to afford compounds 4
(4.0 mg, tg = 34.0 min) and 6 (4.0 mg, ty = 32.0 min). Fr.4 was
separated on an ODS column (CH3;0H-H,0, 30%-100%) to yield
19 fractions (Fr.4.1-Fr.4.19). Fr.4.17 was submitted to silica gel
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CC (CH,Cl,/CH30H,100:1-0:1) toyield eight fractions (Fr.4.17.1-
Fr.4.17.8). Fr.4.17.7 was further isolated by silica gel CC
(PE/EtOAc, 10:1-0:1) and semipreparative HPLC (73%
CH;0H-H,0, 3.0 mL-min™") to get compounds 3 (11.0 mg, t; =
55.0 min) and 5 (7.0 mg, tg = 40.0 min)

Kaurepenoid A (1): colorless blocks; mp: 137.5-139.0 °C;
[@]% -96 (c 0.1, CH30H); UV (CH3CN) A, (log £) = 201 (3.76) nm;
ECD (CH5CN) A, (Ag) = 203 (+9.23), 226 (-0.84) nm; IR (KBr)
Vimax 3361, 3191, 2925, 2853, 1819, 1744, 1731, 1660, and 1633
cm™’; 'H NMR (CDCl;, 600 MHz) and "*C NMR (CDCl3, 150 MHz)
data, see Table 1; HR-ESI-MS m/z 439.2088 [M + Na]* (Calcd. for
Cy4H3,0¢Na, 439.2097).

Kaurepenoid B (2): colorless blocks; mp: 154.9-156.6 °C;
[@)® -114 (c 0.1, CH;0H); UV (CH3CN) Ay (log &) = 202 (3.75)
nm; ECD (CH3CN) A, (A€) = 201 (+10.04), 225 (-0.83) nm; IR
(KBr) vyax 3364, 3207, 2927, 2855, 1820, 1733, 1715, and 1659
cm™’; 'H NMR (CDCl;, 400 MHz) and "*C NMR (CDCl;, 100 MHz)
data, see Table 1; HR-ESI-MS m/z 425.1939 [M + Na]" (Calcd. for
C,3H3004Na, 425.1940).

Kaurepenoid C (3): colorless blocks; mp: 91.1-92.5 °C; [a]%
+16 (¢ 0.1, CH30H); UV (CH3CN) A, (log €) = 203 (3.78) nm; ECD
(CH5CN) Ay (A€) = 204 (+11.73) nm; IR (KBr) vy, 3435, 2928,
2863, 1734, 1442, and 1162 cm™; "H NMR (CDCl;, 400 MHz) and
3C NMR (CDCl;, 100 MHz) data, see Table 1; HR-ESI-MS m/z
457.2201 [M + Na]" (Calcd. for C,4H3,0,Na, 457.2202).

Kaurepenoid D (4): colorless blocks; mp: 177.3-178.8 °C;
[@]% -86 (c 0.1, CH30H); UV (CH3CN) A, (log €) = 205 (3.53) nm;
ECD (CH3CN) Ay (A€) = 203 (+7.28) nm; IR (KBr) vy, 3516,
2920, 2852, 1808, and 1656 cm™'; "H NMR (CDCls, 400 MHz) and
¥C NMR (CDCl;, 100 MHz) data, see Table 2; HR-ESI-MS m/z
325.1778 [M + Na]" (Calcd. for C{gH,503Na, 325.1780).

Kaurepenoid E (5): colorless blocks; mp: 164.4-165.6 °C;
[@]% +12 (c 0.1, CH30H); UV (CH3CN) A, (log €) = 205 (3.69) nm;
ECD (CH3CN) A (A€) = 204 (+10.96) nm; IR (KBr) vy, 3433,
2925, 2858, 1713, 1668, 1445, 1254, and 1058 cm™; 'H NMR
(CDCl3, 400 MHz) and "*C NMR (CDCl3, 100 MHz) data, see Table
2; HR-ESI-MS m/z 357.2053 [M + Na]" (Calcd. for C,yH3,0,4Na,
357.2042).

Kaurepenoid F (6): colorless needles; mp: 171.3-172.5 °C;
[@]% =163 (c 0.1, CH30H); UV (CH3CN) Ay (log €) = 198 (3.64)
nm; ECD (CH3CN) A« (Ag) = 218 (-0.90) nm; IR (KBr) vy, 3529,
2931, 2859, 1806, and 1656 cm™'; 'H NMR (CDCl;, 400 MHz) and
3C NMR (CDCl;, 100 MHz) data, see Table 2; HR-ESI-MS m/z
325.1780 [M + Na]" (Calcd. for CygH,503Na, 325.1780).

