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KEY WORDS Abstract  Ferroptosis is a type of cell death accompanied by iron-dependent lipid peroxidation, thus stimu-
lating ferroptosis may be a potential strategy for treating gastric cancer, therapeutic agents against which are
urgently required. Jiyuan oridonin A (JDA) is a natural compound isolated from Jiyuan Rabdosia rubescens
with anti-tumor activity, unclear anti-tumor mechanisms and limited water solubility hamper its clinical appli-
cation. Here, we showed a2, a new JDA derivative, inhibited the growth of gastric cancer cells. Subsequently,

Jiyuan Rabdosia
rubescens;
JDA derivative;
Gastric cancer;

Ferroptosis; we discovered for the first time that a2 induced ferroptosis. Importantly, compound a2 decreased GPX4 expres-
ROS; sion and overexpressing GPX4 antagonized the anti-proliferative activity of a2. Furthermore, we demonstrated
GPX4; that a2 caused ferrous iron accumulation through the autophagy pathway, prevention of which rescued a2
Ferrous iron; induced ferrous iron elevation and cell growth inhibition. Moreover, a2 exhibited more potent anti-cancer ac-
Autophagy tivity than 5-fluorouracil in gastric cancer cell line-derived xenograft mice models. Patient-derived tumor xeno-

graft models from different patients displayed varied sensitivity to a2, and GPX4 downregulation indicated the
sensitivity of tumors to a2. Finally, a2 exhibited well pharmacokinetic characteristics. Overall, our data suggest
that inducing ferroptosis is the major mechanism mediating anti-tumor activity of a2, and a2 will hopefully
serve as a promising compound for gastric cancer treatment.

Abbreviations: 5-FU, 5-fluorouracil; CDX, cell line-derived xenograft; DCFH-DA, dichlorodihydro-fluorescein diacetate; DCM, dichloromethane; IKE,
imidazole ketone erastin; JDA, Jiyuan oridonin A; KEGG, Kyoto Encyclopedia of Genes and Genomes; NAC, N-acetylcysteine; P,pp, apparent permeability
coefficient; PARP, poly ADP-ribose polymerase; PDX, patient-derived tumor xenograft; PK, pharmacokinetic; qRT-PCR, quantitative real time PCR; ROS,
reactive oxygen species; RTV, relative tumor volume; Verp, verapamil.
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1. Introduction

Gastric cancer is the fifth most frequent cancer and the third
leading cause of death from cancer'. Limited therapeutic strate-
gies, especially definite clinical used drugs, prompt the develop-
ment of new agents against gastric cancer’. The Chinese
medicinal herb Rabdosia rubescens has long been used to treat
gastrointestinal tract diseases alone or together with other herbs.
Jiyuan oridonin A (JDA) was first isolated and identified by our
group, which was named as ent-kaurane diterpenoid (I) in the
patent applied’. However, as in the case with oridonin®, low
aqueous solubility and poor bioavailability significantly limit the
clinical application of JDA, impelling scientists to optimize the
structure of JDA.

To improve aqueous solubility and bioavailability, a series of
JDA derivatives were designed and synthesized. Among them,
compound a2, bearing a valine ester trifluoroacetate, exhibited
excellent anti-proliferative activity against gastric cancer cells.
However, the anti-cancer mechanism of a2 is unclear and needs to
be further investigated.

A variety of studies have reported that ent-kaurane diterpenes
exert anti-tumor effects through regulating cell cycle, apoptosis,
autophagy, and metastasis’ . While changes in P53, P21, CDK1/
2, CDK2 and cyclin D1 contribute to cell cycle arrest, and the
occurrence of apoptosis is associated with disordered expression
of BAX, BCL-2, cytochrome c¢, caspase 3/7/9 and PARP. How-
ever, these reports mainly focused on the biological effects and the
mechanism of action of ent-kaurane diterpenes remains unclear.
With the development of molecular biology, specific targets of
ent-kaurane diterpenes have emerged such as NLRP3, AKT, BCR-
ABL and peroxiredoxin I*~''. Therefore, there is still an urgent
need to investigate the mechanism that mediates the anti-cancer
activity of a2.

Ferroptosis is a form of regulated cell death that is charac-
terized by large amounts of ferrous iron accumulation and lipid
peroxidation. SLC7A11 and GPX4 are two key enzymes that
repel the lipid reactive oxygen species (ROS) production by
transporting L-cystine into cells and reducing lipid peroxides,
respectively. Various compounds targeting SLC7A11 or GPX4
show anti-cancer activity'>'>. Tron is a redox-active metal that
is well regulated in cells, elevated levels of iron play a pivotal
role in the induction of ferroptosis'*'. Thus, induction of
ferroptosis is a novel method for the destruction of cancer
cells'>"°,

In this research, we show that one JDA derivative a2 could
specifically inhibit the growth of gastric cancer cells. Mechanis-
tically, a2 induced ferroptosis by decreasing GPX4 and causing
ferrous iron accumulation. Furthermore, we found that prevention
of ferroptosis strongly rescued the cell growth inhibited by a2.
Importantly, a2 differentially prevents tumor growth in gastric
cancer patient-derived tumor xenograft (PDX) models, and
downregulation of GPX4 can predict the sensitivity of gastric
cancer to a2, making a2 a promising therapeutic agent for gastric
cancer.

2. Materials and methods

2.1.  Reagents

Z-VAD-FMK, 3-methyladenine (3-MA), deferoxamine and RSL3
were obtained from MedChemExpress (NJ, USA); Z-LEHD-FMK
and imidazole ketone erastin (IKE) were purchased from Selleck
Chemicals (Houston, USA). Dichlorodihydro-fluorescein diac-
etate (DCFH-DA) was purchased from Beyotime Biotechnology
(Shanghai, China). Antibodies against BCL-2, BAX, caspase 9,
caspase 3, poly ADP-ribose polymerase (PARP) and (-actin were
purchased from Cell Signaling Technology (Boston, MA, USA).
Antibodies against SLC7A11 and GPX4 were obtained from
Abcam (Cambridge, UK). Antibody against GAPDH was acquired
from Goodhere Biological Technology (Hangzhou, China).

