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Characterization of LTr1 derived from cruciferous vegetables
as a novel anti-glioma agent via inhibiting TrkA/PI3K/AKT
pathway
Qi-qi Song1, Li-ping Lin2, Ya-li Chen1, Jia-cheng Qian2, Ke Wei1, Jian-wei Su1, Jian-hua Ding3, Ming Lu3, Yang Liu1, Ren-xiang Tan2,4 and
Gang Hu1,3

Malignant glioma is the most fatal, invasive brain cancer with limited treatment options. Our previous studies show that 2-(indol-3-
ylmethyl)-3,3′-diindolylmethane (LTr1), a major metabolite of indole-3-carbinol (I3C) derived from cruciferous vegetables, produces
anti-tumour effect against various tumour cell lines. In this study we characterized LTr1 as a novel anti-glioma agent. Based on
screening 134 natural compounds and comparing the candidates’ efficacy and toxicity, LTr1 was selected as the lead compound.
We showed that LTr1 potently inhibited the viability of human glioma cell lines (SHG-44, U87, and U251) with IC50 values of 1.97,
1.84, and 2.03 μM, respectively. Furthermore, administration of LTr1 (100,300 mg· kg−1 ·d−1, i.g. for 18 days) dose-dependently
suppressed the tumour growth in a U87 xenograft nude mouse model. We demonstrated that LTr1 directly bound with TrkA to
inhibit its kinase activity and the downstream PI3K/AKT pathway thus inducing significant S-phase cell cycle arrest and apoptosis in
SHG-44 and U87 cells by activating the mitochondrial pathway and inducing the production of reactive oxygen species (ROS).
Importantly, LTr1 could cross the blood-brain barrier to achieve the therapeutic concentration in the brain. Taken together, LTr1 is a
safe and promising therapeutic agent against glioma through inhibiting TrkA/PI3K/AKT pathway.
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INTRODUCTION
Cruciferous plants, including broccoli, cabbage, mustard, Chinese
cabbage, and cauliflower, are some of the most popular and
extensively cultivated vegetables in the world due to their nutritious
properties and notable health benefits [1]. The consumption of
cruciferous vegetables has been associated with a low risk of
developing different cancers [2]. Malignant glioma is the most lethal,
invasive, and neurologically destructive brain cancer, and these
properties lead to poor treatment effects, inferior recovery, and short
median survival rates that are observed in patients with glioma [3].
Glioma has a 5-year overall survival rate lower than 5%, and it is
challenging to cure glioma because there are limited treatment
options [4, 5]. The standard treatment for newly diagnosed gliomas
after surgery is the first-line alkylating chemotherapeutic drug TMZ in
combination with radiotherapy. However, most patients eventually
exhibit resistance to TMZ, which leads to treatment failure. Therefore,
there is an urgent need to develop new and more specific
therapeutic approaches for the treatment of glioma.
2-(Indol-3-ylmethyl)-3,3′-diindolylmethane (LTr1) is a trimer that is

derived from indole-3-carbinol (I3C), which is a well-known

anticancer molecule that is widely distributed in cruciferous
vegetables. Previously, our group discovered that LTr1 could kill
acute myelocytic leukemia (AML) cells that harbour FMS-like tyrosine
kinase 3 (FLT3) receptor mutations by inhibiting the FLT3
phosphorylation and the expression of downstream proteins [6].
Furthermore, we found that LTr1 had antitumour activities in various
tumour cell lines as well, such as breast cancer (MCF-7), lung cancer
(A549), and liver cancer (HepG2) cell lines [7]. Accordingly, LTr1 is
considered to be a potent tumour inhibitor superior to that of I3C
and 3,3′-diindolylmethane (DIM), of these, DIM is themost active and
effective metabolite and it is in phase II/III trials to determine its
efficacy in patients with breast cancer or prostate cancer [8, 9].
However, the effect of LTr1 on glioma remains unknown.
It is generally believed that natural products, especially those

derived from food, are less toxic than chemically synthesized
compounds. Furthermore, the diversity and complexity of natural
compounds in chemical structure and their significant advantage in
biological activities endow them with privilege as lead compounds.
Many studies have suggested that substantial number of naturally
derived products exert good effects on glioma-cell proliferation,
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apoptosis, and sensitivity to chemotherapeutic drugs [10–12].
Accordingly, 134 natural compounds that were isolated from
cruciferous vegetables or actinomycetes in our laboratory were
screened in order to develop novel anti-glioma treatments.
Interestingly, LTr1 and seven other compounds were identified

from the 134 natural compounds and exhibited potential anti-
glioma activity. However, the other compounds showed the
equivalent IC50 values against human glioma and normal glial
cells, indicating that they did not have safe concentrations at
which they could be used as lead compounds. In the present
study, we further showed that LTr1 inhibited the proliferation of
glioma cells by inducing S-phase cell cycle arrest and apoptosis via
mitochondrial pathway activation and reactive oxygen species
(ROS) production. Furthermore, LTr1 inhibited TrkA kinase activity
and decreased its expression, which in turn inhibited the
downstream PI3K/AKT pathway. Moreover, LTr1 inhibited tumour
growth and induced apoptosis in the U87 xenograft nude mice
model. Promisingly, LTr1 could cross the blood-brain barrier
without causing apparent toxicity, suggesting that LTr1 is a potent
drug candidate for the treatment of glioma cancer.

MATERIALS AND METHODS
Chemicals and materials
One hundred thirty-four compounds were extracted from
cruciferous vegetables or actinomycetes. Paclitaxel (PTX) (S1150)
and temozolomide (TMZ) (S1237) were purchased from Selleck
Chemicals (Houston, TX, USA). In the experiments in vitro, all
compounds were dissolved in DMSO (D2650, Sigma-Aldrich, St.
Louis, MO, USA). Paclitaxel injection was purchased from Haikou
Pharmaceutical Factory Co (H10980170, Haikou, China). LTr1 was
dissolved in DMSO and diluted with corn oil (C116025, Aladdin
Chemical Co, Shanghai, China).