Kaurepenoid G (7): white powder; [a]%¥ -538 (c 0.1, CH30H);
UV (CH3CN) A, (log €) = 200 (4.00) nm; ECD (CH3CN) A, (A€) =
207 (+20.40) nm; IR (KBr) vy, 2925, 2854, 1706, 1472, 1446,
and 1063 cm™; 'H NMR (CDCl;, 600 MHz) and "*C NMR (CDCls,
150 MHz) data, see Table 2; HR-ESI-MS m/z 371.2202 [M + Na]*
(Calcd. for C,,H3,04Na, 371.2198).

4.4. X-ray crystal structure analysis

The crystallographic data for compounds 1-6 were depos-
ited in the Cambridge Crystallographic Data Centre (CCDC depos-
ition numbers: 2499656, 2499657, 2499658, 2499660, 2499661,
and 2499663).

Crystal data for 1. Colorless blocks (CH;0H), C,,H3,06, M =
416.49, monoclinic, a = 10.28740 (10)A, b = 8.12190 (10) 4, c =
13.4462 (2) A, a = 90°, B = 103.5690 (10)°, y = 90°, V =
1092.12(2) A%, T = 293(2) K, space group P2;, Z = 2, u (Cu Ka) =
0.733 mm™, F(000) = 448.0, crystal size 0.120 x 0.100 x 0.080
mm®, 23448 reflections measured, 4323 independent reflections
(Rint = 0.0482). The final R; values were 0.0341 (I > 20(1)). The fi-
nal wR(F®) values were 0.0868 (I > 20(I)). The final R; values
were 0.0347 (all data). The final wR(F) values were 0.0871 (all
data). The goodness of fit on F* was 1.052. Flack parameter =
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-0.03(7).

Crystal data for 2. Colorless blocks (CH3;0H), Cy3H3004, M =
402.47, triclinic, a = 6.04860(10)A, b = 10.85340 (10) A, ¢
16.2161 (2) A, « = 73.4780(10)°, B = 86.2070(10)°, y
89.3120(10)°, V = 1018.34(2) A®, T = 296(2) K, space group P1,
Z =2, u (Cu Ka) = 0. 768 mm™, F(000) = 432.0, crystal size
0.120 x 0.100 x 0.080 mm?>, 21792 reflections measured, 7708 in-
dependent reflections (R;,; = 0.0562). The final R; values were
0.0428 (I > 26(1)). The final wR(F?) values were 0.1117 (I > 2a(I)).
The final R, values were 0.0445 (all data). The final wR(F?) val-
ues were 0.1132 (all data). The goodness of fit on F* was 1.063.
Flack parameter = 0.03(11).

Crystal data for 3. Colorless blocks (CH;0H), Cy4H3509, M =
470.54, monoclinic, a = 6.1750(5) A, b = 10.3997(9) A, ¢ =
19.0852(17) A, a = 90°, B = 91.599(4)°, y = 90°, V = 1225.14(18)
A%, T=104(2) K, space group P2;, Z= 2, u (Cu Ka) = 0.512 mm™",
F(000) = 508.0, crystal size 0.100 x 0.060 x 0.050 mm®, 28645 re-
flections measured, 4845 independent reflections (R;,, = 0.0721).
The final R; values were 0.0461 (I > 2¢(I)). The final wR(F*) val-
ues were 0.1159 (I > 20(I)). The final R; values were 0.0491 (all
data). The final wR(F*) values were 0.1174 (all data). The good-
ness of fit on F* was 1.123. Flack parameter = -0.09(9).

Crystal data for 4. Colorless blocks (CH30H), C;9H¢03,
M = 302.40, monoclinic, a = 9.46340(10) A, b = 8.25660(10) A,
¢ = 21.35350(10) &, « = 90°, § = 100.4690(10)°, y = 90°, V =
1640.69(3) A> T = 100.00(10) K, space group P2, Z = 4,
u(Cu Ka) = 0.643 mm™, F(000) = 656.0, crystal size 0.5 x 0.12 x
0.1 mm?®, 41704 reflections measured, 6458 independent reflec-
tions (R;,; = 0.0443). The final R; values were 0.0304 (I > 20(0)).
The final wR(F?) values were 0.0801 (I > 25(I)). The final R, val-
ues were 0.0307 (all data). The final wR(F) values were 0.0803
(all data). The goodness of fit on F*> was 1.055. Flack parameter =
-0.05(6).

