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Telmisartan inhibits hepatocellular carcinoma
cell proliferation in vitro by inducing cell cycle arrest
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Abstract. Hepatocellular carcinoma (HCC) is the most
common primary malignancy of the liver and the third leading
cause of cancer-related death. Telmisartan, a widely used anti-
hypertensive drug, is an angiotensin II type 1 (AT1) receptor
blocker (ARB) that might inhibit cancer cell proliferation, but
the mechanisms through which telmisartan affects various
cancers remain unknown. The aim of the present study was
to evaluate the effects of telmisartan on human HCC and to
assess the expression of microRNAs (miRNAs). We studied
the effects of telmisartan on HCC cells using the HLF, HLE,
HepG2, HuH-7 and PLC/PRF/5 cell lines. In our experi-
ments, telmisartan inhibited the proliferation of HLF, HLE
and HepG2 cells, which represent poorly differentiated types
of HCC cells. However, HuH-7 and PLC/PRF/5 cells, which
represent well-differentiated types of HCC cells, were not
sensitive to telmisartan. Telmisartan induced G, /G, cell cycle
arrest of HLF cells by inhibiting the G,-to-G, cell cycle transi-
tion. This blockade was accompanied by a marked decrease
in the levels of cyclin D1, cyclin E and other cell cycle-related
proteins. Notably, the activity of the AMP-activated protein
kinase (AMPK) pathway was increased, and the mammalian
target of rapamycin (mTOR) pathway was inhibited by telmis-
artan treatment. Additionally, telmisartan increased the level
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of caspase-cleaved cytokeratin 18 (cCK18), partially contrib-
uted to the induction of apoptosis in HLF cells and reduced the
phosphorylation of ErbB3 in HLF cells. Furthermore, miRNA
expression was markedly altered by telmisartan in vitro. In
conclusion, telmisartan inhibits human HCC cell proliferation
by inducing cell cycle arrest.

Introduction

Hepatocellular carcinoma (HCC) is the most common primary
malignancy of the liver, the sixth most common cancer overall
and the third most common cause of cancer-related death
worldwide (1). Despite the decreasing incidence of HCC in
Asia, western countries are continuously encountering new
cases. HCC has one of the worst prognoses of any cancer,
with a 5-year survival rate of approximately 15-25% (2,3).
Diagnosis at advanced stages and metastasis are associated
with a poor prognosis. In clinical practice, HCC is character-
ized by hypervascularity which is required for tumor growth,
invasion and metastasis. Tumor angiogenesis has been reported
to be a significant predictor of death and is correlated with the
tumor stage (4).

Angiotensin II type 1 (AT1) receptor blocker (ARB) is an
antihypertensive drug with established feasibility and safety in
clinical use. In addition to HCC cells, various cancer cells have
recently been reported to express AT1 receptors (5-7). Several
ARBs have been shown to inhibit angiogenesis in various
cancer cells expressing AT1 receptor. Angiotensin II promotes
cell proliferation during cancer development, and ARBs may
suppress proliferation by antagonizing the AT1 receptor (8-10).
ARBs inhibit the growth of breast (11), endometrial (12) and
gastric cancer cells (13) in several studies. According to some
epidemiological studies, the use of ARBs may increase the
risk of cancer (14). In contrast, the use of an ARB treatment in
hypertensive patients is associated with lower cancer incidence
and mortality rates in other studies (15,16).

Among these agents, telmisartan is a widely prescribed
drug for the treatment of hypertension, diabetic nephropathy
and heart failure. Telmisartan has been shown to inhibit cell
proliferation by inducing apoptosis in various cancer cell
lines including endometrial (12), prostate 17), renal (18) and
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colon (19) cancer cell lines. Although telmisartan induces cell
cycle arrest in hematological malignancies (20), few studies
have examined the main antitumor effects of telmisartan,
other than apoptosis, on cell cycle arrest in non-hematological
malignancies. As shown in our previous study, telmisartan
inhibits human esophageal adenocarcinoma cell proliferation
and tumor growth by inducing cell cycle arrest through the
regulation of cell cycle-related proteins via the AMP-activated
protein kinase (AMPK)/mammalian target of rapamycin
(mTOR) pathway (21). AMPK is a cellular energy sensor that is
expressed in almost all eukaryotic cells (22) and regulates cell
growth and proliferation by modulating the mTOR signaling
pathway (23,24). In HCC cells, we assumed that telmisartan
regulates the proliferation of cancer cells though AMPK acti-
vation and focused on AMPK/mTOR signaling.