2.2.  Chemical synthesis

JDA was isolated from extract of Jiyuan Rabdosia rubescens as
described in patent'’.

General procedure for preparation of JDAO: compound JDA
(150 mg, 0.38 mmol) was dissolved in acetone (1 mL). After
adding Jones reagent (50 pL), the mixture was stirred for 10 min
at 0 °C. The mixture was diluted with water (50 mL) and then
extracted with ethyl acetate (50 mL x 3). The extract was then
washed with brine, saturated NaHCOj solution, dried over anhy-
drous Na,SO,, filtered, and evaporated to generate JDAO
(135 mg, 91%) without further purification.

General procedure for preparation of a2: JDAO (100 mg,
0.14 mmol) was mixed with N-Boc-L-valine (0.28 mmol), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (29 mg, 0.14 mmol),
4-dimethylaminopyridine (2 mg, 0.016 mmol) and diisopropyle-
thylamine (26 pL, 0.14 mmol) in 3 mL of dichloromethane
(DCM). And the reaction was stirred at room temperature for
1—2 h. After completion of the reaction as indicated by TLC, the
resulting mixture was poured into DCM (30 mL), and washed with
brine (10 mL x 3), and then dried over anhydrous Na,SO, and
concentrated under vacuum, and then purified by column chro-
matography to obtain corresponding product. The corresponding
product was de-protected with excessive trifluoroacetic acid
(1 mmol) in DCM (6 mL) at O °C and stirred for 30 min. After
completion of the reaction as indicated by TLC, the reaction so-
lution is concentrated under vacuum. And the residue was purified
by crystallization with isopropyl ether to yield compound a2 as a
white solid.

(6R,6aS8,98,11bS,14R)-14-Hydroxy-4,4-dimethyl-8-
methyleneoctahydro-1H-6,11b-(epoxymethano)-6a,9-
methanocycloheptal[a]naphthalene-7,11,12(8H,11aH )-trione
(JDAO), white solid, yield: 95%. m.p.:185.1—185.6 °C. IR (KBr,
em™'): 3565, 2960, 1760, 1733, 1644, 1380, 1105, 1042, 946, 718.
"H NMR (400 MHz, DMSO) 6 6.14 (s, 1H), 6.06 (s, 1H), 5.79 (s,
1H), 4.79—4.78 (m, 1H), 3.73 (s, 1H), 3.11-3.09 (d, J = 8.4 Hz,
1H), 2.96 (s, 1H), 2.91-2.84 (m, 2H), 2.70—2.63 (m, 1H), 2.55
(m, 1H), 1.80—1.73 (m, 1H), 1.62—1.56 (m, 2H), 1.37—1.34 (d,
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J = 11.2 Hz, 2H), 1.11-0.94 (m, 2H), 0.81 (s, 3H), 0.72 (s, 3H).
'3C NMR (101 MHz, DMSO) 6 204.70, 200.62, 174.52, 148.36,
121.48, 73.07, 70.74, 58.73, 57.93, 46.71, 45.56, 43.18, 41.28,
40.09, 33.99, 30.75, 28.47, 23.55, 19.29, 18.40. HR-MS (ESI): m/z
Calcd. for CooH,50s [M-+H]™: 345.1702, found 345.1690.
(6R,6aR,95,11bS,14R)-4,4-Dimethyl-8-methylene-7,11,12-
trioxododecahydro-1H-6,11b-(epoxymethano)-6a,9-
methanocyclohepta[a]naphthalen-14-yl valinate (a2), white solid,
yield 81%, m.p.:183.1—183.9 °C. IR (KBr, cm™'): 3125, 2969,
1738, 1678, 1532, 1400, 1202, 1137, 1038, 722. 'H NMR
(400 MHz, DMSO) ¢ 8.48 (s, 2H), 6.26 (s, 1H), 5.94 (m, 1H),
4.90—4.85 (m, 2H), 4.04 (m, 1H), 3.41-3.39 (dd, J = 12.0,
4.0 Hz, 1H), 3.30 (d, / = 8.1 Hz, 1H), 2.87—2.85 (m, 2H),
2.81-2.79(dd, J = 13.7, 8.5 Hz, 1H), 2.79—2.67 (m, 1H),
2.05—2.04 (m, 1H), 1.80—1.79 (m, 1H), 1.77—1.68 (m, 2H),
1.40—1.37 (m, 2H), 1.10—1.03 (m, 2H), 0.89 (s, 3H), 0.87 (s, 3H),
0.82 (s, 3H), 0.72 (s, 3H). *C NMR (101 MHz, DMSO) 6 203.14,
198.01, 173.90, 167.92, 158.31, 158.00, 145.94, 123.17, 75.08,
72.16, 58.85, 56.19, 46.39, 45.27, 43.16, 38.46, 33.81, 30.48,
29.34,28.11,22.97, 18.92, 18.18, 18.12, 17.11. HR-MS (ESI): m/z
Calcd. for CosH3,NOg [M+H]™: 444.2386, found 444.2381.

2.3.  Cell lines and proliferation assay

Human gastric cancer cell lines HGC-27, MGC-803, BGC-823
and AGS, and human immortalized gastric mucosa epithelial cell
line GES1 were purchased from Chinese Academy of Science Cell
Bank (Shanghai, China). Gastric cancer cell lines SGC-7901 and
MKN-45 were kindly provided by Ding Jian (Shanghai Institute of
Materia Medica, Chinese Academy of Sciences, Shanghai, China).
Cell proliferation was measured by sulforhodamine B (SRB;
Sigma—Aldrich, St. Louis, MO, USA) assay as described
previously'®.