Crystal data for 5. Colorless blocks (CH30H), C,1H3c06, M =
384.50, orthorhombic, a = 6.40260(10) A, b = 12.5957(2) A, c =
25.5115(3) A, a = 90°, B = 90°, y = 90°, V = 2057.38(5) A, T =
100.01(10) K, space group P2,2,2,, Z = 4, u(Cu Ka) = 0.726 mm ",
F(000) = 840.0, crystal size 0.5 x 0.18 x 0.1 mm®, 31985 reflec-
tions measured, 4157 independent reflections (R;,, = 0.0842).
The final R, values were 0.0558 (I > 20(I)). The final wR(F?) val-
ues were 0.1433 (I > 20(I)). The final R, values were 0.0567 (all
data). The final wR(F*) values were 0.1446 (all data). The good-
ness of fit on F* was 1.024. Flack parameter = 0.03(13).

Crystal data for 6. Colorless needles (CH30H), C1950H2503.50,
M = 318.42, orthorhombic, a = 6.4787(5) A, b = 19.3669(16) A,
c=27.380(2) A, a=90° B=90°y=90°V=234354(5) A, T =
100(2) K, space group P2,2,2;, Z = 8, u(Cu Ka) = 0.421 mm™,
F(000) = 1384.0, crystal size 0.100 x 0.020 x 0.010 mm®, 66709
reflections measured, 6076 independent reflections (R, =
0.1113). The final R; values were 0.0781 (I > 20(I)). The final
WR(F?) values were 0.1620 (I > 20(I)). The final R, values were
0.0841 (all data). The final wR(F?) values were 0.1648 (all data).
The goodness of fit on F* was 1.151. Flack parameter = 0.05(15).

4.5. Synthesis

4.5.1. Synthesis of compounds 1 and 8-11 from compound 2
Compound 2 (1.3 mg) was divided into several portions and
added to a series of 4 mL round-bottom flacks, each containing a
dry DCM (CH,Cl,, 1.00 mL) solution of EDCI (1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide) (1.10 equiv) and DMAP (4-
(dimethylamino)pyridine)(0.10 equiv). Then, dry methanol, eth-
anol, 1-propanol, 1-butanol, and 2-methyl-1-propanol (2.00
equiv) were added to the respective flasks under the Ar. The mix-
ture was stirred at room temperature for 3 h, and the reaction
progress was monitored by thin-layer chromatography (TLC).
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The target compounds were purified by reversed-phase high-per-
formance liquid chromatography (RP-HPLC) using an acetonitrile-
water mobile phase (94% CH;CN) at a flow rate of 3.5 mL-min™,
affording compounds 1 (1.2 mg), 8 (1.1 mg), 9 (1.2 mg), 10 (1.2
mg), and 11 (1.2 mg).

Compound 8: white powder, 79% yield. '"H NMR (400 MHz,
CDCl3) 8y: 5.22 (1H, dt, J= 11.2, 7.6 Hz), 5.11 (1H, s), 4.79 (1H,
dd, /= 6.7, 3.5 Hz), 4.15 (2H, m), 2.62 (4H, m), 2.48 (1H, dd,
J=13.6,6.9 Hz), 2.44 (1H, m), 2.10 (1H, d, J = 10.6 Hz), 2.01-1.92
(3H, m), 1.73 (3H, d, = 1.6 Hz), 1.71-1.63 (3H, m), 1.53-1.45
(3H, m), 1.36 (3H, s), 1.39-1.34 (1H, m), 1.26 (3H, t, /= 7.1 Hz),
1.11 (3H, s). HR-ESI-MS m/z 453.2256 [M + Na]" (Calcd. for
C,5H3404Na, 453.2253).

Compound 9: white powder, 83% yield. "H NMR (400 MHz,
CDCl3) 8y: 5.22 (1H, dt, J= 11.2, 7.7 Hz), 5.11 (1H, s), 4.79 (1H,
dd, /= 6.8, 3.5 Hz), 4.05 (2H, m), 2.62 (4H, m), 2.48 (1H, dd,
J=13.6, 6.8 Hz), 2.44 (1H, m), 2.10 (1H, d, /= 10.6 Hz), 2.01-1.92
(3H, m), 1.73 (3H, d, J= 1.6 Hz), 1.71-1.63 (5H, m), 1.53-1.45
(3H, m), 1.36 (3H, s), 1.39-1.34 (1H, m), 1.11 (3H, d, J = 1.2 Hz),
0.94 (3H, t,] = 7.4 Hz). HR-ESI-MS m/z 467.2418 [M + Na]" (Calcd.
for C,4H3¢0¢Na, 467.2410).