The present study evaluated the effects of telmisartan on
the growth of HCC cell lines and its mechanism of action.
Furthermore, possible mechanisms associated with the anti-
tumor effects of telmisartan, including apoptosis, receptor
tyrosine kinases (RTKs), angiogenesis and microRNAs
(miRNAs), were also explored.

Materials and methods

Chemicals. Telmisartan and valsartan were purchased from
Tokyo Chemical Industry Co. (Tokyo, Japan). Losartan
and irbesartan were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). We prepared solutions of
telmisartan, valsartan and irbesartan by diluting with dimethyl
sulfoxide (DMSO). Losartan was prepared by diluting with
H,0. The stock solutions were stored at -20°C.

Cell lines and culture. We used five human HCC cell lines,
the HLF, HLE, HuH-7 and PLC/PRF/5 cells were obtained
from the Japanese Cancer Research Bank (Osaka, Japan), and
HepG2 cells were supplied by Riken Cell Bank (Tsukuba,
Japan). HLF cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 5% fetal bovine
serum (FBS) and penicillin-streptomycin (100 xg/ml) in a
humidified atmosphere containing 5% CO,. HLE, HuH-7
and PLC/PRF/5 cells were cultured in DMEM supplemented
with 10% FBS and penicillin-streptomycin. HepG2 cells were
cultured in MEM supplemented with 10% FBS and penicillin-
streptomycin.

Cell proliferation assay. Cell proliferation assays were
conducted using the Cell Counting kit-8 (Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer's instruc-
tions. Each of the five cell lines was seeded onto 96-well plates
(5.0x10° cells/well) and were cultured in 100 ul of the corre-
sponding medium. After 24 h, the seeded cells were treated
with telmisartan, valsartan, losartan or irbesartan (0, 10, 50
or 100 puM) and were cultured for an additional 48 h. At the
indicated time-points, the medium in each well was replaced
with 100 ul of medium containing the CCK-8 reagent, and the
cells were incubated for 3 h. The absorbance was measured at
a wavelength of 450 nm using an automated microplate reader.

Flow cytometric analyses of the cell cycle and apoptosis. We
conducted a flow cytometric analysis using the Cycle Phase
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Determination kit (Cayman Chemical Company, Ann Arbor,
MI, USA) to assess the growth inhibition mechanism. HLF
cells (1.0x10° cells/100 mm-diameter dish) were treated with
100 uM telmisartan or DMSO control for 12-48 h. Fixed cells
were washed with phosphate-buffered saline (PBS) and then
stored at -20°C until analysis by flow cytometry. On the day
of analysis, the cells were washed with cold PBS, suspended
in 100 pl of PBS plus 10 ul of RNase A (250 ug/ml) and incu-
bated for 30 min. Then, 110 gl of propidium iodide (PI) stain
(100 pg/ml) was added to each suspension, and the cells were
incubated at 4°C for at least 30 min prior to analysis.

Apoptosis was analyzed after the telmisartan treatment
using flow cytometry and an Annexin V-FITC Early Apoptosis
Detection kit (Cell Signaling Technology, Boston, MA, USA).
HLF cells (1.0x10° cells/100 mm-dimeter dish) were treated
with 100 #M telmisartan or DMSO control for 12 h. Apoptotic
and necrotic cell death were analyzed by double staining with
FITC-conjugated Annexin V and PI; this staining method is
based on the binding of Annexin V to apoptotic cells with
exposed phosphatidylserines and the labeling of late apop-
totic/necrotic cells with membrane damage by PI. Staining
was performed according to the manufacturer's instructions.
We repeated the same experiment three times to compare the
proportion of apoptotic cells in the telmisartan-treated group
and the non-treated group.

Flow cytometry was conducted using a Cytomics FC 500
flow cytometer (Beckman Coulter, Indianapolis, IN, USA)
with an argon laser (488 nm). The percentages of cells were
analyzed using Kaluza software (Beckman Coulter).

Western blot analysis.Cell lysates were prepared at4°C as previ-
ously described (25). HLF cells (1.0x10° cells/100 mm-dimeter
dish) were seeded and cultured for 24 and 48 h after treat-
ment with 100 M of telmisartan or DMSO control. The cells
were lysed with a protease inhibitor cocktail: PRO-PREP
complete protease inhibitor mixture (iNtRON Biotechnology,
Seongnam, Korea). Supernatants containing the soluble
cellular proteins were collected and stored at -80°C until use.
Protein concentrations were measured using a NanoDrop
2000 spectrofluorometer (Thermo Fisher Scientific, Waltham,
MA, USA). Protein aliquots (1-10 ug) were resuspended in
sample buffer and separated on 10% Tris-glycine gradient gels
via sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) (26). After blocking, the membranes were
incubated with primary antibodies followed by horseradish
peroxidase (HRP)-conjugated secondary antibodies (27).