Relative cell growth = (ODyeated — ODstart) / (ODcontrol —
ODgtart) (D

Relative inhibitory rate (%) = (ODcomrol - ODtrealed) / (ODcontrol
- ODstart) x 100 (2)

ODy.« means the optic density of cells at the moment of adding
test compounds.

2.4.  Measurement of cell cycle, cell apoptosis, mitochondrial
membrane potential and intracellular ROS

Measurement of cell cycle, cell apoptosis, mitochondrial mem-
brane potential and intracellular ROS have been described
previously'®.

2.5.  RNA-seq analysis

MGC-803 cells seeded in 6-well plates were treated with a2
(10 pmol/L) for 24 h. Total RNA of cells were then extracted by
TRIzol reagent (Solarbio Science & Technology Co., Beijing,
China). ¢cDNA library preparation, RNA sequencing, quality
control and transcriptome profiling were performed by Novogene
(Beijing, China). Briefly, total RNA were verified by agarose gel
electrophoresis, Nanodrop, and Agilent 2100 analysis, following
by cDNA library preparation with poly (A) selection and RNA
sequencing with Illumina PE150. Raw data of RNA sequencing
were aligned by Hisat2 and quantified by HTSeq, producing the

data of sample read counts and FPKM. RNA-seq data was further
analyzed by R packages DESeq2 and clusterProfiler to generate
differentially expressed mRNAs and enriched pathways'®’.

2.6.  Measurement of lipid peroxidation using C11-BODIPY*5>°!

Cells seeded in 6-well plates were treated with a2 for 6 h, cells
were then collected and re-suspended in 500 pL. PBS containing
2 pmol/L C11-BODIPY*®"*°! (Thermo Fisher Scientific, MA,
USA) for 30 min at 37 °C. Subsequently, cells were measured by
BD LSRFortessa flow cytometry (NJ, USA). Quantification of
data was performed with Flowjo.

2.7.  Quantitative real time PCR (qRT-PCR)

Total RNAs were extracted from cultured cells using the TRIzol
reagent. cDNAs were generated by reverse transcription using
HiScriptll Q RT SuperMix (Vazyme, Nanjing, China). qRT-PCR
was performed with ChamQ Universal SYBR qPCR Master Mix
(Vazyme) against specific genes. Relative quantity of gene
expression was normalized to GAPDH and analyzed by Quant-
Studio™6 Flex Real-Time PCR System (Thermo Fisher Scienti-
fic). The gene-specific primer pairs, which were synthesized by
GENEWIZ (Jiangsu, China), were as follows, respectively:
GAPDH-F, 5-GCACCGTCAAGGCTGAGAAC-3'; GAPDH-R,
5'"TGGTGAAGACGCCAGTGGA-3’; GPX4-F, 5-GAGGCAA-
GACCGAAGTAAACTAC-3'; GPX4-R, 5-CCGAACTGGTTA-
CACGGGAA-3'; SLC7A11-E, 5-GGTCCATTACCAGCTTTTG
TACG-3'; SLC7AI1-R, 5-AATGTAGCGTCCAAATGCCAG-3'.

2.8.  Transfection and generation of stable cell lines

Plasmid GPX4 (GV641) and lentivirus particles were generated by
GeneChem Co. (Shanghai, China). Gastric cancer cells were
seeded in 6-well plates and infected with viruses according to
manufacturer’s instruction, multiplicity of infection for MGC-803
and MKN-45 was 10 and 25, respectively. After 72 h, stably
transfected cells were selected and maintained with puromycin
(2.5 pg/mL).

2.9.  RNA interference

Gastric cancer cells were seeded in 12-well plate, cells were then
transfected with specific siRNAs using GP-transfect-Mate (Gen-
ePharma Co., Shanghai, China) according to manufacturer’s pro-
tocols. After 12 h, cells were digested with trypsin and seeded in
96-well plate to test the anti-proliferative activity of compound a2.
The targeted genes sense sequences were as follows,
siSLC7A11#1: 5'- GCAGCUACUGCUGUGAUAUTT-3/, siSLC
TA11#2: 5'-CCAUGAUUCAUGUCCGCAATT-3'. The negative
control was provided by GenePharma Co.

2.10.  Intracellular ferrous iron (Fe*") determination

Cells seeded in 60-mm plates were treated with compounds for
indicated time, cells were then collected and homogenized in iron
assay buffer. Intracellular ferrous iron content was determined
using the iron assay kit from Sigma—Aldrich (MAKO025) ac-
cording to instructions provided by manufacturer.
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2.11.  Gastric cancer cell line-derived xenograft (CDX) studies

All animal experiments were performed in accordance with rele-
vant protocols and guidelines approved by animal care and com-
mittee of Zhengzhou University (Zhengzhou, China). Male nude
mice (ages 6—8 weeks) used in the studies were purchased from
Hunan SJA Laboratory Animal Co. (Changsha, China). Male nude
mice were subcutaneously injected with MGC-803 cells into the
right flank of mouse. Once the tumor volume reached
100—200 mm®, mice were randomly divided into 5 groups
(6 mice/group) and administered with saline, a2 (5, 10, and
20 mg/kg), or 5-fluorouracil (5-FU, 15 mg/kg) once a day for 21
days via tail vein injection. Tumor volume (tumor
length x width®/2) and body weight were recorded every two
days. All mice were sacrificed after the final treatment, tumors
were isolated and weighed, and liver, kidney, lung, heart, and
spleen were collected to perform histopathological examination.