The synthesis of LTr1
LTr1 was synthesized according to the reference [13].

Cell lines and cell cultures
Human glioma cell lines SHG-44, U87, U251, and human normal
glial cell line (SVG p12) were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). All cell lines
were cultured in DMEM (12100046, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% FBS (10099141C,
GIBCO BRL, Grand Island, NY, USA), 100 U/mL penicillin, and
100 μg/mL streptomycin (C100C5, New Cell & Molecular Biotech
Co, Suzhou, China). Mouse primary astrocyte was isolated from
brain tissue of neonatal C57BL/6 J mice aged 1–3 days. C57BL/6J
mice were purchased from the Experimental Animal Center of
Nanjing Medical University (Nanjing, China). The meninges and
basal ganglia were removed under a microscope and digested
with 0.25% trypsin (G4001, Servicebio, Wuhan, China), and the
reaction was terminated with FBS. The suspension was filtered
with a 40 μm filter (BD Falcon, San Jose, CA, USA) and
centrifuged at 1000 × g for 5 min. The cells were resuspended
in DMEM complete medium and then seeded in the 96-well
plant or 6-well plate. Cells were incubated at 37 °C in a 5% CO2

atmosphere.

Animals
All animal care and procedures were performed following national
and international guidelines and were approved by the Animal
Resource Centre, Nanjing Medical University. We complied with all
relevant ethical regulations for animal testing and research. Four-
to-five-week-old female nude mice were purchased from Vital
River (Beijing Vital River Laboratory Animal Technology Co., Ltd,
Beijing, China) and housed in a specific-pathogen-free (SPF) facility
under a constant photoperiod (12 h light and 12 h dark) and free
access to chaw and sterilized water.

Subcutaneously heterotopic xenograft glioma model
U87 cells (3 × 106/100 μL) were injected subcutaneously into the
right flank of mice. When the tumour solids grew to a volume of
approximate 50mm3, mice were randomized into five groups
(n= 6) and designated as control, vehicle control [corn oil,
intragastric administration (i.g.)], low-dose group (LTr1, 100 mg·
kg−1· d−1, i.g.), high-dose group (LTr1, 300mg· kg−1· d−1, i.g.), and
positive control group [paclitaxel, 20 mg/kg, intravenous admin-
istration (i.v.)], respectively. The tumour volume (length × width ×
width/2) and body weight of the mice were monitored every two
days. At the end of treatment, mice were sacrificed. The tissues
were excised, weighed, processed for histology, and evaluated by
hematoxylin and eosin (H&E) staining, immunohistochemical
examination, or immunoblotting according to the manufacturer’s
instructions.

Orthotopic xenograft glioma model
After anesthetizing the nude mice, U87 cells (1 × 106) were
injected into the 2mm lateral midline of the skull. The depth is
3.5 mm. On the third day, mice were randomized into four groups
(n= 6–8) and designated as vehicle control (corn oil, i.g.), low-
dose group (LTr1, 100mg ·kg−1 ·d−1, i.g.), high-dose group (LTr1,
300mg· kg−1 ·d−1, i.g.), and positive control group (paclitaxel,
20 mg/kg, i.v.), respectively. At the end of treatment, mice were
narcotized by isoflurane (R510-22-10, RWD Life Science, Shenzhen,
China) and then conducted nuclear magnetic resonance (NMR)
imaging (Biospec 7T/20 USR, Bruker, Germany). The contrast
medium is gadopentetate dimeglumine. Anatomical structures
were visualized by T1-weighted imaging consisting of a 3D-
spoiled turbo spin echo sequence (256 × 256 matrix, 2 × 22mm
FOV, TR= 300 ms, TE= 8.9 ms, ST= 0.8 mm). Mice were sacrificed,
and livers and lungs were excised and processed for histology
evaluated by H&E staining.

Analysis of LTr1 by LC-MS/MS
Plasma and tissues from animals: Mice were gavaged with LTr1 at
300mg/kg dosage and executed to collect blood, brain, heart,
liver, spleen, lung, kidney, muscle, and intestines after 3, 6, and
24 h. Blood was centrifuged at 8000 r/min for 10 min to obtain
plasma. Tissues taken from tested mice were chopped, accurately
weighed, and ground into homogenates with liquid nitrogen in
deionized water, respectively.
Sample preparation: Plasma and homogenate samples (50 or

100 μL) were extracted by 2.5-fold volumes of ethyl acetate
containing ketoconazole 50 ng/L for concentration determination
of LTr1 in plasma and tissues from mice as internal standard
(Supplementary Fig. S3). The mixture was vortex-mixed for 3 min
and then centrifuged at 8000 r/min for 10 min. The supernatant
(200 or 450 μL) was transferred and evaporated to dryness under a
vacuum at 30 °C. The residues were resuspended in 200 μL of
methanol and centrifugated at 13,000 r/min for 10 min twice. A
2 μL aliquot of the supernatant from each sample was injected for
the LC-MS/MS analysis.
Calibration curve and quantification: Working solutions of LTr1

with concentrations in the range of 1–200 μg/mL were obtained
by serially diluting the stock solution with methanol. All solutions
were stored at 4 °C and brought to room temperature before use.
The calibration standards were prepared by spiking the series of
working solutions (2.5 or 5 μL) into blank plasma or tissues (47.5 or
95 μL) to yield LTr1 concentrations of 0.005, 0.05, 0.1, 0.25, 0.5, 1,
2.5, 5, 10 and 20 μg/mL.
Chromatography condition: The chromatographic separation

was carried out using a Waters BEH C18, 2.1 mm × 100mm, 1.7 μm
column (Waters, USA), on a VANQUISH Thermo UHPLC system
(Thermo Fisher Scientific, Waltham, MA, USA). The column oven
temperature was set at 40 °C. A mobile phase consisting of 0.025%
formic acid in water (A) and acetonitrile (B) was delivered at a flow
rate of 0.3 mL/min using the following gradient program: 10% (B)
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from 0–1min, 10%–100% (B) from 1–5min, 100% (B) from
5–8min, 100%–10% (B) from 8–10min for concentration determi-
nation of LTr1 in plasma and tissues from animals.
Mass spectrometry conditions: Quantitation was performed by

TSQ Quantis triple quadrupole mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). The mass operation parameters
were set as follows: a negative turbine spray ion source. LTr1 was
monitored via selective reaction monitoring (SRM). The precursor-
to-product ion pairs for SRM transitions were at m/z
374→ 116.071 for LTr1.