Compound 10: white powder, 81% yield. '"H NMR (400 MHz,
CDCly) 6y 5.22 (1H, dt, J= 11.2, 7.7 Hz), 5.11 (1H, s), 4.79 (1H,
dd, J= 6.7, 3.5 Hz), 4.09 (2H, m), 2.62 (4H, m), 2.48 (1H, dd,
J=13.6, 6.8 Hz), 2.44 (1H, m), 2.10 (1H, d, ] = 10.6 Hz), 2.01-1.92
(3H, m), 1.73 (3H, d, /= 1.6 Hz), 1.71-1.59 (5H, m), 1.53-1.45
(3H, m), 1.36 (3H, s), 1.41-1.34 (3H, m), 1.11 (3H, s), 0.93 (3H, t,
J= 7.4 Hz). HR-ESI-MS m/z 481.2568 [M + Na]" (Calcd. for
C,7H3504Na, 481.2566).

Compound 11: white powder, 81% yield. '"H NMR (400 MHz,
CDCly) &y: 5.22 (1H, dt, J = 11.3, 7.7 Hz), 5.11 (1H, ), 4.86 (1H, q,
J=6.3Hz), 4.79 (1H, dd, J = 6.8, 3.5 Hz), 3.49 (1H, d, /] = 4.4 Hz),
2.61 (4H, m), 2.48 (1H, dd, /= 13.8, 7.1 Hz), 2.44 (1H, m), 2.10
(1H, d, J = 10.6 Hz), 2.01-1.92 (3H, m), 1.73 (3H, d, J = 1.6 Hz),
1.72-1.63 (3H, m), 1.61-1.57 (1H, m), 1.54-1.46 (3H, m), 1.36
(3H, s), 1.39-1.34 (1H, m), 1.21 (3H, d, /= 6.3 Hz), 1.11 (3H, d,
J=1.2 Hz), 0.89 (3H, t, ] = 7.4 Hz). HR-ESI-MS m/z 481.2566 [M +
Na]" (Calcd. for C,;H3504Na, 481.2566).

4.5.2. Synthesis of compound 12 from compound 3

Compound 3 (1.3 mg), K,CO5 (2.50 equiv), and CH;I (2 equiv)
were dissolved in anhydrous DMF (1.00 mL) in a 4 mL flask. An-
hydrous CH;0H (2.00 equiv) was then added under Ar. The reac-
tion was stirred at room temperature for 3 h (monitored by TLC),
then purified by RP-HPLC (94% CH5;CN/H,0, 3.5 mL-min™") to
give compound 12 (1.1 mg).

Compound 12: white powder, 76% yield. '"H NMR (400 MHz,
CDCl3) 8y: 5.23 (1H, dt, J=11.2, 7.8 Hz), 5.10 (1H, s), 4.17 (1H, q,
J=8.2Hz), 3.71 (3H, s), 3.69 (3H, s), 2.62 (4H, m), 2.50 (1H, dd,
J=12.1, 6.8 Hz), 2.43 (1H, m), 2.36 (1H, d, / = 8.6 Hz), 2.20-2.14
(2H, m), 1.96 (1H, m), 1.83 (1H, d, /= 8.3 Hz), 1.73 (3H, d,
J=1.6 Hz), 1.75-1.68 (1H, m), 1.62-1.56 (2H, m), 1.42-1.37 (2H,
m), 1.36-1.30 (1H, m), 1.25 (3H, s), 1.19 (3H, s), 1.21-1.14 (1H,
m). HR-ESI-MS m/z 471.2362 [M + Na]" (Calcd. for C;5H350,Na,
471.2359).

4.6. Biological assay

4.6.1. Cell lines and culture

SW620/AD300 cell line was provided by Professor Hongmin
Liu (Department of Oncology, the Affiliated Cancer Hospital of
Zhengzhou University, Zhengzhou, China) and cultivated in Dul-
beccos modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (Procell Life Science&Technology, Wuhan, China),
100 U-mL™" penicillin, and 100 pg-mL™ streptomycin at 37 °C
with 5% CO,.
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4.6.2. Cell counting kit-8 assay

The cells were seeded in 96-well plates at the density of 5 x
10 cells per well and preincubated for 24 h. Different concentra-
tions of tested compounds were added into designated wells and
incubated for 72 h. Then 10 pL CCK-8 was added to each well and
stayed at 37 °C for 1 h. The absorbance of each well was meas-
ured at 450 nm using the Varioskan LUX microplate spectropho-
tometer (Thermo Fisher, Waltham, MA). ICs, values were calcu-
lated using the GraphPad prism. Reversal fold (RF, the ICs, val-
ues of PTX divided by PTX/compound combination) was used as
a parameter to evaluate the reversal ability of compounds.

