ONCOLOGY LETTERS 15: 2619-2624, 2018

Genipin inhibits the growth of human bladder cancer cells
via inactivation of PI3K/AKkt signaling
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Abstract. Genipin, a natural compound derived from the fruit
of Gardenia jasminoides, possesses numerous biological
properties. The aim of the present study was to investigate
the anticancer effects of genipin in human bladder cancer.
T24 and 5637 bladder cancer cells were treated with different
concentrations of genipin (0-200 xM) and tested for cell
viability, colony formation, cell cycle progression and apop-
tosis. A xenograft model of bladder cancer was established
to determine the anticancer effect of genipin in vivo. The
involvement of the phosphoinositide-3 kinase (PI3K)/Akt
pathway in the action of genipin was examined. Genipin
treatment significantly inhibited the viability and clonogenic
growth of bladder cancer cells and inhibited the growth
of T24 xenograft tumors, compared with vehicle controls
(P<0.05). Genipin-treated cells exhibited a cell cycle arrest
at the GO/G1-phase, which was accompanied by a deregula-
tion of numerous cell cycle regulators. Genipin-treated cells
demonstrated a significant increase in the percentage of
apoptotic cells, loss of mitochondrial membrane potential,
Bax translocation to the mitochondria and the release of
cytochrome ¢ to the cytosol. Additionally, genipin treat-
ment significantly (P<0.05) reduced the phosphorylation
levels of PI3K and Akt in bladder cancer cells. Importantly,
genipin-mediated anticancer effects were reversed by the
overexpression of constitutively active Akt. In conclusion, to
the best of our knowledge, the present study demonstrates
for the first time the growth inhibitory effects of genipin in
bladder cancer cells, and indicates its potential as a natural
anticancer agent for bladder cancer.
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Introduction

Bladder cancer is the most common malignancy of the urinary
tract and the 14th leading cause of cancer-associated mortality
worldwide (1,2). In Western countries, bladder cancer ranks the
4th most frequently diagnosed cancer (3). Multidisciplinary
treatment approaches, including surgery, chemotherapy and
radiation are available for bladder cancer. Despite advances
in diagnosis and treatment, the prognosis, particularly for
muscle-invasive disease, remains poor, with a 5-year overall
survival of 30-50% (4,5). Therefore, the development of novel
effective therapeutic methods for bladder cancer is of clinical
significance.

The phosphoinositide-3 kinase/protein kinase B
(PI3K/Akt) pathway has a pivotal role in tumor growth and
development (6). Depletion of ubiquitin-conjugating enzyme
E2T was found to inhibit the proliferation and invasion of
osteosarcoma cells (7). It has been reported that activation of
PI3K/Akt signaling contributes to Derlin-1-mediated malig-
nant phenotype in muscle invasive bladder cancer cells (8).
Inhibition of PI3K/Akt signaling accounts for the induction of
death in bladder cancer cells by combination treatment with
rapamycin and resveratrol (9). These studies suggest that the
PI3K/Akt pathway is an important target for anticancer treat-
ment.

Genipin, a natural compound derived from the fruit
of Gardenia jasminoides, has demonstrated various
biological properties including anti-inflammatory (10),
anti-oxidative (11), anti-diabetic (12), anti-thrombotic (13),
and neuroprotective (14) activities. Previous studies
indicate that genipin also exhibits a broad range of
anticancer activities in different types of human cancer
cells (15,16). For instance, genipin has been suggested to
suppress hepatocellular carcinoma metastasis through
the inhibition of matrix metalloproteinase-2 activity (15).
However, few studies have explored the biological activity of
genipin in bladder cancer.