Transfection
SHG-44 and U87 cells were cultured and inoculated in the culture
plate. TrkA siRNA was transfected by Lipofectamine®3000
(L3000015, Invitrogen, CA, USA) according to the instructions.
The fresh culture medium was replaced 6–8 h after transfection,
and these dishes were cultured for an additional 48 h. The siRNA
sequence is as follows:
NC sense: 5′-UUCUCCGAACGUGUCACGUTT-3′,
antisense: 5′-ACGUGACACGUUCGGAGAATT-3′;
TrkA-1 sense: 5′-CCAUGUCCCUGCAUUUCAUTT-3′,
antisense: 5′-AUGAAAUGCAGGGACAUGGTT-3′;
TrkA-2 sense: 5′-CCUUUCUACGCUGCUCCUUTT-3′,
antisense: 5′-AAGGAGCAGCGUAGAAAGGTT-3′.

Cell viability assay and lactate dehydrogenase (LDH) release assay
Exponentially growing cells were seeded into 96-well plates
(4 × 103 cells/well) for 24 h. All compounds were diluted with
culture medium to specified concentrations. Cells were treated
with compounds for the indicated times and concentrations. Cell
viability was determined by cell counting kit-8 (CCK-8) assay
(B34304, Bimake; Houston, TX, USA). The half-maximal inhibitory
concentration (IC50) was calculated according to GraphPad Prism
8.0 software (GraphPad; San Diego, CA, USA). For LDH release, cell
culture supernatants were collected after various treatments, and
the LDH activity was detected using the LDH assay kit (C0016,
Beyotime Biotechnology, Shanghai, China). The absorbance was
measured at 450 nm on a spectrophotometric microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

Hoechst 33342 staining
Hoechst 33342 staining assay was performed according to the
manufacturer’s instructions (C1025; Beyotime Biotechnology,
Shanghai, China). SHG-44 and U87 cells were cultured in 24-well
plates and subjected to the indicated treatments. Hoechst 33342
was added and then incubated for 10 min in the dark to visualize
under a fluorescence microscope (Olympus, Tokyo, Japan).

Apoptosis and cell cycle evaluation by flow cytometry
For cell apoptosis or cell cycle analysis, SHG-44 and U87 cells were
seeded in 6-well plates and separately treated with indicated
concentrations of LTr1 and paclitaxel for 48 h. According to the
instruction, cells were treated with Annexin V-FITC/PI Apoptosis
Detection Kit (A211, Vazyme Biotech Co., Ltd., Nanjing, China) or
Cell Cycle Detection Kit (KGA512, KeyGEN BioTECH, Nanjing,
China). Then cells were analyzed with a flow cytometer (Guava
EasycyteTM8, Millipore, USA).

Determination of ROS production
The production of intracellular ROS and mitochondrial ROS was
detected using fluorescent dye H2DCF-DA(D399, Invitrogen,
Carlsbad, CA, USA) and MitoSOXTM Red (M36005, Invitrogen,
Carlsbad, CA, USA) by observing under a fluorescence microscope
or analyzing by flow cytometer. SHG-44 and U87 cells were seeded
in 12-well plates and then treated with the indicated concentration
of LTr1 and paclitaxel for 48 h. Cells were incubated with H2DCF-DA
or MitoSOX staining solution at 37 °C for 30min in the dark. After 4%
paraformaldehyde fixation of cells, Hoechst 33342 was added and

then observed under a fluorescence microscope or directly
analyzed by flow cytometer (Guava EasycyteTM8, Millipore, USA).

Immunoblotting
Cells were washed with cold PBS three times and lysed in the
radioimmunoprecipitation assay (RIPA) lysis buffer (KGP702, Key-
GEN BioTECH, Nanjing, China) containing protease or phosphatase
inhibitors. Mitochondria were extracted with Cell Mitochondria
Isolation Kit (C3601, Beyotime, Shanghai, China). Then, extracted
proteins were quantitated by the BCA method and denatured by
boiling at 95 °C for 5min. Protein samples were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to hydrophobic polyvinylidene (PVDF)
membranes, which were blocked with 10% skim milk in Tris-
buffered saline with Tween solution (TBST; pH 7.4, 10mM Tris-HCl,
150mM NaCl, 0.1% Tween-20) for 1 h at room temperature. Then,
the membranes were incubated at 4 °C overnight with primary
antibodies against caspase-3 (1:1000, 9662s, Cell Signaling Technol-
ogy, Beverly, CA, USA), Bcl-2 (1:800, BS1511, Bioworld Technology,
Louis Park, MN, USA), Bax (1:2000, 50599-2-Ig, Proteintech, Chicago,
IL, USA), caspase-9 (1:1000, 66169-1-Ig, Proteintech), cytochrome c
(cyto c; 1:1000, 66264-1-Ig, Proteintech), PI3K (1:1000, 4249s, Cell
Signaling Technology), P-PI3K (1:1000, 4228s, Cell Signaling
Technology), AKT (1:1000, 21054-2, SAB, Maryland, USA), P-AKT
(1:1000, 11054, SAB), CDK4 (1:1000, 32073, SAB), CDK2 (1:1000, 2546,
Cell Signaling Technology), cyclin A2 (1:1000, GB111132, Servicebio,
Wuhan, China), p21 (1:500, ab7960, Abcam, Cambridge, UK), TrkA
(1:1000, BS91373, Bioworld Technology), β-actin (1:3000, GB12001,
Servicebio). COX IV (1:1000, 250135, Zen-bioscience, Chengdu,
China). After washing with TBST three times, membranes were
incubated with the secondary antibodies of HRP-conjugated goat
anti-rabbit IgG (H+ L) (1:1000; GB23303, Servicebio) or HRP-
conjugated goat anti-mouse IgG (H+ L) (1:1000; GB23301, Service-
bio) for 2 h at room temperature. Bands were detected by NovexTM

ECL Chemiluminescent Substrate Reagent Kit (34580, Thermo Fisher
Scientific, Waltham, MA, USA) using an ImageQuant LAS 4000 mini
(GE Healthcare, Connecticut, USA).