2.12.  Gastric cancer PDX studies

Fresh surgical tumor specimens of patients bearing gastric cancer
were collected from the First Affiliated Hospital of Zhengzhou
University. Before the tissue collection, the clinical protocol was
approved by the ethics review board of the First Affiliated Hos-
pital of Zhengzhou University. After examination by pathologists,
tumor tissues resected from primary lesion were transferred to
storage solution (RPMI 1640 medium supplemented with 2%
FBS, and 5% amphotericin B). Tumors were dissected into 1 mm?
and subcutaneously implanted into NOD-SCID mice within 6 h.
After tumor tissues were stably propagated for three passages,
tumor tissues were used for evaluating the anti-tumor activity of
a2 with the similar method described in gastric cancer CDX
studies. Treatment duration of PDX mice varied from 15 to 36
days according to tumor volumes in control groups. The relative
tumor volume (RTV) was determined according to Eq. (3):

RTV = V.V, 3)

V. represented the tumor volume on Day x and V, represented
tumor volume on Day 0. The “treated/control” (T/C) ratio was
determined according to Eq. (4):

T/C (%) = RTV/RTVe x 100 )

RTVt and RTV¢ represented the RTV of treated and control
group, respectively.

2.13.  Pharmacokinetic studies

Pharmacokinetic studies including Caco-2 permeability assay
(n = 2), metabolic stability in liver microsomes (n = 2) and
pharmacokinetic parameters in rats (n = 3) were conducted by
Sundia MediTech Company (Shanghai, China).

2.14.  Statistical analysis

The data are the means of at least three independent experiments
and presented as mean =+ standard deviation (SD). Statistical
differences were assessed by one-way or two-way ANOVA
analysis with GraphPad Software according to experiments.
P < 0.05 was considered statistically significant. P < 0.05,
*P< 0.01, **P 0.005, ***P 0.001.

3. Results

3.1. Compound a2 markedly inhibited the growth of gastric
cancer cells

Inspired by the modification of oridonin with amino acid®', our
group designed and synthesized a series of JDA derivatives (data
not published) and a2 was selected for further investigation
(Fig. 1A). To test the anti-proliferative effect of a2 in gastric
cancer cells, the Gl values of a2 were determined in the human
gastric epithelial cell line GES1 and six gastric cancer cell lines
MGC-803, HGC-27, SGC-7901, MKN-45, AGS and BGC-823.
As shown in Fig. 1B, the Glso values of a2 against gastric can-
cer cells ranged from 0.88 to 3.33 pumol/L, whereas the Glsg
values of a2 in GES1 were at least five-fold higher than those in
gastric cancer cells, suggesting that the a2 selectively inhibited the
growth of gastric cancer cells. Next, MGC-803 and SGC-
7901 cells were selected to make further investigation. We found
a2 decreased the number of MGC-803 cells in time- and dose-
dependent manner, and a2 induced morphologic changes of
cells as early as 1 h after incubation at high concentrations (5 and
10 umol/L, Fig. 1C and D). In addition, the relative cell growth of
cells was gradually decreased after a2 treatment at 10 pmol/L
compared with that of other cell groups, indicating that a2 led to
cell death at high concentrations. Similar results were observed in
MKN-45 cells (Supporting Information Fig. SIA and S1B).

Given that a2 markedly suppressed cell growth, we tried to
determine whether the cell cycle was affected by a2. The results
showed that a2 significantly increased the cell population in the
G2/M phase and reduced the number of cells in the S phase
(Fig. 1E). Similar phenomenon was obtained in MKN-45 cells
(Fig. SIC and SID). Therefore, a2 showed significant anti-
proliferative activity against gastric cancer cells and arrested
them in the G2/M phase.

3.2.  Compound a2 induced mitochondria-dependent apoptosis
in gastric cancer cells

Considering that a2 caused cell death at high concentrations and
that variety of ent-kaurane diterpenoids induce cell apoptosis, we
examined whether a2 can induce cell apoptosis. As shown in
Fig. 2A—D, a2 significantly elevated cell populations co-staining
with PI and Annexin V-FITC in dose- and time-dependent manner,
indicating that a2 induced apoptosis. Apoptosis induced by a2 was
also observed in MKN-45 cells (Supporting Information Fig.
S2A—S2D). Mitochondrial membrane potential was measured
by JC-1 staining, loss of which marks the initiation of
mitochondria-dependent apoptosis”®. Compound a2 markedly
induced the loss of mitochondrial potential, indicating that a2
caused mitochondrial injury (Fig. 2E and F, Fig. S2E and S2F).
Apoptosis-related proteins were further examined. As shown in
Fig. 2G and Fig. S2G, a2 dose-dependently decreased the levels of
anti-apoptotic protein BCL-2 and elevated cleaved-caspase 9/3
and PARP proteins, confirming that a2 induced mitochondria-
dependent apoptosis in gastric cancer cells.

To explore the contribution of apoptosis to the anti-tumor ac-
tivity of a2, the pan-caspase inhibitor Z-VAD-FMK or selective
caspase 9 inhibitor Z-LEHD-FMK were utilized to investigate the
role of apoptosis. In MGC-803 cells, the presence of Z-VAD-FMK
and Z-LEHD-FMK partially antagonized anti-proliferative activ-
ity of a2 (Fig. 2H). However, combination of a2 with Z-VAD-
FMK or Z-LEHD-FMK caused equivalent relative inhibitory rate



Natural product derivative a2 inhibits the growth of gastric cancer by inducing ferroptosis 1517

== NN W W
aoououoo
] el 11 11

Glsg (umoliL)

] Debris

Cell count
) e

s ) £ a0 0

o o 0 &
‘Crannels (PrA) ‘Channois (RA)

Control 2.5 ymol/L 5 pmol/L

Figure 1

a0 o

o &
Crannels (A)

-~ 0

44 = 2.5 pmol/L

a 5 pmol/L /l/
-+ 10 pmol/L /‘/.