The present study aimed to investigate the effects of
genipin on cell growth, cell cycle progression and apoptosis
in human bladder cancer. Considering the importance of the
PI3K/Akt pathway in tumor progression (6,7), it was also
investigated whether this signaling pathway is involved in the
action of genipin.
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Materials and methods

Antibodies. The primary antibodies used in western blot anal-
ysis were as follows: Rabbit anti-cyclin D1 (catalog no. 2922),
rabbit anti-cyclin-dependent kinase (CDK)?2 (catalog no. 2546),
rabbit anti-CDK4 (catalog no. 12790), mouse anti-cytochrome ¢
(catalogno. 12963),rabbit anti-phospho-PI3K (catalogno.4228),
rabbit anti-PI3K (catalog no. 4257), mouse anti-phospho-Akt
(catalog no. 12694), and mouse anti-Akt (catalog no. 2920)
(all from Cell Signaling Technology, Inc., Danvers, MA,
USA), mouse anti-cyclin-dependent kinase inhibitor 1 (p21;
catalog no. sc-136020), rabbit anti-cyclin-dependent kinase
inhibitor 1B (p27; catalog no. sc-528), mouse anti-f3-actin
(catalog no. sc-81178), mouse anti-B-cell lymphoma 2-like
protein 4 (Bax; catalog no. sc-20067) (all from Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), and rabbit anti-Heat
shock protein 60 (catalog no. ab46798; Abcam, Cambridge,
UK). Horseradish peroxidase (HRP)-conjugated secondary
antibodies were purchased from Santa Cruz Biotechnology,
Inc.

Cell culture and genipin treatment. The human bladder cancer
T24 and 5637 cell lines and the immortalized normal human
uroepithelial SV-HUC-1 cell line were purchased from the
Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). They were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/ml), and streptomycin
(100 pg/ml) (all from Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) at 37°C in a humidified 5% CO,
atmosphere. Cells were treated with genipin (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany), which was dissolved
in 0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich; Merck
KGaA). DMSO-treated cells were used as a vehicle control.

Cell transfection. A constitutively active Akt construct
(Myr-Akt plasmid) and empty vector were purchased from
AddGene (Cambridge, MA, USA). Cells were transfected
with 0.3 ug Myr-Akt or vector using Lipofectamine 2000®
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. At 24 h post-transfection, cells
were exposed to genipin for additional 48 h prior to cell
viability and apoptosis analysis. For each condition, three
replicates were performed.

Cell viability assay. Cells were plated in 96-well plates at
a density of 2x10* cells/well and incubated with different
concentrations (10, 30, 60, 100, and 300 xM) of genipin for
48 h. DMSO-treated cells were used as a control. Each assay
was performed in quadruplicate. Cell viability was measured
using the MTT assay. Briefly, cells were added with MTT
(0.5 mg/ml; Sigma-Aldrich; Merck KGaA) and allowed to
incubate for 4 h at 37°C. Following removal of MTT, the
resulting formazan was dissolved in DMSO. Absorbance
was measured at 570 nm using a microplate reader (xMark;
Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Clonogenic growth assay. T24 and 5637 cells (5x10° cells/well)
were seeded in triplicate onto 6-well plates and treated with
30 or 60 M of genipin or DMSO (vehicle control) on the
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following day. DMEM containing genipin was renewed every
3 days. Following 10 days of culture, cells were stained with
0.5% crystal violet (Sigma-Aldrich; Merck KGaA). Colonies
(>50 cells) were counted in 10 independent microscopic fields
(magnification, x40) using an inverted microscope.

Animal experiments. A total of 12 athymic male BALB/c
(nu/nu) mice, 4 to 6 weeks old and weighing 16-20 g, were
obtained from the Animal Center of the Chinese Academy
of Medical Science (Beijing, China). The mice were housed
4 per cage at 22°C and 80% humidity in a 12-h light/dark cycle
with access to food and water ad libitum. Mice were injected
subcutaneously in the left flank with 4x10° T24 cells. When
xenograft tumors reached a diameter of ~5 mm, the mice
were divided into 3 groups (n=4 for each group) and DMSO
(vehicle control) or genipin (20 and 50 mg/kg) was admin-
istered intraperitoneally three times/week for 4 weeks. The
tumors were measured every week with microcalipers. Tumor
volume was calculated using the following equation: Tumor
volume (mm?®) = 1/2 x (tumor length) x (tumor width)*. Mice
were sacrificed 5 weeks after cell injection and tumors were
resected and weighted. Animal experiments were approved by
the Institutional Animal Care and Use Committee of Chinese
Academy of Medical Science. Animal care and treatment were
performed in accordance with the international guidelines for
laboratory animals use (https://www.apa.org/science/leader-
ship/care/guidelines.aspx).