Assays for TrkA inhibition by LTr1, LOXO-101
Enzyme activity assays were performed according to the
manufacturer’s instructions using TrkA Kinase Assay Kit (V2931,
Promega, Madison, WI, USA). The IC50 was calculated according to
enzyme activity values using GraphPad Prism 8.0 software.

Immunocytochemical staining
SHG-44 and U87 cells were seeded in 12-well plates and treated
with indicated concentrations of LTr1 and paclitaxel for 48 h,
respectively. Cells were rinsed with PBS and fixed with 4%
paraformaldehyde. After being blocked with PBST containing 5%
bovine serum albumin (BSA), the cells were further incubated with
the primary antibody against γ-H2AX (1:200, 9718, Cell Signaling
Technology) at 4 °C overnight. After washing, cells were exposed
to the secondary antibody, Alexa Fluor 488 goat anti-mouse IgG
(1:1000, R37120, Invitrogen, Carlsbad, CA, USA) for 1 h at room
temperature. After washing and treatment with Hoechst 33342,
cells were observed under a fluorescence microscope.

Histopathologic examination
The tumours, kidneys, livers, and spleens were excised and fixed in
4% paraformaldehyde, dehydrated by ethanol, and embedded in
paraffin. The paraffin-embedded tissue samples were sectioned
into 5 μm slices and then stained with H&E. The histological
features were observed and captured under a microscope
(Olympus, Tokyo, Japan).

TUNEL staining
TUNEL staining was performed according to the manufacturer’s
instructions by TUNEL BrightGreen Apoptosis Detection Kit (A112,
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Vazyme Biotech Co., Ltd., Nanjing, China). The results were
observed under a fluorescence microscope (Olympus, Tokyo,
Japan).

Immunohistochemistry assay
Tumour tissues were fixed in 4% paraformaldehyde, embedded in
paraffin, and sliced for examination. Thus, obtained slices were
stained and analyzed by immunohistochemical inspection. Briefly,
the slices were maintained at 60 °C for 2 h, deparaffinized,
rehydrated, and unmasked by being submerged into boiling
sodium citrate buffer (10 mM, pH 6.0) for 10 min before being
treated with 3% H2O2 for 10 min. The slices were blocked with 5%
BSA in PBS for 1 h at room temperature and then hybridized with
anti-Ki67 antibody (1:200, ab15580, Abcam, Cambridge, MA, USA)
at 4 °C overnight. After being washed with PBS, the slices were
hybridized with the secondary antibodies for 1 h at room
temperature, and the results were visualized by the DAB reaction.
Images were blindly taken at random fields under a microscope
(Olympus, Tokyo, Japan).

Molecular docking
The three-dimensional structure of receptor protein TrkA was
obtained from the PDB database (https://www.rcsb.org/pdb, PDB
ID: 6D20) [14], and the structure of ligand LTr1 was constructed by
Discovery Studio Visualizer. Then the ligand was docked to the
active site of the receptor TrkA by the AutoDock program to
obtain the protein-ligand complex [15]. Only the polar hydrogen
atoms were added to the molecules, and all the atoms were
assigned the AD4 type and Gasteiger charge. Lamarckian genetic
algorithm was used for the docking process, in which the receptor
was kept rigid while the ligand was flexible. All other settings
adopted the default values of the program.

Microscale Thermophoresis (MST) analysis
Microscale Thermophoresis assay was performed according to the
manufacturer’s instructions using the Red-tris-NTA His-tag kit (MO-
LO18, Nanotemper, Germany). The labeled TrkA (25 nM) in PBS (pH
7.6) containing 0.05% Tween-20 was incubated with LTr1 for 5min
in a dose range of 0.003–50 μM. After TrkA (11073-H07H2, Sino
Biological, Beijing, China) protein labeling and sample preparation,
KD was measured by Monolith NT.115 Pico (Nanotemper Technol-
ogies, Germany), using the following parameters: MST-Power
Medium, Excitation-Power 5%, Excitation type Pico-RED.

Biolayer interferometry
Ni-NTA biosensors were previously loaded with His-tagged TrkA
and then incubated with LTr1 to generate an association curve.
The 60-s association phase was subsequently followed by a 90-s
dissociation step.

Statistical analysis
All data were representative of at least three independent
experiments. Quantitative data are expressed as means ± standard
error (SEM). Statistical significance was determined using Graph-
Pad Prism 8.0 software, one-way ANOVA or two-way ANOVA was
conducted according to test requirements. P values less than 0.5
were statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS
LTr1 was identified as a potent anti-glioma agent from among 134
natural compounds
To discover lead compounds with anti-glioma activity, 134
compounds that were derived from cruciferous vegetables or
actinomycetes were screened in glioma cells (SHG-44, U87, and
U251 cells) (Fig. 1a). Consequently, eight compounds (No. 32, 90,
91, 106, 113, 124, 126, and 133 (LTr1), which are indicated in red
points in Fig. 1b) decreased the viability of all three glioma cell