0 )
T T T T T T 7/ T 1

& O % © AMODNN 24 48 72
Time (h)

Fold of change
i

2.5 ymol/L

5 pmol/L

10 ymol/L

“Cell population (%)

o Py
‘Channels (FHA) 0

10 pmol/L

2.5 5 10
Concentration (umol/L)

Compound a2 selectively inhibited the growth of gastric cancer cells. (A) Structural formulas of JDA and a2. (B) Gls, values of a2 in

selected cells for 72 h. (C) MGC-803 cells were treated with a2 at indicated doses and then were imaged by the bright-field microscopy at specific
point in time. (D) MGC-803 cells were treated with a2 at indicated concentrations for different time duration and then cell viability was detected
by SRB staining. (E) MGC-803 cells were treated with a2 for 48 h, cells were then stained with PI and analyzed by flow cytometry and quantified.
Data are presented as the mean &+ SD (n = 3) from three independent experiments with biological duplicates in (B, D, E). Statistics differences
were analyzed by two-way ANOVA analysis (E): *P < 0.05, ***P < 0.005 vs. the control.

with that of a2 alone in MKN-45 cells, suggesting that a2
inhibited cell growth independent of apoptosis (Fig. S2H). Thus,
a2 can induce apoptosis in both MGC-803 and MKN-45 cells,
whereas cell growth inhibited by a2 partially relied on apoptosis
only in MGC-803 cells.

3.3.  Identification of ferroptosis induced by compound a2 in
gastric cancer cells

To further explore the mechanism mediating the anti-cancer effect
of a2, mRNAs extracted from control and treated MGC-803 cells
were analyzed for differentially expressed genes. As shown in
Fig. 3A, there were 560 significant differentially expressed mRNAs
affected by a2 in MGC-803 cells (Supporting Information Table
S1). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of these 560 mRNAs showed that the genes were
mainly enriched in proteasome, antigen processing and presenta-
tion, ferroptosis, phagosome, etc (Fig. 3B). Given that ferroptosis is

a type of programmed cell death initiated by large amounts of ROS
and most of ent-kaurane diterpenes caused ROS elevation in cancer
cells, we further presented the ferroptosis-related mRNAs affected
by a2. Compound a2 affected mRNAs encoding ferroptosis-related
proteins in a seemingly paradoxical manner: the mRNA encoding
key anti-ferroptosis kinase GPX4 was decreased, whereas a2
elevated the mRNA encoding the anti-ferroptosis protein SLC7A11
(Fig. 3C). To explore whether a2 induces ferroptosis, lipid ROS
were determined with C11-BODIPY®*"*°!. Compound a2 dose-
dependently elevated lipid ROS production in both MGC-803 and
MKN-45 cells, confirming that a2 induced cell ferroptosis (Fig. 3D
and Supporting Information Fig. S3A). In addition, total ROS were
measured, elevation of which will initiate ferroptosis. Compound a2
markedly elevated the level of ROS, and ROS scavenger N-ace-
tylcysteine (NAC) almost totally reversed ROS accumulation trig-
gered by a2 (Fig. 3E and Fig. S3B). In accordance with that of ROS
change, NAC can dramatically rescue cell growth prevented by a2
(Fig. 3F and Fig. S3C). Furthermore, transmission electron
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Figure 2 Compound a2 induced mitochondria-dependent apoptosis in gastric cancer cells. MGC-803 cells were treated with a2 at indicated
concentrations for 24 h (A and B) and 48 h (C and D), cells were then stained by PI and Annexin V-FITC and analyzed by flow cytometry. (E and
F) MGC-803 cells were treated with a2 for 24 h, cells were then stained by JC-1 and analyzed by flow cytometry. (G) MGC-803 cells were treated
with a2 for 24 h with illustrated concentrations, indicated proteins were tested by Western blot. (H) MGC-803 cells were treated with a2 alone or
in combination with the indicated agents for 72 h, cell viability was then tested by SRB assay. Data are presented as the mean £ SD (n = 3) from
three independent experiments with biological duplicates in (B, D, F, H). Statistics differences were analyzed by two-way ANOVA analysis (B, D,
H) or one-way ANOVA analysis (F): *P < 0.05, **P < 0.01, ****P < 0.001 vs. the control (B, D, F). **P < 0.01, ***P < 0.005, ****P < 0.001
vs. the a2 treated samples (H).

microscopy examination showed that mitochondria became smaller reduction of lipid peroxides, respectively>’. However, a2
and with increased membrane density in a2-treated cells compared induced the opposite alteration of SLC7A11 and GPX4 in
with those in control cells (Fig. 3G). Thus, a2 can induce ferroptosis MGC-803 cells (Fig. 3C). qRT-PCR analysis confirmed that a2

in gastric cancer cells. dose-dependently reduced the mRNA level of GPX4 and
increased the mRNA level of SLC7A11 in both MGC-803 and
3.4.  Compound a2 induced ferroptosis via decreasing GPX4 MKN-45 cells (Fig. 4A and B). The protein levels of GPX4 and