Cell cycle and apoptosis analysis. Cell cycle distribution was
determined by flow cytometry following staining with prop-
idium iodide (PI). Briefly, subsequent to 30 or 60 pg of genipin
or DMSO (vehicle control) for 48 h at 37°C, T24 and 5637
cells were collected and fixed in 70% ethanol overnight at 4°C.
The cells were resuspended in staining solution containing
0.05 mg/ml PI and 7 U/ml RNase A (Sigma-Aldrich; Merck
KGaA) for 30 min at 37°C. Stained cells were analyzed by
a flow cytometer (FACSCanto II; BD Biosciences, San Jose,
CA, USA) with FlowJo software version 7.6.1 (TreeStar, Inc.,
Ashland, OR, USA). Cell apoptosis was examined using the
Annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection kit (Beyotime Institute of Biotechnology, Haimen,
China), as per the manufacturer's instructions. Following
incubation with Annexin V-FITC and PI, T24 and 5637 cells
were analyzed by flow cytometry using FlowJo software
version 7.6.1. Each assay was performed in triplicate.

Preparation of protein samples. For preparation of the whole
cellular lysates, cells were suspended in radioimmunoprecipi-
tation assay buffer (Beyotime Institute of Biotechnology, Inc.)
containing protease inhibitors on ice for 15 min. For extraction
of mitochondrial and cytosolic fractions, a commercial mito-
chondria/cytosol fractionation kit (Beyotime Biotechnology,
Inc.) was used. Briefly, cells were suspended in ice-cold
cytosolic separation buffer containing protease inhibitors for
15 min and centrifuged at 800 x g for 5 min at 4°C. The super-
natant was centrifuged at 12,000 x g for 30 min at 4°C to obtain
the cytosolic fraction. The pellet was resuspended in mito-
chondrial separation buffer for 30 min and then centrifuged
at 10,000 x g for 10 min at 4°C to obtain the mitochondrial
fraction. Total protein concentrations were determined using
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a Pierce Bicinchoninic Acid Protein Assay kit (Thermo Fisher
Scientific, Inc.).

Western blot analysis. Whole and fractionated cell lysates
(50 pg total protein per lane) were mixed with loading buffer
and subjected to 12% SDS-PAGE and transferred onto polyvi-
nylidene fluoride membranes. Membranes were blocked with
5% fat-free milk in TBS containing 0.05% Tween-20 for 1 h
at room temperature and incubated with primary antibodies
overnight at 4°C. All primary antibodies were diluted to
1:500. Subsequent to washing three times (10 min for each
time), the membranes were incubated with HRP-conjugated
secondary antibodies (dilution at 1:3,000) for 1 h. Membranes
were developed with enhanced chemiluminescence reagents
(Amersham Biosciences; GE Healthcare, Chicago, IL, USA).
Densitometric analysis of protein signals was conducted with
Quantity One software version 4.6.2 (Bio-Rad Laboratories).
Each assay was performed in triplicate.

Assessment of mitochondrial membrane potential (Aym).
Measurement of Aym was performed using the fluorescent
probe JC-1, as previously described (17). At low Aym, JC-1
exists primarily in a monomeric form and produces green
fluorescence. At high Aym, JC-1 aggregates in intact mito-
chondria and yields red fluorescence. In brief, T24 and 5637
cells were incubated for 30 min at 37°C with 2 uM JC-1
(Molecular Probes, Inc.; Thermo Fisher Scientific, Inc.). Cells
were collected and analyzed by the FACSCanto II flow cytom-
eter using FlowJo software version 7.6.1. Results are expressed
as the red/green fluorescence intensity ratio; whose reduction
indicates loss of Aym.