The antibodies used for western blot analyses were
obtained from the following sources: antibodies against
cyclin D1 and cyclin E were obtained from Thermo Fisher
Scientific; CDK4, CDK6 and CDK?2 were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); AMPKa,
p-AMPKoa (thr172), mTOR, p-mTOR (thr2448), p70S6K
and p-p70S6K (thr389) antibodies were purchased from Cell
Signaling Technology; and anti-f-actin was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The secondary anti-
bodies included HRP-conjugated anti-mouse and anti-rabbit
IgG (Cell Signaling Technology).

Enzyme-linked immunosorbent assay (ELISA) for measuring
apoptosis. Caspase-cleaved cytokeratin 18 (cCK18) levels
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were measured using the M30 Apoptosense ELISA kit
obtained from Peviva Ab (Bromma, Sweden) to evaluate
whether telmisartan exerted a pro-apoptotic effect (28). HLF
cells (5.0x10° cells/well) were seeded on a 96-well plate and
cultured for 6, 24 and 48 h following treatment with 100 yuM
of telmisartan. The cells were lysed in polyoxyethylene octyl
phenyl ether (NP-40) (Wako Pure Chemical Industries). The
subsequent ELISA procedures were performed according to
the manufacturer's instructions. The amounts of antigen in the
control and unknown samples were calculated using a stan-
dard curve.

Antibody arrays of apoptosis-related protein profiles. HLF
cells were cultured for 12 h after treatment with 100 uM of
telmisartan or DMSO control and then lysed in PRO-PREP.
The human apoptosis antibody array kit (R&D Systems,
Minneapolis, MN, USA) was used to assess the levels of
apoptosis-related proteins. Briefly, proteins were captured
by antibodies spotted on a nitrocellulose membrane. Then,
the levels of apoptosis-related proteins were assessed using
an HRP-conjugated antibody followed by detection via
chemiluminescence, and each array membrane was exposed
to X-ray film using a chemiluminescence detection system
(Perkin-Elmer, Waltham, MA, USA). The immunoreac-
tive band density obtained from this array was analyzed by
densitometric scanning (TIc scanner; Shimazu Co., Ltd.,
Kyoto, Japan). We repeated the same experiment three times
to compare the telmisartan-treated group with the non-treated

group.

Antibody arrays of p-RTKs. HLF cells were cultured for 48 h
after treatment with 100 #M of telmisartan or DMSO control
and then lysed in PRO-PREP. Human p-RTK array kits (R&D
Systems) were used according to the manufacturer's instruc-
tions. The levels of phosphoproteins were assessed using an
HRP-conjugated antibody. Each array was exposed to X-ray
film and analyzed using the same method as described for the
other antibody arrays. We repeated the same experiment three
times to compare the telmisartan-treated group with the non-
treated group.

Antibody arrays of angiogenetic protein profiles. HLF cells
were cultured for 48 h after treatment with 100 uM of telmis-
artan or DMSO control and then lysed in PRO-PREP. The
RayBio Human Angiogenesis Antibody array (RayBiotech,
Norcross, GA, USA) was used according to the manufacturer's
protocol. This method is a dot-based assay that enables the
detection and comparison of 20 angiogenesis-specific cyto-
kines. Each array was exposed to X-ray film and analyzed
using the same method as described the other antibody arrays.
We repeated the same experiment three times to compare the
telmisartan-treated group with the non-treated group.

Microarray analysis of miRNAs. After treatment with 100 yuM
telmisartan or the DMSO control for 48 h, total RNA was
extracted from HLF cells using the miRNeasy Mini kit
(Qiagen, Hilden, Germany) according to the manufacturer's
instructions. Each RNA sample typically exhibited A 430
ratios between 1.9 and 2.1, which were evaluated using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
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CA, USA). After measuring RNA quantity using the RNA
6000 Nano kit (Agilent Technologies), the samples were
labeled using a miRCURY Hy3 Power Labeling kit (Exiqon
A/S, Vedbaek, Denmark) and hybridized to a human miRNA
Oligo Chip (v.21; Toray Industries, Inc., Tokyo, Japan).
Scanning was conducted using the 3D-Gene Scanner 3000
(Toray Industries). The 3D-Gene extraction version 1.2 soft-
ware (Toray Industries) was used to calculate the raw signal
intensity of the images. The raw data were analyzed using
the GeneSpring GX 10.0 software (Agilent Technologies)
to assess the differences in miRNA expression between the
telmisartan-treated and control samples. Global normalization
was performed on raw data that were above the background
level. Differentially expressed miRNAs were determined
using Welch's t-test. The false discovery rate was computed
using the Benjamini-Hochberg method (29). Hierarchical clus-
tering was performed using the farthest neighbor method with
the absolute uncentered Pearson's correlation coefficient as a
metric. A heatmap was produced with the relative expression
intensity of each miRNA, in which the base-2 logarithm of
intensity was median-centered for each row.