SLC7A11 affected by a2 were consistent with that of the
SLC7A11 and GPX4 are two important proteins that negatively changes in mRNAs (Fig. 4C). To investigate the biological
regulate ferroptosis by importing L-cystine and catalyzing the  function of GPX4 in a2-induced cell arrest, GPX4 was
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Figure 3  Identification of ferroptosis induced by compound a2 in gastric cancer cells. (A) Heatmap of differentially expressed mRNAs after
incubation of MGC-803 cells with a2 (10 pmol/L) for 24 h (RNA-seq, n = 3), P < 0.05, basemean of read > 100. (B) KEGG pathways of
differentially expressed mRNAs in a2 treated vs. control MGC-803 cells. Bar color represents statistical significance of the enrichment, length of
bar indicates gene number. (C) Heatmap of differentially expressed mRNAs in ferroptosis pathway in a2 treated versus control MGC-803 cells.
(D) MGC-803 cells were treated with a2 for 6 h, cells were then stained by C11-BODIPY>#"**! and analyzed by flow cytometry. (E) MGC-
803 cells were treated with a2 in the absence or presence of NAC for 24 h, cells were then stained with DCFH-DA and analyzed by flow
cytometry. (F) MGC-803 cells were treated with a2 in the absent or present of NAC for 72 h, relative inhibitory rates of compounds were
determined with SRB assay. (G) MGC-803 cells were treated with a2 for 6 h, cells were then observed by transmission electron microscopy. Data
are presented as the mean £ SD (n = 3) from three independent experiments with biological duplicates in (D and F). Statistics differences were
analyzed by one-way ANOVA analysis (D) or two-way ANOVA analysis (E and F): **P < 0.01 vs. the control (D). ***P < 0.005, ****P < 0.001
vs. the a2 treated samples (E and F).

overexpressed in gastric cancer cells. GPX4 overexpression
significantly reversed the cell growth inhibited by a2 in both
MGC-803 and MKN-45 cells (Fig. 4D and E). Next, we found
GPX4 inhibitor RSL3 and a2 exerted additive anti-proliferative
activity against MGC-803 cells at the low concentration (Sup-
porting Information Fig. S4B), indicating that both RSL3 and
a2 exerted anti-cancer activity through inhibiting GPX4. In
addition, we measured the expression level of GPX4 in a panel
of cell lines. Concerning Glsq value of a2 in different cell lines,

we found that the cell lines with high expressed GPX4 were
more sensitive to a2 (Fig. S4A and Fig. 1B).

We then tested the biological function of SLC7A11 in anti-
tumor activity of a2 with the specific system x. inhibitor IKE.
IKE alone had no effect on cell growth, whereas the combination
of IKE and a2 significantly augmented the relative inhibitory rate
induced by a2 alone in both MGC-803 and MKN-45 cells, indi-
cating that elevated SLC7A11 antagonized a2-induced cell growth
inhibition (Fig. 4F and G). In addition, a2 showed higher relative
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Compound a2 induced ferroptosis via decreasing GPX4. MGC-803 (A) and MKN-45 (B) cells were treated with a2 at indicated doses

for 24 h, indicated mRNAs were then determined by qRT-PCR. (C) MGC-803 and MKN-45 cells were treated with a2 for 24 h, indicated proteins
were measured. GPX4 were overexpressed in MGC-803 (D) and MKN-45 (E) cells, relative inhibitory rates of a2 in indicated cells for 24 h were
tested. MGC-803 (F) and MKN-45 (G) cells were treated with a2 alone or combined with IKE for 72 h, cells were then examined by SRB assay.
Data are presented as the mean + SD (n = 3) from three independent experiments with biological duplicates in (A—B, D—G). Statistics dif-
ferences were analyzed by one-way ANOVA analysis (A and B) or two-way ANOVA analysis (D—G): *P < 0.05, **P < 0.01, ****P < 0.001 vs.

the control (A—B, D—E). *P < 0.05, ***P < 0.005, ****P < 0.001 vs. the a2 treated samples (F and G).

inhibition rate in MGC-803 cells with reduced expression of
SLC7A11 (Fig. S4C and S4D), suggesting that decreasing of
SLC7A11 enhanced the response of cells to a2. We also examined
the expression level of SLC7A11, and found no observed rela-
tionship between SLC7A11 protein level and Gls values of a2
(Fig. S4A and Fig. 1B). Together, these data supported that a2
inhibited cell growth by decreasing GPX4 expression, while
elevated SLC7A11 antagonized anti-proliferative activity of a2.

3.5.  Compound a2 induced cell ferroptosis by causing ferrous
iron ( Fez+) accumulation

Given that ferroptosis is a form of regulated cell death driven by
iron-dependent lipid peroxidation, we tested the ferrous iron
content in the presence of a2. As shown in Fig. 5A, a2

significantly increased ferrous iron accumulation in both MGC-
803 and MKN-45 cells. In accordance with that, iron chelater
deferoxamine can markedly reverse the cell growth prevented by
a2 in gastric cancer cells (Fig. 5B and C). Considering that
autophagy can cause excessive extracellular iron by degrading the
iron storage protein ferritin, an inhibitor of autophagy 3-MA was
utilized to explore the function of autophagy in a2-induced ferrous
iron accumulation’*?. As expected, ferrous iron accumulation
triggered by a2 could be completely prevented by 3-MA in both
MGC-803 and MKN-45 cells, indicating that a2 induced an excess
of ferrous iron through autophagy (Fig. 5D and E). Consistent
with this, a2 can dose-dependently induce the expression of LC3B
(Supporting Information Fig. S5), and the relative inhibitory rate
induced by the combination of a2 and 3-MA was significantly
lower than that of a2 alone (Fig. 5F and G). Taken together, a2
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induced cell growth inhibition through autophagy-dependent
ferrous iron accumulation.

3.6.  Compound a2 inhibited tumor growth in both the CDX and
PDX models of gastric cancer, and downregulation of GPX4
indicated the sensitivity of PDX models to a2

Based on the fact that a2 markedly inhibited the growth of gastric
cancer cells, we further measured the anti-tumor efficacy of a2 in
MGC-803 CDX mice models. As shown in Fig. 6A and B and
Supporting Information Fig. S6A, a2 dose- and time-dependently
inhibited tumor growth; the anti-tumor efficacy of a2 at 10 or
20 mg/kg were more potent than that of the positive control drug
5-FU. In addition, a2 had fewer effect on mouse body weight
compared to 5-FU (Fig. S6B). We also performed pathologic
examination of the main organs and hematology test to evaluate
the adverse effects of a2 in mice. Compared with the saline group,
groups with a2 and 5-FU showed no observed adverse effects on
the heart, liver, spleen, lung, and kidney (Fig. S6C). Furthermore,
a2 and 5-FU had minor effects on the number of white blood cells,
red blood cells, hemoglobin and platelets compared to the saline
(Fig. S6D). Thus, a2 exhibited strong anti-tumor efficacy with
minor adverse effects in CDX mice models of gastric cancer.