lines by more than 50%, suggesting they possessed potential anti-
glioma activity. Furthermore, the IC50 values of these compounds
in glioma cells lines (Supplementary Table S1) and the levels of
LDH secretion induced by these compounds (Supplementary
Fig. S1) were measured, and the results confirmed their anti-
glioma activities. Among these eight compounds, comprehen-
sively considering their inhibitory effects on glioma cells and their
toxic effects on normal astrocyte cells (Supplementary Fig. S2),
LTr1 was selected as the lead compound. Notably, LTr1 had a
higher IC50 value (4 μM) in mouse primary astrocytes and human
SVG P12 normal astrocytes than glioma cells (1.97, 1.84, 2.03 μM
against human SHG-44, U87, and U251 glioma cells, respectively).
Moreover, glioma is a tumour of the central nervous system (CNS),
and the ability of drugs to cross the blood-brain barrier should be
emphasized. The logP and logD7.4 of LTr1 were 4.96 and 2.11
(Fig. 1a), respectively, which indicated that LTr1 can cross the
blood-brain barrier. Consequently, the LC-MS/MS analysis showed
that the concentration of LTr1 in the brain was
3785.26 ± 898.90 ng/mL (~10.09 ± 2.40 μM) 3 h after the mice
were administered 300 mg/kg by gavage and this value was
higher than its IC50 against all the glioma cells, these results
indicated that LTr1 could indeed cross the blood-brain barrier and
exert its anti-glioma effect (Fig. 1c, d, Supplementary Fig. S3, and
Supplementary Table S2).

LTr1 inhibited the proliferation of glioma cells by inducing S-phase
arrest
To further assess the effects of LTr1 on glioma, the dose- and time-
dependent effects of LTr1 on cell viability were studied in both
SHG-44 and U87 cells. As expected, LTr1 inhibited the cell viability
of the two glioma cell lines in a dose and time-dependent manner
(Fig. 2a, b, and Supplementary Fig. S4). Furthermore, at the
indicated concentrations, LTr1 inhibited the proliferation of glioma
cells in a dose-dependent manner as shown by EdU assay and
visualized under a fluorescence microscope (Fig. 2c and Supple-
mentary Fig. S5e).
The inhibition of cell proliferation is often accompanied by cell

cycle arrest. Therefore, the distribution of LTr1-treated glioma cells
in different phases of the cell cycle was analyzed by propidium
iodide (PI) staining. As shown in Fig. 2d, e, LTr1 significantly
decreased the proportion of cells in the G0/G1 phase of the cell
cycle, which was accompanied by an increased proportion of cells in
the S-phase, in a dose-dependent manner. Correspondingly, the
positive control drug PTX significantly increased the ratio of cells in
the G2/M phase [16]. It is well known that cyclin-dependent kinases
(CDKs) are responsible for orchestrating the molecular events of
orderly cell-cycle progression [17]. Therefore, the expression of
CDKs in both glioma cell lines after treatment with LTr1 was
measured using Western blotting. It was found that LTr1 down-
regulated the expression of cyclin A2 and CDK2 to induce S-phase
cell cycle arrest. In addition, LTr1 upregulated the expression of p21,
which is a CDK inhibitor [18], whereas it exerted no significant
effects on the expression of CDK4 which regulates the G1 phase
(Fig. 2f and Supplementary Fig. S5a–d). In addition, since DNA
replication takes place in the S phase, DNA damage induces S phase
arrest to inhibit cell proliferation [19]. Therefore, γ-H2AX, which is a
marker of DNA damage, was used to assess DNA damage in glioma
cells after exposure to LTr1. As expected, more γ-H2AX-positive
cells, indicating the presence of DNA damage, were observed in the
LTr1-treated group than in the control group (Supplementary
Fig. S6). Collectively, LTr1 induced S phase cell cycle arrest by
regulating cell-cycle-related proteins and causing DNA damage,
resulting in the inhibition of glioma cell proliferation.

LTr1 induced glioma cells apoptosis by activating the
mitochondrial intrinsic apoptotic pathway
The proliferation of cancer originates from its ability to avoid
programmed cell death, which is called apoptosis [20]. Thus, the
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induction of apoptosis in cancer cells has been identified as an
approach for the treatment of tumours. The morphological results
of Hoechst 33342 staining showed different degrees of cell
shrinkage, chromatin condensation, and nuclear fragmentation in
glioma cells after treatment with various concentrations of LTr1 for
48 h (Fig. 3a and Supplementary Fig. S7a).

Furthermore, apoptotic cells were analyzed by the Annexin V-
FITC/PI assay, and the proportion of apoptotic cells among glioma
cells that were exposed to LTr1 was increased in a dose-
dependent manner (Fig. 3b and Supplementary Fig. S7b). During
apoptosis, internal or external stimuli initiates a series of highly
controlled reactions, ultimately leading to cell death [21].

Fig. 1 Screening of lead compounds for anti-glioma activity. a Schematic diagram of screening lead compounds for anti-glioma activity.
b Cell viabilities, examined by CCK-8 assay, after treatment of glioma cells including SHG-44, U87, and U251 with indicated compounds at 2 μM
for 72 h, respectively. c HPLC profiles of LTr1 in brain tissues after oral intake of LTr1 (300mg/kg). d Concentration of LTr1 in brain tissues and
plasma at 3, 6, 24 h.

LTr1 is a novel anti-glioma agent via TrkA
QQ Song et al.

1266

Acta Pharmacologica Sinica (2023) 44:1262 – 1276



Therefore, the expression of apoptosis-related proteins, especially
proteins that are involved in the mitochondrial intrinsic apoptotic
pathway, was measured. We found that LTr1 significantly
increased the protein levels of cleaved caspase-3/9, Bax, and
cytosol cytochrome c (cyto c), but decreased the levels of Bcl-2
and mitochondrial cyto c (Fig. 3c and Supplementary Fig. S7c–h),
which demonstrated that LTr1 induced apoptosis by activating the
intrinsic mitochondrial pathway.