Statistical analysis. Data are presented as the mean + standard
deviation, and were analyzed using one-way analysis of vari-
ance followed by pair-wise comparisons with Tukey's post-hoc
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Genipin exerts growth suppressive effects on bladder
cancer cells. Genipin treatment for 48 h resulted in a
concentration-dependent inhibition of the viability of T24
and 5637 bladder cancer cells, compared with the vehicle
control (Fig. 1A). In contrast, <60 M genipin did not exhibit
a significant effect on the viability of non-malignant uroepi-
thelial SV-HUC-1 cells. These results suggested that a low
concentration of genipin was selectively cytotoxic to bladder
cancer cells. In the following experiments, genipin was used
at a final concentration of 30 or 60 xM unless indicated other-
wise.

Next, the effect of genipin on clonogenic growth of bladder
cancer cells was determined. As demonstrated in Fig. 1B,
exposure to genipin significantly decreased the colony forma-
tion in T24 and 5637 cells by 2-3-fold. The in vivo antitumor
effect of genipin on the growth of T24 xenograft tumors was
also examined in nude mice. Compared to the DMSO-treated
group, genipin treatment significantly inhibited the growth of
T24 xenograft tumors (P<0.05; Fig. 1C). Genipin at the dose
of 50 mg/kg caused significantly greater tumor suppression
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Figure 1. Genipin exerts growth suppressive effects against bladder cancer
cells. (A) MTT assay was performed to measure the viability of cells exposed
to different concentrations (0-200 #M) of genipin for 48 h. (B) The clono-
genic growth of cells with or without genipin treatment (30 or 60 yM) was
examined following 10 days of culture. Magnification, x40. (C and D) Mice
were injected subcutaneously with T24 cells. When xenograft tumors
reached a diameter of ~5 mm, dimethyl sulfoxide (vehicle control) or genipin
(20 and 50 mg/kg) was administered intraperitoneally to the mice. (C) Tumor
volume was determined every week up to 5 weeks following initial genipin
treatment. (D) At the end of the experiment, animals were sacrificed and
tumors were excised and weighed. "P<0.05 vs. vehicle-treated cells.

compared with 20 mg/kg genipin. At the end of the experi-
ment, the tumor weight was reduced by >60% in the genipin
(50 mg/kg)-treated group (Fig. 1D). These results confirmed
the growth suppressive effects of genipin in bladder cancer.

Genipin induces GO/GI cell cycle arrest in bladder cancer
cells. Flow cytometric analysis revealed that genipin-treated
T24 and 5,637 cells exhibited a marked increase in the
percentage of cells in the GO/G1 phase and a concomitant
reduction in the percentage of S phase cells (Fig. 2A). The
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percentage of cells in the G2/M phase was comparable
between genipin-treated and DMSO-treated cells. Western
blot analysis demonstrated that genipin treatment significantly
reduced the expression levels of cyclin D1, CDK2 and CDK4
in T24 and 5,637 cells (Fig. 2B). By contrast, the levels of the
CDK inhibitors (p21 and p27) were significantly raised in
response to genipin exposure.

Genipin promotes apoptosis in bladder cancer cells via the
mitochondrial pathway. Annexin V/PI staining analysis
demonstrated that genipin treatment resulted in a significant
increase in the percentage of Annexin V-positive apoptotic
cells, compared with DMSO treatment (P<0.05; Fig. 3A).
Subsequent to treatment with 60 yM genipin, the percentage
of apoptotic cells increased from 4.5+0.9 to 34.6+2.1% in T24
cells and from 3.9+0.8 to 28.5+2.4% in 5637 cells. To test the
involvement of the mitochondrial pathway in genipin-mediated
apoptosis, Aym, Bax translocation into mitochondria and the
release of mitochondrial cytochrome ¢ were measured. As
demonstrated in Fig. 3B, there was 70-80% loss in Aym in the
cells treated with 60 xM genipin,compared with DMSO-treated
controls (P<0.05). Additionally, genipin-treated cells exhib-
ited increased Bax and decreased cytochrome ¢ expression
in the mitochondrial fractions, compared with control cells
(P<0.05; Fig. 3C). Additionally, there was decreased Bax and
increased cytochrome c expression in the cytoplasmic frac-
tions of genipin-treated cells (Fig. 3C). These results suggest
that genipin-induced apoptosis involves mitochondrial damage
and cytochrome c release.