As a2 inhibited tumor growth with minor adverse effects, we
next measured the anti-tumor activity of a2 in gastric cancer PDX
models. As shown in Fig. 6C, a2 inhibited tumor growth with a
range of tumor growth inhibition T/C ratios from 19.9% to
129.1%, indicating that the tumors in PDX models displayed

diverse sensitivity to a2. The respective tumor volume and time
curve of a2 in different gastric cancer PDX mice models were
supplied in Supporting Information Fig. S7. We further measured
the expression of GPX4 at the end of treatment, and found that a2
decreased expression of GPX4 in sensitive PDX models including
PDX-01, PDX-02, and PDX-03, whereas GPX4 displayed resis-
tant to a2 in resistant PDX models, which was in consistent with
previous data that a2 induced ferroptosis by downregulating
GPX4 (Fig. 6D). In contrast, the anti-tumor activity of 5-FU in
PDX models showed no relationship with GPX4 expression.
Therefore, these results indicated that a2 differentially inhibited
tumor growth in PDX models and that downregulation of GPX4
can be a biomarker to indicate the sensitivity of a2 against
tumors.

3.7.  Compound a2 exhibited good pharmacokinetic
characteristics

The excellent anti-tumor activity of a2 encouraged us to evaluate
its pharmacokinetic parameters. The Caco-2 cell permeability
assay was used to measure the human intestinal absorption of a2.
As shown in Table 1, the apparent permeability coefficient (P,pp,)
value of propranolol was 28.31, which was a highly membrane
permeable compound. The P,,, (A-B) values of atenolol and
digoxin, which are poorly permeable agents, were both less than 1.
The P,,, (A—B) value of tested a2 was 16.08, which is between
28.31 and 0.13, suggesting that a2 was a moderately permeable
compound against the Caco-2 monolayer from A to B. Py,
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Figure 5

Compound a2 induced ferroptosis through accumulation of ferrous iron. (A) Ferrous iron contents were measured in MGC-803 and

MKN-45 cells treated with a2 for 24 h. Relative inhibitory effects of a2 without or with deferoxamine on MGC-803 (B) and MKN-45 (C) cells
(72 h). MGC-803 (D) and MKN-45 (E) cells were treated with a2 alone or combined with 3-MA for 24 h, ferrous iron contents were then
examined. MGC-803 (F) and MKN-45 (G) cells were treated with indicated compounds for 72 h, relative inhibitory rates were tested. Data are
presented as the mean &+ SD (n = 3) from three independent experiments with biological duplicates in (A—G). Statistics differences were
analyzed by two-way ANOVA analysis: **P < 0.05, ***P < 0.005, ****P < 0.001 vs. the control (A). *P < 0.05, **P < 0.01, ***P < 0.005,
*#*kxxP < 0.001 vs. the a2 treated samples (B—G).
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Figure 6 Compound a2 inhibited tumor growth in both CDX and PDX models of gastric cancer. (A) Male mice bearing MGC-803 xenograft
were treated with indicated agents once a day for 21 days, tumor volume was measured periodically. Data are presented as the mean + SD
(n = 6). (B) Average tumor weights with indicated agents at the end of treatment. Data are presented as the mean + SD (n = 6). Statistics
differences were analyzed by one-way ANOVA analysis: *P < 0.05, ¥**P < 0.01 vs. the saline group. (C) Tumor growth inhibition T/C ratio of
indicated compounds were measured at the end of treatment in mice bearing specific gastric cancer patient derived xenografts. (D) Expression of
GPX4 in tumor tissues from PDX modes was determined by IHC.
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(B—A)/P,pp (A—B) is also called the efflux ratio and can quantify
the levels of active efflux. A compound with an efflux ratio greater
than 2 is subject to active efflux. The efflux ratios of atenolol and
digoxin were 9.8 and 196.6, respectively, which represented active
efflux. The P,p, (B—A)/P,,, (A—B) value of a2 was 0.2, sug-
gesting that a2 will not undergo active efflux.

Metabolic stability plays an important role in substance
clearance, thus we used liver microsomes from human, rat, mouse,
dog and monkey to measure the in vitro intrinsic clearance of a2.
As shown in Fig. 7A and Table 2, the concentration—time curve of
the positive control substance, verapamil, varied among different
species according to the duration of metabolism, suggesting that
Clhuman < Claog < Clige < Clouse < Clmonkey: Compared with
verapamil, a2 displayed an undifferentiated efficacy of meta-
bolism in different species, with #;, values ranging from 23.5 to
34.9 min. Thus, a2 exhibited strong microsomal metabolic sta-
bility with minor species diversity.

We further evaluated the pharmacokinetic (PK) parameters of
a2 in male SD rats, the mean plasma concentration—time curve
and corresponding PK parameters of a2 were shown in Fig. 7B
and Table 3. The Cp.x value of a2 was 18,319 ng/mL. The half-
life and mean residence time were 3.93 and 1.54 h, respectively.
According to a previous report, the #;, value of 5-FU upon
intraperitoneal injection in mice is 1.36 h, which is shorter than
that of a2’°. Therefore, these data indicated that a2 had superior
pharmacokinetic characteristics.