LTr1 promoted ROS production and mitochondrial dysfunction in
glioma cells
In cancers, the production of toxic levels of ROS exerts an anti-
tumour effect via an increase in oxidative stress and induction of
tumour cell death [22, 23]. Therefore, we determined whether ROS
are involved in the LTr1-induced apoptosis of glioma cells. As

shown in Fig. 4a–d, LTr1 significantly induced the intracellular ROS
production in glioma cells assessed by H2DCF-DA staining, and
the content of ROS in glioma cells increased rapidly as the
concentration of LTr1 increased. In addition, we also found that
LTr1 induced glioma cell apoptosis by activating mitochondrial
pathways. Thus, the MitoSOX probe was used to measure the
mitochondrial ROS levels in glioma cells. The results showed that
LTr1 significantly induced the production of mitochondrial ROS in
glioma cells (Fig. 4e–h). Furthermore, the mitochondrial mem-
brane potential (MMP), which is another reliable indicator that is
used to evaluate mitochondrial function, was analyzed with the
fluorescent dye JC-1 [24]. The results showed that a considerable
amount of the red JC-1 fluorescence was converted to green,
indicating that the MMP of glioma cells was significantly
decreased after exposure to different concentrations of LTr1

Fig. 2 (Continued).
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(Supplementary Fig. S8). These results suggested that LTr1
induced ROS production and mitochondrial dysfunction in glioma
cells

TrkA was a potential target for glioma
TrkA is highly expressed in nervous tissues and is involved in the
development of the central nervous system [25]. Various studies
have reported that TrkA is related to the development of cancers
[26]. According to the RNA-sequencing profiles of NTRK1 of glioma
patients and the corresponding clinical information from the
TCGA dataset (https://www.cancer.gov/), we found that the NTRK1
expression in glioma tissues was higher than that in normal
control tissues (P= 0.046) (Fig. 5a), and high NTRK1 expression
was closely related to poor prognosis (Fig. 5b). To confirm the
relationship between glioma and NTRK1, we performed the

following experiments after transfecting the TrkA-targeting siRNA
into glioma cells (Fig. 5c, d). After TrkA knockdown, the viability of
glioma cells was significantly decreased, which was accompanied
by increased LDH release (Fig. 5e, f). In addition, TrkA knockdown
induced glioma cell apoptosis and inhibited glioma cell prolifera-
tion (Fig. 5g–j). These results showed that TrkA is associated with
glioma and may be a potential target for the treatment of glioma.

LTr1 was a TrkA inhibitor
A series of indole alkaloids with indole and/or indole isostere
motifs have been determined to be potent TrkA inhibitors
(Supplementary Fig. S9) [27]. This finding encouraged us to
evaluate the inhibitory effects of LTr1 on TrkA. To confirm whether
inhibiting TrkA is effective for glioma treatment, the proliferation
of SHG-44 and U87 glioma cells after treatment with LTr1 and the

Fig. 2 LTr1 inhibited the proliferation of glioma cells via inducing S phase arrest. a SHG-44 and U87 were treated with LTr1 at the indicated
concentrations for 48 h, and cell viability was detected by CCK-8 assay. b SHG-44 and U87 cells were treated with 2 μM LTr1 for 12, 24, 48, or
72 h, respectively. Cell viability was detected by CCK-8 assay. c The proliferation of glioma cells SHG-44 and U87 after treatment of LTr1 at
indicated concentrations by EdU incorporation assay followed by visualization under a fluorescence microscope, compared with vehicle
control (scale bar, 100 μm). d, e Glioma cells were stained with propidium iodide (PI), and cell cycle phase distribution was analyzed by flow
cytometry. f Western blotting images of cell cycle-associated protein in glioma cells treated with LTr1. β-Actin was used as an internal control.
Data are analyzed using two-way ANOVA. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control. Values are presented as means ± SEM from three or
four independent experiments.
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Fig. 3 LTr1 induced glioma cells apoptosis via activating the mitochondrial intrinsic apoptotic pathway. SHG-44 and U87 cells were
treated with LTr1 (0.5, 1, 2 μM) and PTX (1 or 0.06 μM) for 48 h, respectively. a, c Apoptotic nuclear morphological changes were evaluated by
Hoechst 33342 staining and observed under a fluorescence microscope. White arrows indicated chromatin condensation and nuclear
fragmentation (scale bar, 100 μm). c The apoptosis-related proteins, including caspase-3/9, Bcl-2, Bax, and cyto c were analyzed by Western
blotting. β-Actin or COX IV was used as an internal control. Data are analyzed using One-way ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001 vs.
control. Values are presented as means ± SEM from three or four independent experiments.
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Fig. 4 LTr1 induced oxidative damage in glioma cells. SHG-44 and U87 cells were treated with the indicated concentrations of LTr1 and PTX
for 48 h. They were loaded with H2DCF-DA and MitoSOX probe for 30min, followed by observing under a fluorescence microscope (scale bar,
100 μm) (a, e) or analyzing via flow cytometer (b and f). c, d, and g, h Statistical analysis of H2DCF-DA and MitoSOX, respectively. Data are
analyzed using One-way ANOVA. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. control group. Values are presented as means ± SEM from three or
four independent experiments.
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Fig. 5 TrkA was a potential target for glioma. All samples with NTRK1 expression data across all patient characteristics were analyzed from TCGA
database (https://www.cancer.gov/). a Expression levels of NTRK1 in glioma tissues (n= 698) are significantly higher than those in adjacent normal
tissues (n= 5). The lines within boxes are medians, and the whiskers are the minimal andmaximal values. b High expression of NTRK1 correlates with
poor overall survival of glioma patients in TCGA cohort. SHG-44 and U87 cells were cultured and transfected with siRNA targeting the mRNA
encoding TrkA or empty vector for 48 h. All of the data of knockdown (KD) cells in c–jwere compared with the negative control (NC) both in SHG-44
and U87 cell lines. c, d Expression of TrkA was analyzed by Western blotting. e The cell viabilities were analyzed by CCK-8 assay. f The levels of LDH
release were determined by LDH assay kit. g, h Cells were stained by Annexin V-FITC and PI and analyzed by flow cytometry. i, j The proliferation of
glioma cells was measured by EdU assay kit and observed under a fluorescence microscope (scale bar, 100 μm). Data are analyzed using One-way
ANOVA. *P< 0.05, **P < 0.01 and ***P< 0.001 vs. NC group. Values are presented as means ± SEM from three or four independent experiments.
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positive control LOXO-101, which is a TrkA inhibitor [28], was
analyzed. As expected, both LTr1 and LOXO-101 significantly
inhibited the cell viability and induced the LDH release of the two
glioma cell lines (Fig. 6a and Supplementary Fig. S10a). In addition
to the increase in apoptotic cell numbers, the proliferation was
decreased compared with that in the control group (Fig. 6b, c, and
Supplementary Fig. S10b, c). These results suggested that TrkA is a
potential target for glioma therapy, and LTr1 may exert an anti-
glioma effect by inhibiting TrkA activity.
To confirm that LTr1 is a TrkA inhibitor, enzyme inhibition,