Inactivation of PI3K/Akt signaling mediates genipin-induced
anticancer effects. Finally, the potential involvement of
PI3K/Akt signaling in the anticancer activity of genipin
was examined. Western blot analysis suggested that genipin
treatment significantly (P<0.05) reduced the phosphorylation
levels of PI3K and Akt in T24 and 5637 cells, compared to
DMSO-treated cells (Fig. 4A). Of note, overexpression of
constitutively active Akt significantly (P<0.05) increased the
viability (Fig. 4B) and inhibited apoptotic response (Fig. 4C)
in genipin-treated T24 and 5,637 cells.

Discussion

Natural phytochemicals have attracted increasing attention in
cancer therapy due to their broad anticancer activity and low
cytotoxicity in normal cells (14,18). Genipin has demonstrated
anticancer properties in different types of cancers such as
hepatocellular carcinoma (15) and colon cancer cells (16). The
data of the present study indicated that this natural compound
also exerted anticancer effects against bladder cancer cells.
Genipin treatment significantly inhibited the viability and
clonogenic growth of bladder cancer cells in vitro. Notably,
a low concentration of genipin (<60 M) was selectively
cytotoxic to bladder cancer cells, but not non-malignant
uroepithelial cells. A previous study also indicates the low
cytotoxicity of genipin to normal cells (19). In vivo studies
additionally confirmed the inhibitory effect of genipin on the
growth of bladder cancer xenografts. Therefore, genipin may
represent a promising chemotherapeutic agent for bladder
cancer.
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Figure 2. Genipin induces GO/GI cell cycle arrest in bladder cancer cells.
(A) Flow cytometry analysis of propidium iodide-stained cells following
genipin treatment for 48 h. Representative histograms of cell cycle distri-
bution profiles are presented in the top panels. Bottom panels demonstrate
quantification of the percentage of cells in each cell cycle phase. (B) Western
blot analysis of indicated proteins in cells with or without genipin (30 or
60 uM). Bar graphs demonstrate densitometric analysis of western blots
from three independent experiments. "P<0.05 vs. vehicle-treated cells. CDK,
cyclin-dependent kinase; p21, cyclin-dependent kinase inhibitor 1; p27, rabbit
anti-cyclin-dependent kinase inhibitor 1B.

As reduced cell growth often occurs as a result of cell
cycle arrest, the effect of genipin on cell cycle progression of
bladder cancer cells was next examined. It was identified that
genipin treatment induced a GO/GI cell cycle arrest in T24
and 5,637 cells, as evidenced by an increase in the percentage
of GO/Gl-phase cells and a reduction in the percentage of
S-phase cells. In agreement with these results, Cao et al (20)
suggested that genipin induces cell cycle arrest at the G1 phase
in HeLa human cervical carcinoma cells. Genipin has also
been identified to induce G2/M-phase cell cycle arrest in AGS
human gastric cancer cells (21) and human leukemia K562
cells (22). These results suggest that the growth suppressive
activity of genipin is not cell cycle-specific. The data of the
present study also suggested that genipin-mediated cell cycle
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Figure 3. Genipin induces apoptosis of bladder cancer cells via the mitochon-
drial apoptotic cascade. (A) Flow cytometry analysis of apoptosis of bladder
cancer cells with or without genipin treatment for 48 h following staining
with Annexin V and PI. Representative dot plots of apoptosis are presented
in top panels. Bar graphs represent quantification of apoptosis from three
independent experiments. (B) Measurement of Aym was performed by flow
cytometry using JC-1 staining. Results are expressed as percentage of control
values (assigned 100%). (C) Western blot analysis of indicated proteins
following genipin treatment (30 or 60 xM) for 48 h. Bar graphs indicate
densitometric analysis of western blots from three independent experiments.
“P<0.05 vs. vehicle-treated cells. PI, propidium iodide; HSP60, heat shock
protein 60; Bax, B-cell-2-like protein 4.