Real-time quantitative polymerase chain reaction (qPCR)
analysis of miRNAs. We compared the expression levels
obtained from the miRNA arrays with real-time qPCR
measurements to validate the data for miR-3651 and miR-7-5p
which exhibited significantly greater changes in expression in
the microarray analysis. Total RNA was extracted as described
above and was diluted to 2.0 ng/ul. TagMan microRNA assays
(Applied Biosystems, Waltham, MA, USA) were adopted to
determine the expression levels of miRNAs using U6 small
nuclear RNA (RNU6B) as an internal control (Assay ID:
464410mat for miR-3651; 000268 for miR-7-5p; and 001093
for U6). miRNAs were reverse transcribed using the TagMan
microRNA Reverse Transcription kit (Applied Biosystems).
Reverse transcription was prepared in 15 ul reaction volumes
consisting of 5 ul of RNA, 3 ul of 5X RT primer and 12 ul
of reverse transcription Master Mix. PCRs were performed in
the MicroAmp Fast Optical 96-Well Reaction Plate (Applied
Biosystems). Each well contained a 20 ul reaction consisting
of 2 ul of cDNA, 1 ul of 20X qPCR assay, 7 ul of nuclease-
free water and 10 ul of TagMan Fast Advanced Master Mix
(Applied Biosystems). Using the ViiA7 real-time PCR system
(Applied Biosystems), reactions were denatured by an incu-
bation at 95°C for 20 sec followed by 40 cycles of 1 sec at
95°C and 20 sec at 60°C. The relative expression levels of
miR-3651 and miR-7-5p were calculated using the compara-
tive Ct method according to the following formula: 2-ACt
(ACt = miRCt - U6CY).

Statistical analyses. All statistical analyses were performed
using the GraphPad Prism software version 6.0 (GraphPad
Software, Inc., San Diego, CA, USA). Unpaired t-tests were
conducted to compare the data between groups. A P-value of
<0.05 was considered significant.

Results

Telmisartan inhibits the proliferation of human HCC cells.
We conducted a cell proliferation assay and examined the



2828

Telmisartan

OURA et al: TELMISARTAN INDUCES CELL CYCLE ARREST IN HEPATOCELLULAR CARCINOMA

B .
HLF
= 100 .
= 300 .
= :|“ Telmisartan
2 50 s b -0 pM
% _.7 200 - 10 uM
= B —— 50 uM
> 0 o
0 10 50 100mm E ' == 100pM
2

Valsartan nh 24 48
$ Time (h)
T:" HLE HepG2
3 300 300
- 2 }* s

1050 100(uM) % 290 *Z200 J** ”»

Losartan ﬁ 1 f 1004
—_ = 3
£ 100 = -
z 0! 0
g 50 0 24h 48 0 IES ] 48
2 Time (h) Time (h)
! HuH-7 PLC/PRF/5

10 50 100 (pM) 300 100
_ Irbesartan T‘:ZOO & 200
= 1004 = =
= 3 3
5 2 100§ 2 100
g 50 2 2
= = -
= 0 04
Z 0 0 24 48 0 24 48

0 10 50 100 (uM) Time (h) Time (h)

Figure 1. Telmisartan inhibits the proliferation of HLF cells. (A) Effects of the ARBs (telmisartan, valsartan, losartan and irbesartan) on the proliferation of
HLF cells. (B) Effects of telmisartan on the proliferation of HCC cells (HLF, HLE, HepG2, HuH-7 and PLC/PRF/5). ("'P<0.01).

antitumor effects of four ARBs (telmisartan, valsartan,
losartan and irbesartan) on the HLF cell line after treatment
for 48 h. Telmisartan reduced the proliferation of HLF
cells, whereas none of the other ARBs (valsartan, losartan
and irbesartan) affected the proliferation of the HCC cell
lines (Fig. 1A). Additionally, five HCC cell lines (HLF, HLE,
HepG2, HuH-7 and PLC/PRF/5) were treated with telmisartan,
which reduced the proliferation of three HCC cell lines (HLF,
HLE and HepG2) but not that of HuH-7 and PLC/PRF/5
cells (Fig. 1B). HLF, HLE and HepG?2 cells are classified as
poorly differentiated types of HCC cells, and HuH-7 and PLC/
PRF/5 cells are classified as well differentiated types of HCC
cells (30). Thus, telmisartan inhibits the proliferation of three
HCC cell lines in a dose-dependent manner.