molecular docking analysis, MST, and BLI analyses were per-
formed. As a result, LTr1 was found to inhibit TrkA kinase activity
(IC50= 3.20 μM) (Fig. 6d). NGF, which is the positive control ligand
of TrkA, was used to confirm the effectiveness of the MST assay
(Supplementary Fig. S11) and LTr1 was demonstrated to bind to
TrkA with a dissociation constant of 14.16 μM (Fig. 6e). BLI kinetics
analysis showed that the affinity (KD) for TrkA was 9.7 μM
(Supplementary Fig. S12).
Then, we performed a molecular docking analysis to investigate

the binding site for TrkA/LTr1 complex formation based on the
published crystal structure of human TrkA (PDB ID: 6d20).
According to molecular docking (MD) simulations, the binding
free energy between LTr1 and TrkA was calculated to be
−6.32 kcal/mol. The corresponding docking conformation sug-
gested that LTr1 fits into the active pocket, forming multiple
meaningful interactions with surrounding amino acid residues,
including Ile572, Leu641, Leu567, Leu564, Gly667, Leu486, Gly670,
Ser484, Gly485, His648 and Phe646, and this pocket mainly
provides a suitable hydrophobic environment for binding. We also
observed three hydrogen bonds that formed between the NH
moieties of LTr1 and the backbone carboxyl oxygen atom of the
amino acid residues Glu560 and Asp668 and the primary chain
carbonyl oxygen atom of the amino acid residue Ile666. In
addition, a π-σ interaction between the pyrrole ring of LTr1 and
Lys544 residue was observed (Fig. 6f). Altogether, these experi-
ments corroborated the robust binding of LTr1 with TrkA (Fig. 6e,
f, and Supplementary Fig. S12).
Additionally, 2 μM LTr1 significantly decreased the protein

levels of TrkA in both the SHG-44 and U87 cell lines (Fig. 6g and
Supplementary Fig. S13a). Furthermore, this treatment suppressed
the phosphorylation of some downstream regulatory targets of
TrkA such as the PI3K/AKT pathway (Fig. 6h and Supplementary
Fig. S13b, c) [29].
To verify that LTr1 induced glioma cell apoptosis and inhibited

glioma cells proliferation via TrkA, apoptosis rate and viability
were analyzed after TrkA-siRNA-transfected with in SHG-44 and
U87 cells were treated with LTr1 (Supplementary Fig. S14). The
results showed that LTr1-mediated inhibition of proliferation was
abolished after transfection of glioma cells with TrkA-siRNA,
suggesting that TrkA was the main target of LTr1.

LTr1 inhibited the tumour growth and induced cells apoptosis
in vivo
To evaluate the efficacy of LTr1 in vivo, we compared its effects to
those of PTX using a U87 xenograft nude mouse model (Fig. 7a)
[30]. As shown in Fig. 7b–d, 300 mg/kg LTr1 significantly inhibited
tumour growth compared with the blank control and vehicle
administration control. The average tumour weight decreased
from 1.29 ± 0.40 g (control group) to 0.58 ± 0.20 g (LTr1 group,
300mg/kg dose), with an inhibition rate of 54.71% compared with
the blank control group. Moreover, no significant weight loss or
any other obvious signs of toxicity was observed in the livers,
spleens, or kidneys after LTr1 administration (Supplementary
Fig. S15). As shown in Fig. 7e and Supplementary Fig. S16, tumours
in the vehicle control group exhibited strong staining for Ki67. In
contrast, those from the LTr1-treated groups (300mg/kg dose)
showed significantly fewer Ki67-positive cells. Furthermore, cell
cavitation and chromatin condensation were analyzed to assess

apoptosis and the inhibition of proliferation, and these responses
were observed in tumour tissues from the 300mg/kg LTr1-treated
groups. Similarly, the TUNEL staining assay showed an apparent
increase in apoptotic cells compared to the vehicle control
(Fig. 7f).
Considering that glioma is a tumour of CNS and the influence of

the BBB, we further established an orthotopic xenograft glioma
model to evaluate the effect of LTr1 (Fig. 8a). The NMR imaging
results showed that LTr1 significantly decreased the proliferation
of glioma cells compared with the vehicle without changing the
mouse body weights (Fig. 8b, c). LTr1 also inhibited the liver
metastasis of tumours (Fig. 8d and Supplementary Fig. S17).