4. Discussion

JDA was first isolated and identified from Jiyuan R. rubescens
early in 2011 by our group, after which several JDA analogues
showed anti-tumor activity against esophageal and gastric cancer
cells®>"**. However, poorly known mechanism of action and
bioavailability hinder the clinical development of compound JDA.
In this study, we found a novel JDA derivative, a2, selectively
inhibited the proliferation of gastric cancer cells. Induction of
ferroptosis by downregulating GPX4 and ferrous iron accumula-
tion mainly contributed to the anti-tumor activity of a2 in gastric
cancer cells. Results from the CDX and PDX models of gastric
cancer further confirmed the anti-tumor efficacy of a2, and the
downregulation of GPX4 predicted the sensitivity of tumors to a2
in gastric cancer PDX models. Importantly, a2 exhibited superior
PK characteristics. Therefore, the excellent anti-tumor activity and
PK characteristics of a2 make it a promising anti-tumor agent for
gastric cancer treatment.

Our results indicated that a2 inhibited cell cycle at the G2/M
phase, which was in accordance with previous reports that JDA

Table 1  Permeability coefficients of the compounds a2.
Test sample Direction Py, (10~° cm/s) Popp (B=A)/Pypp
Mean + RSD (A-B)
Propranolol A-B 28.31 + 0.43 0.7
B-A 185+ 0.3
Atenolol A-B 0.23 £ 0.02 9.8
B-A 22 £ 0.1
Digoxin A-B 0.13 + 0.02 196.6
B-A 24.7 £ 0.1
a2 A-B 16.08 £ 1.01 0.2
B-A 33+03
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Figure 7 Pharmacokinetic characteristics of compound a2. (A)

Microsomal metabolic stability of a2 (1 pmol/L) in liver microsomes
from indicated species. Verapamil (Verp) was selected as a positive
control. Data are presented as the mean + SD (n = 2). (B) Mean
plasma concentration—time profile of a2 after an intravenous
administration of a2 (20 mg/kg) to male SD rats. Data are presented as
the mean + SD (n = 3).

analogues (jaridonin and JDA-202) induce the G2/M arrest in
esophageal cancer cells™”’. We also observed that a2 caused
mitochondria-dependent apoptosis in gastric cancer cells. How-
ever, prevention of apoptosis only partially antagonized the anti-
proliferative activity of a2 only in MGC-803 cells and not in
MKN-45 cells. These results suggested that a2 may inhibit cell
growth through different mechanisms in different gastric cancer
cell lines. And apoptosis may be an alternative or secondary event
caused by a2 and contributed little to the anti-proliferative activity
of a2.

Ferroptosis is a recently discovered form of programmed cell
death executed by the interaction of ROS and ferrous iron,
resulting in lipid ROS burst and cell death'**’. RNA-seq anal-
ysis of MGC-803 cells treated with a2 indicated that significantly
differentiated mRNAs enriched in ferroptosis, lipid peroxidation

Table 2 The 1, of compound a2 and verapamil in liver
microsomes of different species.

Species t1/» (min) CL (puL/min/mg)

a2 Verapamil a2 Verapamil
Human 34.9 26.9 99.4 128.8
Rat 31.2 13.7 111.2 252.7
Mouse 23.7 10 146.3 347.3
Dog 322 17.8 107.7 194.8
Monkey 23.5 4.8 147.7 725.7
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Table 3  Main pharmacokinetic parameters of a2 in rats.
PK parameter a2
Crnax (ng/mL) 18319.0 & 1422.0
ti2 (h) 3.93 £+ 0.48

14804.9 £ 1322.1
14840.8 £+ 1328.4

AUC, (h-ng/mL)
AUCINE_pred (h-ng/mL)

CL_pred (L/h/kg) 165 Eis 023
Vi prea (L/kg) 7.73 £ 1.46
MRT, (h) 1.54 + 0.13

assay and transmission electron microscope data confirmed that
a2 induced ferroptosis in both MGC-803 and MKN-45 cells.
GPX4 is an enzyme that catalyzes the reduction of lipid perox-
ides and plays an essential role in regulation of ferroptosis, and
inhibition of GPX4 is a promising strategy to treat refractory
cancer’”?'. Compound a2 downregulated expression of GPX4
and overexpression of GPX4 markedly attenuated the anti-
proliferative activity of a2 in both MGC-803 and MKN-
45 cells, suggesting that downregulation of GPX4 played a
critical role in a2-induced cell growth inhibition. Consistent with
this, the expression of GPX4 was only inhibited by a2 in sen-
sitive gastric cancer PDX models, making GPX4 downregulation
a promising biomarker. We also found that a2 upregulated
SLC7A11 and inhibiting SLC7A11 with specific SLC7A11 in-
hibitor or specific siRNAs enhanced the anti-proliferative ac-
tivity of a2. It has been reported that JDA analogues jaridonin
and JDA-202 cause upregulation of P53, and P53 can inhibit
ferroptosis by repression of the SLC7A11%?"*?, In contrast, a2
had no effect on the mRNA and protein levels of P53 in MGC-
803 cells (data not shown), suggesting that a2 exerted anti-tumor
activity with new mechanism.

Compound a2 caused accumulation of ferrous iron, which in-
teracts with ROS to produce large amounts of lipid ROS. Iron
homeostasis plays an essential role in cell survival and is well
regulated by multiple pathways™. Inhibition of autophagy
antagonized ferrous iron accumulation and cell growth inhibition
caused by a2, which was in accordance with previous report that
ent-kaurane diterpenoid oridonin induces autophagy in P53-
mutated colorectal cancer cells™.

5. Conclusions

Taken together, we found a novel JDA derivative, a2, which
showed excellent anti-tumor efficacy with minor adverse effects in
both gastric cancer cells and mouse models. Compound a2
selectively inhibited tumor growth in gastric cancer PDX models
that in which GPX4 expression can be suppressed. It is well
known that gastric cancer a kind of cancers with highly hetero-
geneity with diverse molecular features. Downregulation of GPX4
can thus be a biomarker to indicate the anti-tumor activity of a2 in
gastric cancer.
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