Telmisartan induces cell cycle arrest in G,/G, phase and
regulates cell cycle-related proteins. We examined cell cycle
progression using flow cytometry to further investigate the
effects of telmisartan on the HCC cell lines. Treatment with
100 uM telmisartan significantly increased the population of
cells in G, phase and reduced the population of cells in S phase
at 12, 24, 36 and 48 h after treatment (Fig. 2A). The effect
peaked in 12 h after treatment and lasted up to 48 h.

The effects of telmisartan on the expression of various cell
cycle-related proteins in HLF cells were evaluated by western
blotting. Cells were treated with O or 100 #M telmisartan for 24
or 48 h. Cyclin D1 and cyclin E, which are key proteins involved
in the transition from the G, to G, phase, exhibited the greatest
reduction in expression; telmisartan inhibited cyclin DI and
cyclin E expression in a time-dependent manner (Fig. 2B).
Additionally, analysis of other proteins associated with the

G, to G, transition indicated that the levels of CDK4, CDK6
(the catalytic subunits of cyclin D1) and CDK2 (the catalytic
subunit of cyclin E) were decreased in HLF cells after the
addition of telmisartan.

Telmisartan induces AMPK phosphorylation and inhibits the
mTOR pathway and p70S6K phosphorylation in HLF cells. We
focused on AMPK/mTOR signaling to identify the mechanism
by which telmisartan induced cell cycle arrest. Telmisartan
induced the phosphorylation of AMPK (thr172) in HLF cells,
and this effect persisted for at least 48 h (Fig. 3). The levels of
the p-mTOR and p-p70S6K proteins decreased in HLF cells
following the telmisartan treatment. Thus, telmisartan inhibits
cancer cell proliferation by inducing AMPK/mTOR signaling
in HCC cells.

Telmisartan partially contributes to the induction of apoptosis
in HLF cells. We detected apoptotic cells after telmisartan
treatment using flow cytometry. The different quadrants
presented in Fig. 4A represent living cells (lower left quadrant),
early apoptotic cells (lower right quadrant) and late apoptotic
cells (upper right quadrant). A comparison of the percentage of
Annexin V positive cells revealed that the average of the tripli-
cate assessment was 4.9% in the telmisartan-treated group and
3.9% in the non-treated group (Fig. 4B). Telmisartan slightly
increased the proportion of apoptotic HLF cells 12 h after
treatment, but this change was not statistically significant.
HLF cells were subsequently treated with 100 M telmis-
artan and the levels of cCK18 following treatment were
measured using an M30 ELISA kit to determine whether
telmisartan induced apoptosis. Telmisartan significantly
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Figure 2. The antiproliferative effects of telmisartan on HCC cells are mediated by the induction of cell cycle arrest. (A) Cell cycle analysis of HLF cells after
telmisartan treatment ("P<0.05 and “"P<0.01). (B) Western blot analysis of cyclin D1, CDK4, CDK®, cyclin E and CDK2 levels in HLF cells treated with or

without telmisartan.
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Figure 3. Telmisartan induces the phosphorylation of AMPKa, and the levels
of the p-mTOR and p-p70S6K proteins were decreased in HLF cells treated
with telmisartan.

increased the cCK18 levels at 6, 24 and 48 h after treat-
ment (Fig. 4C).

Additionally, we used an apoptosis array system to iden-
tify the apoptosis-associated proteins that were involved in
the antitumor effects of telmisartan. The use of an antibody
array enabled us to screen 35 apoptosis-associated proteins
in HLF cells treated with or without telmisartan (Fig. 5A).
Telmisartan increased the levels of phospho-p53 (ser392) and
decreased the levels of survivin in HLF cells (Fig. 5B). Based
on densito-metry, the intensities of the phospho-p53 (ser392)
and survivin spots from the telmisartan-treated HLF cells
were 165.6 and 71.6% of the intensity of the untreated HLF
cells, respectively (Fig. 5C). Based on these results, telmis-
artan may partially inhibit HCC cell proliferation by inducing
apoptosis.
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Figure 4. Telmisartan partially contributes to the induction of apoptosis
in HLF cells. (A) Flow cytometry assessment of apoptosis in telmisartan-
treated HLF cells. (B) Average number of Annexin V positive cells from
a triplicate assessment. (C) The levels of cCK18 were measured by ELISA
("P<0.05 and “P<0.01).
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array. (B) Representative expression of various p-RTKs in HLF cells treated with or without telmisartan. (C) The densitometric ratio of the telmisartan-treated

group to the non-treated group for the p-ErbB3 spots (“P<0.01).