DISCUSSION
Cruciferous vegetables, including cabbage, broccoli, and radish,
are rich sources of isothiocyanates and I3C, which are well known
for their protective effects against cancer [31]. In our search for a
potent agent that could be used for glioma treatment, we found
that LTr1, which is a compound that is derived from cruciferous
vegetables, exerted anti-glioma effects by inhibiting proliferation
and inducing cell apoptosis. Our study suggested that LTr1 could
cross the blood-brain barrier. This is the first time that the
concentration and distribution of LTr1 has been confirmed in mice
after its administration, and the results provided direct evidence
that LTr1 could directly cross the blood-brain barrier. Although
LTr1 exerts inferior in anti-tumour effects than PTX in the U87
xenograft model, we cannot neglect the side effects of PTX, such
as hepatotoxicity observed in our experiments, which was
consistent with a previous study [32], and peripheral neuropathy,
hypersensitivity, haemolysis and so on [33–35]. In addition, the
resistance to PTX treatment is a substantial obstacle to its clinical
applications and one of the significant causes of death associated
with treatment failure. LTr1, which is derived from cruciferous
vegetables that are consumed daily and are inexpensive but rich
sources of nutrients, caused less toxicity than PTX (Supplementary
Fig. S13), and it prolongs the survival time of patients with
tumour-bearing. We think LTr1 could be a lead compound for
tumour treatment that meet the clinical demands of safety, low
cost, and easy access.
TrkA (encoded by the gene NTRK1) is widely expressed and

involved in the development of the CNS [36]. TrkA modulates cell
proliferation, differentiation, metabolism, and even apoptosis through
the MAPK pathway [37]. However, if it is activated by NTRK1 gene
fusions, mutations, splice variant formation, and overexpression, it
causes a high risk of carcinogenesis [38–40]. Therefore, inhibition of
TrkA is recognized as a potential target for tumour therapy. It had
been reported that TrkA exerts an anti-tumour effect by inducing cell
apoptosis and cell cycle arrest. The TrkA kinase inhibitor KRC-108 was
reported to induce cell apoptosis and G1 phase cell cycle arrest by
suppressing the phosphorylation of Akt and ERK1/2 in colon cancer.
Another TrkA inhibitor, namely R234 exerts caspase3/7-independent
apoptotic effects by inhibiting the PI3K/AKT/mTOR pathway in
glioblastoma [41–44]. In our study, we confirmed that TrkA is
overexpressed in the glioma and its overexpression associated with
the development of glioma, making it a potential therapeutic target
for glioma.
This study showed for the first time that LTr1 directly binds to

TrkA to inhibit its kinase activity and the downstream PI3K/AKT
pathway. In addition, the induction of glioma apoptosis and
inhibition of proliferation by LTr1 requires TrkA. Therefore, we
believe that TrkA is a potential therapeutic target for glioma due
to its anti-glioma effects. Interestingly, we found that LTr1 induced
DNA damage in glioma cells, with different levels of damage
observed in SHG-44 and U87 cells (Supplementary Fig. S6). It was
widely known that gliomas are heterogeneous [45]. Although
SHG-44 and U87 cells are glioma cell lines; their sources and
genetic backgrounds are different. According to the ATCC website
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Fig. 6 LTr1 was a TrkA inhibitor. SHG-44 and U87 cells were treatedwith TrkA inhibitor LOXO-101 (1 μM) and LTr1 (2 μM) for 48 h. a Cell viability was
analyzed by CCK-8 assay. b Cells were stained by Annexin V-FITC and PI, and analyzed by flow cytometry. c The proliferation profiles of glioma cells
were assayed by an EdU assay kit and observed under a fluorescencemicroscope (scale bar, 100 μm). d In vitro inhibition of TrkA by LTr1, with STSP and
LOXO-101 as positive controls. e The KD value of LTr1 binding to TrkA was determined by microscale thermophoresis (MST) to be 14.16 μM.
fComputational predicted bindingmode of LTr1with TrkA. Key amino acid residues involved in the binding of LTr1 in the active pocket of human TrkA,
identified by Gibbs binding free energy calculations within AMBER software. g, h SHG-44, and U87 cells were treatedwith the indicated concentrations
of LTr1 for 48 h, and protein levels of TrkA and PI3K/AKTwere performed by Western blotting. β-Actin was an internal control. Data are analyzed using
One-way ANOVA. *P< 0.05, **P< 0.01 and ***P< 0.001 vs. control. Values are presented as means ± SEM from three or four independent experiments.
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Fig. 7 LTr1 inhibited tumour growth and induced cell apoptosis in U87- subcutaneously heterotopic xenografted nude mice.
a Experimental design using 4-week-old female nude mice randomized into five groups (n= 6). b, c The anti-tumour activity was evidenced
from the tumour volume. d Final mean tumour weights for U87 tumours in the five experimental groups. e Representative H&E staining
images and Ki67 immunostaining in U87-xenograft tumours (scale bar, 40 μm). Black and red arrows indicated live and apoptotic cells,
respectively. f TUNEL staining of U87-xenografted tumours (scale bar, 100 μm). Data are analyzed using One-way ANOVA. *P < 0.05, **P < 0.01
and ***P < 0.001 vs. control. Values are presented as means ± SEM. n= 6 mice per group.
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(https://www.atcc.org/) and previous studies, SHG-44 cells were
derived from a grade 2–3 anterior lymph node astrocytoma, and
U87 cells were derived from glioblastoma of the brain [4, 46]. In
addition, SHG-44 cells were derived from a female patient, while
U87 cells were derived from a male patient. Apart from differences
in sex, differences in the race and age of patients may also cause
differences in the effects of LTr1. The difference described above
could suggest that these two cell lines may have different
sensitivities to LTr1. Additionally, TrkA is a member of the
tropomyosin receptor kinase (TRK) family and is highly conserved,
it has a structure that is similar to that of TrkB and TrkC, which are
the other two members of the TRK family [47]. Therefore, whether
LTr1 can affect TrkB/C, needs to be further confirmed.
In summary, LTr1 was screened from 134 natural compounds

and shown for the first time to be a promising lead compound for
glioma treatment. LTr1 can cross the blood-brain barrier, thus
inhibiting the progression of glioma, and induces cell apoptosis
via directly binding to TrkA to inhibit its kinase activity and the
downstream PI3K/AKT pathway. Our study provides a new insight

into the benefit of consuming cruciferous vegetables and
indicates the potential role of LTr1 in the treatment of glioma.
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