arrest may be ascribed to a reduction of cyclin D1, CDK2 and
CDK4 expression, particularly the upregulation of p21 and p27.
Increased p21 and p27 levels have been identified to interfere
with the formation of CDKs/cyclin complexes and prevent the
cell cycle progression to S phase (23).

In addition to induction of cell cycle arrest, genipin demon-
strated the ability to cause apoptosis in bladder cancer cells. In
addition, genipin treatment resulted in mitochondrial depolar-
ization and the release of mitochondrial cytochrome c into the
cytosol. The pro-apoptotic protein Bax has been documented
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Figure 4. Inactivation of PI3K/Akt signaling mediates genipin-induced
anticancer effects. (A) Western blot analysis of the phosphorylation of PI3K
and Akt in bladder cancer cells with or without genipin (30 or 60 xM). Bar
graphs indicate densitometric analysis of western blots from three indepen-
dent experiments. "P<0.05 vs. vehicle-treated cells. (B and C) Bladder cancer
cells were transfected with active Akt-expressing plasmid or empty vector
prior to exposure to 60 xM genipin for 48 h. (B) MTT assay was performed
to test cell viability. (C) Flow cytometry analysis of apoptosis following
Annexin V/propidium iodide staining. Bar graphs present data from three
independent experiments. "P<0.05 for indicated comparisons. PI3K, phos-
phoinositide-3 kinase; Akt, protein kinase B; pPI3K, phosphorylated PI3K;
pAKkt, phosphorylated Akt.

to translocate from the cytosol to the mitochondria in response
to apoptotic stimuli, resulting in loss of Aym and release of
cytochrome c (24). In the present study, it was observed that
genipin-treated bladder cancer cells exhibited increased Bax
levels in mitochondrial fractions and decreased Bax amounts
in cytoplasmic fractions. Overall, genipin induced apoptosis
in bladder cancer cells through Bax-mediated cytochrome ¢
release from the mitochondria. Similarly, induction of a mito-
chondrial apoptotic cascade has been described in non-small
cell lung cancer H1299 cells following genipin treatment (25).

Inactivation of the PI3K/Akt pathway in genipin-treated
bladder cancer cells was also observed in the present study,



2624

as evidenced by reduced phosphorylation levels of PI3K and
Akt. The PI3K/Akt pathway is involved in the regulation of
cancer cell growth and survival, and has been suggested as an
important anticancer target (6). Qin et al (26) demonstrated
that (-)-epigallocatechin-3-gallate, a component of green tea,
promotes apoptosis in T24 bladder cancer cells through the
inhibition of the PI3K/Akt pathway. Kim er al (27) revealed
that naproxen [(S)-6-methoxy-o-methyl-2-naphthaleneacetic
acid] induces cell-cycle arrest and apoptosis in bladder cancer
cells through the inhibition of PI3K activity. To confirm the role
of the PI3K/Akt pathway in mediating the action of genipin,
constitutively active Akt was overexpressed in bladder cancer
cells prior to genipin exposure. Notably, it was observed that
overexpression of constitutively active Akt reversed the effects
of genipin on bladder cancer cell viability and apoptosis.
Therefore, it may be suggested that the genipin-induced anti-
cancer effects against bladder cancer cells are likely mediated
through the inhibition of PI3K/Akt signaling.

In summary, genipin exerts growth-suppressive effects
against bladder cancer cells via the induction of a GO/G1 cell
cycle arrest and mitochondrial apoptosis. These anticancer
effects of genipin are largely ascribed to inhibition of the
PI3K/Akt pathway. Genipin may represent a potential anti-
cancer agent for bladder cancer.
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