Telmisartan reduces the p-ErbB3 levels in HLF cells. We used
a p-RTK array to identify the key RTKs associated with the
antitumor effects of telmisartan. We simultaneously analyzed
the expression of 46 differentially activated RTKs in HLF
cells 48 h after telmisartan administration using an antibody

array (Fig. 6A). Telmisartan reduced the levels of p-ErbB3 in
HLF cells (Fig. 6B). The densitometric analyses of p-ErbB3
showed a decrease of 53.7% (Fig. 6C). Thus, telmisartan may
decrease the expression of cell cycle regulatory proteins by
inhibiting ErbB3 activation in HCC cells.
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Figure 7. Telmisartan increases the levels of bFGF in HLF cells. (A) Template showing the locations of angiogenesis-related proteins spotted on the human
angiogenesis array. (B) Representative expression levels of various angiogenesis-related proteins in HLF cells treated with or without telmisartan. (C) The
densitometric ratio of the telmisartan-treated group to the non-treated group for the bFGF spots (“'P<0.01).
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Figure 8. Telmisartan affects miRNA expression in HLF cells. (A) Hierarchical clustering of HLF cells cultured with or without telmisartan according to
the expression profiles of numerous differentially expressed miRNAs. The miRNA clustering color scale presented at the top indicates the relative miRNA
expression levels, with red and blue representing high and low expression levels, respectively (P<0.001). (B) Real-time qPCR relative quantification (RQ) of
miRNAs following telmisartan treatment. miR-3651 expression was significantly upregulated. (C) miR-7-5p expression was significantly downregulated. The
log,,22“ value for each miRNA was used to create the figure; the lines represent averages with interquartile ranges (“P<0.01).

antitumor effects of telmisartan and to examine the relation-
ship between angiogenesis and telmisartan (Fig. 7A). Using

Telmisartan affects angiogenesis in HLF cells. An antibody-
based analysis of angiogenesis was conducted to investigate the



2832

Table I. Statistical results and chromosomal locations of
miRNAs evaluated in HLF cells treated with or without
telmisartan that exhibited a fold change (FC)>1.5, FC<0.67,
or a P-value <0.005.

Fold change
(Treated/ Chromosomal
miRNA Untreated) P-value location
Upregulated
miR-4294 3.19 0.0010 10
miR-152-3p 2.65 0.0005 17q21.32
miR-6088 2.62 0.0034 19
miR-3651 245 <0.0001 9
miR-3940-5p 2.06 0.0002 19
miR-7150 202 0.0040 9
miR-642b-3p 2.00 0.0011 19
miR-6795-5p 1.95 0.0017 19
miR-3191-3p 191 0.0031 19
miR-1469 1.89 0.0015 15
miR-29a-3p 1.84 0.0005 7q32.3
miR-4488 1.84 0.0006 11
miR-6887-5p 1.81 0.0048 19
miR-6808-5p 1.77 0.0027 1
miR-6774-5p 1.75 0.0027 16
miR-4732-5p 1.73 0.0003 17
miR-1246 1.72 0.0019
miR-4442 1.70 0.0017 3
miR-1237-5p 1.63 0.0004 11
miR-362-5p 1.62 0.0022 X
miR-1343-5p 1.61 0.0039 11
miR-193b-5p 1.57 0.0040 16
miR-29¢c-3p 1.54 0.0004 19322
miR-6769a-5p 1.53 0.0018 16
miR-8059 1.52 0.0015 17
miR-1285-3p 1.52 0.0008 7
miR-29b-3p 1.51 0.0039 7
miR-8064 1.51 0.0046 3
miR-23c 1.51 0.0030 X
Downregulated
miR-7-5p 0.29 <0.0001 9
miR-194-5p 0.31 0.0005 1
miR-192-5p 0.37 0.0004 11q13.1
miR-4284 046 0.0004 7
miR-1303 0.56 0.0038 5
miR-425-5p 0.58 0.0042 3
miR-6807-5p 0.59 0.0033 19
miR-503-5p 0.60 0.0046
miR-15b-3p 0.60 0.0015 3
miR-377-3p 0.60 0.0028 14
miR-542-3p 0.64 0.0026 X
miR-3918 0.65 0.0012 6
miR-200a-3p 0.65 0.0019 1
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the antibody array, we simultaneously screened the expression
levels of 20 different angiogenesis-related proteins in HLF cells
treated with or without telmisartan. The telmisartan treatment
increased the b-fibroblast growth factor (bFGF) levels in HLF
cells as detected by the protein array (Fig. 7B). According to
the densitometric analyses, the ratio of the intensity of the
bFGF spots obtained from the telmisartan-treated cells to the
spots obtained from the untreated cells was 221.7% (Fig. 7C).