4.6.3. Molecular docking

Molecular docking was performed using Schrodinger Maes-
tro (Schrodinger Release 2023-1: Maestro, Schrodinger, LLC,
New York, NY, 2023). The protein model 7A6E was obtained
from the Protein Data Bank (PDB) and prepared using the Pro-
tein Preparation Workflow module. The structure of compound
was pre-processed using the LigPrep module. The receptor grid
was centered between the substrate-binding site and the access
tunnel, fully encompassing both sites. Ligand docking was con-
ducted using default settings. The interactions and alignments
were visualized and processed by PyMOL software.

4.6.4. Colony formation assay

SW620/AD300 cells were seeded in 6-well plates (2000
cells/well) and treated with compound 1 combined with differ-
ent concentrations of PTX for seven days. After removing the me-
dium and washing with PBS, cells were fixed by using 4% para-
formaldehyde, stained with 0.1% (W/V) crystal violet, washed
with PBS and then photographed, and counted.

4.6.5. Cell cycle analysis

Cell cycle progression was assessed by flow cytometry.
Briefly, SW620/AD300 cells were cultured for 24 h in 6-well
plates with compound 1, after which were collected and fixed
overnight at 4 °C in 70% ethanol. Samples were then stained for
30 min with propidium iodide solution containing RNase A, after
which they were analyzed with a BD flow cytometer.

4.6.6. Rhodaminel23 accumulation assay

SW620/AD300 cells were seeded into 6-well plates (3 x 10°
cells/well), treated with compound 1 or VPM at 37 °C for 24 h,
and then incubated with Rho123 at 37 °C for 30 min. The cells
were analyzed with BD FACS flow cytometer.

4.6.7. Cellular thermal shift assay

The membrane protein was extracted from SW620/AD300
cells and divided into two aliquots, one aliquot was treated with
DMSO and the other aliquot was treated with compound 1. After
30 min incubation at 37 °C, the membrane protein was divided
into smaller aliquots and then heated at designated temperat-
ures ranging from 40 to 65 °C individually for 3 min. The expres-
sion of P-gp in heated membrane proteins was analyzed by west-
ern blot.

4.6.8. Xenograft studies

Male BALB/c nude mice (18-22 g, aged 6-7 weeks) were
purchased from Vital River Laboratories (VRL, Beijing, China)
and housed in ventilated cages and maintained with food and
sterile water (ethics approval No. 4881). Approximately 1 x 10’
SW620/AD300 cells were inoculated subcutaneously into the
forelimb of each mouse. The mice were randomized into four
groups (n = 5) and treated with one of the following regimens: (i)
Vehicle (containing 90% corn oil, and 10% DMSO, 10 mL-kg™'/
3 days, i.g.); (ii) PTX (5 mgkg™/3 days, dissolved in 109% DMSO
and suspended with 90% corn oil, i.g.); (iii) PTX plus VPM
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(5 mg-kg™'/3 days, dissolved in 10% DMSO and suspended with
90% corn oil, i.g.); (iv) PTX plus 1 (50 mg-kg™'/3 days, dissolved
in 10% DMSO and suspended with 90% corn oil, i.g.). The body
weight and tumor volume were measured with analytical bal-
ance and vernier calipers every day. Following 14-day treatment,
animals were euthanized and tumor, liver and kidney tissues
were fixed in 4% paraformaldehyde for further analysis.

4.6.9. TUNEL assay

Apoptosis in vivo was detected by TUNEL staining. Briefly, tu-
mor tissue sections were incubated with proteinase K for 20 min
at room temperature, then were rinsed with PBS. The sections
were subsequently incubated with TdT enzyme and FITC-labeled
dUTP for 1 h at 37 °C in a humidified chamber. Subsequently, the
sections were sealed with antifade mounting medium and the
fluorescence of positive staining was examined using a fluores-
cence microscope.

4.6.10. HE staining

Hematoxylin and eosin (HE) staining was performed for his-
topathology analysis. Briefly, tissue sections were deparaffinized
and stained by hematoxylin for 5 min before being rinsed and dif-
ferentiated by 1% hydrochloric acid in alcohol (V/V). Then, the
sections were stained in eosin solution for 2 min. After being
rinsed and paraffined, the slides were mounted in neutral balsam.

4.6.11. Statistical analysis

All experiments were performed at least in triplicate, and the
results are presented as the mean # standard error (SE). Statistic-
al differences among groups were evaluated by one-way analysis
of variance (ANOVA). A value of P < 0.05 was considered statistic-
ally significant.
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