Telmisartan affects miRNA expression. Using a custom micro-
array platform, we analyzed the expression levels of 2,555
miRNA probes in the cell lines in the presence or absence
of the telmisartan treatment. Treatment with 100 xM telmis-
artan for 48 h upregulated the expression of 108 miRNAs
and downregulated the expression of 55 miRNAs in HLF
cells. miR-3651 was significantly upregulated and miR-7-5p
was significantly downregulated (Table I). An unsupervised
hierarchical clustering analysis was conducted using Pearson's
correlation, and the results indicated that HLF cells treated
with telmisartan in vitro clustered together and were separate
from the untreated cell lines (Fig. 8A).

The results of the qPCR assay revealed that the mean
miR-3651 level was obviously increased in the telmisartan-
treated HLF cells compared with the controls, whereas
miR-7-5p expression was significantly decreased in the telmis-
artan-treated cells compared to the untreated cells (Fig. 8B).

Discussion

ARBs are widely prescribed drugs for the treatment of hyper-
tension. Despite their widespread use, the use of ARBs is
associated with an 8% increased risk of cancer (14). However,
telmisartan is not associated with an increased risk of
cancer (31). Among the ARBs tested in the present study, only
telmisartan inhibited HLF cell proliferation. Additionally,
telmisartan dose-dependently inhibited the proliferation of
three HCC cell lines (HLF, HLE and HepG2) but not the
HuH-7 and PLC/PRF/5 cell lines. HLF, HLE and HepG2 cells
are classified as poorly differentiated types of HCC cells, and
HuH-7 and PLC/PRF/5 cells are classified as well differenti-
ated types of HCC cells (30). Accordingly, poorly differentiated
HCC cells were more sensitive to the telmisartan treatment
than well to moderately differentiated HCC cells.

Many previous studies have shown that telmisartan exerts
an antitumor effect through the induction of apoptosis, as has
been demonstrated in endometrial (12), prostate (17), renal (18)
and colon cancer (19). However, few reports, including our
data in esophageal adenocarcinoma (21), have shown that cell
cycle arrest is the major mechanism underlying the antitumor
effect of telmisartan. Similarly, the present study showed that
telmisartan induced cell cycle arrest at the G,/G, phase by
modulating the expression of cell cycle regulatory proteins in
HCC cells. According to our flow cytometric analyses, telmis-
artan induced significant cell cycle arrest in HLF cells. These
findings were further corroborated by an analysis of cell cycle-
related proteins. The levels of the cell cycle regulatory proteins
cyclin DI, cyclin E and CDKs were substantially reduced.
Specific cyclin/CDK complexes are activated at different times
during cell cycle progression. Complexes of CDK4 and CDK6
with cyclin D1 are required for G, phase progression, whereas
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complexes of CDK2 with cyclin E are required for the G,-S
transition (32). The expression of various cell cycle-related
proteins is related to cancer prognosis (32,33). Therefore, the
major cell cycle regulators (cyclin D1 and cyclin E) may be
intracellular targets of telmisartan in human HCC cell lines.

More recently, telmisartan was shown to contribute to
the activation of AMPK in vascular endothelial cells (34,35).
AMPK is a serine/threonine protein kinase that plays many
important roles in cellular energy homeostasis (36). Recent
studies have documented that the pharmacological activation
of AMPK can block cancer cell growth in various human
cancers (37). In HCC, we also assumed that telmisartan
regulates the proliferation of cancer cells through AMPK
activation. In the present study, telmisartan exerted its anti-
tumor effects by inducing AMPK phosphorylation in HCC
cells, suggesting that activation of the AMPK/mTOR pathway
inhibits the expression of cell cycle regulatory proteins.
AMPK activation has been shown to inhibit the mTOR
pathway and p70S6K phosphorylation, which are involved in
protein synthesis, suggesting that this pathway may regulate
cell proliferation in various cancer cells (38,39). These reports
support our finding that AMPK/mTOR signaling is a pivotal
pathway underlying the antiproliferative effect of telmisartan
on HCC cells.

As described above, telmisartan inhibits cell proliferation
by inducing apoptosis in various cancer cell lines, including
urological cancer cell lines (17,18). It also induces apoptosis
and DNA fragmentation in human urological cancer (40).
The mechanism by which telmisartan induces apoptosis in
endometrial cancer was recently elucidated and involves the
downregulation of Bcl-2 and Bcel-xL, as well as the upregu-
lation of cleaved caspase-3 and PARP (12). HLF cells were
treated with or without 100 uM telmisartan for 12 h and
analyzed using flow cytometry to determine whether telmis-
artan induced apoptosis. Telmisartan did not significantly
increase the proportion of apoptotic cells, but it increased the
cCK18 levels in HLF cells after 6, 24 and 48 h of treatment.
Additionally, telmisartan increased the levels of phospho-p53
(ser392) and decreased survivin expression in HLF cells. The
p53 protein is activated by phosphorylation to induce tumor
cell apoptosis (41), and survivin is a member of a family of
apoptosis inhibitors that play key roles in regulating cell divi-
sion and inhibiting apoptosis by blocking caspase activation.
However, telmisartan might inhibit HCC cell proliferation
partially by inducing apoptosis and regulating the levels
of apoptosis-related proteins. Some experimental results,
including flow cytometry and western blotting, suggest that the
antitumor effect of telmisartan in hepatocellular carcinoma is
due to cell cycle arrest rather than apoptosis.

Several signaling pathways, such as the Ras/Raf/mitogen-
activated protein kinase (MAPK), epidermal growth factor
receptor (EGFR), insulin-like growth factor receptor,
Wnt/B-catenin and Akt/mTOR signaling pathways, have
been implicated in hepatic carcinogenesis. In particular,
the Ras/Raf/MAPK pathway is typically activated in HCC
as a result of increased signaling from upstream growth
factors and the inactivation of tumor suppressor genes (42).
Telmisartan reduced the phosphorylation of ErbB3 in HCC
cells, as measured using p-RTK arrays. In the present study,
telmisartan decreased mTOR expression. mTOR, a major
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downstream target of the EGFR family, regulates p70S6K.
Thus, telmisartan might inhibit cell cycle regulatory proteins
by decreasing ErbB3 phosphorylation to regulate HCC cell
proliferation.

Candesartan, another ARB, was recently shown to
significantly reduce transforming growth factor f1 (TGF-1)
expression and suppress tumor proliferation and stromal
fibrosis (13). Candesartan also significantly inhibits the growth
of tumor xenografts and angiogenesis in mice (13). In the
present study, telmisartan increased the bFGF levels in HLF
cells. Thus, HLF cells that escape the antitumor effects of
telmisartan may express angiogenesis-related proteins.

miRNAs are small non-coding RNA molecules that
can regulate the development and progression of various
cancers (43). The expression of several miRNAs was signifi-
cantly altered in vitro following telmisartan treatment. We
identified 163 differentially expressed miRNAs (108 upregu-
lated and 55 downregulated) in HLF cells in response to
telmisartan treatment using a microarray analysis. Several
miRNAs that were upregulated upon telmisartan treatment
have been reported to be tumor suppressors associated with
decreased expression of cyclin/CDK complexes and anti-
apoptotic proteins. For instance, the miR-29 family targets
Bcl-2 (44), miR-29¢c-3p modulates cyclin E expression (45),
and miR-29b-3p represses CDK2 expression (46). In addi-
tion, numerous studies have examined the target molecules
of miRNAs associated with cancer progression: miR-126-5p
directly regulates a disintegrin and metalloprotease domain 9
(ADAMD9) and metalloproteinase 7 (MMP7) expression (47),
and miR-152-3p represses DNA methyltransferase 1 (DNMT1)
expression (48). Notably, several miRNAs that were down-
regulated upon telmisartan treatment have been reported
to be oncomiRNAs associated with increased expression
of CDK inhibitors: miR-7 inhibits p21-activated kinase 1
(PAC1) (49) and miR-194 directly targets p27kipl (50). It is
possible that these miRNAs interact in a complicated manner
and contribute to the antitumor effect of telmisartan, but
the suppression of tumor growth via miRNAs has not been
fully elucidated. Despites these limitations, our findings have
important implications.

In conclusion, telmisartan inhibits human HCC cell prolif-
eration by inducing cell cycle arrest via the regulation of cell
cycle-related proteins.
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