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Farnesyl pyrophosphate synthase inhibitor, ibandronate, improves
endothelial function in spontaneously hypertensive rats
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Abstract. Reactive oxygen species (ROS), originating
predominantly from vascular smooth muscle cells (VSMCs),
lead to vascular damage and endothelial dysfunction in rats
with hypertension. The downstream signaling pathways
of farnesyl pyrophosphate (FPP) synthase, Ras-related C3
botulinum toxin substrate 1 (Racl) and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, mediate the
generation of ROS. The present study investigated the effect of
the FPP synthase inhibitor, ibandronate, on ROS production,
the possible beneficial effect on endothelial dysfunction and
the underlying mechanisms in spontaneously hypertensive rats
(SHRs). The SHRs were treated with ibandronate for 30 days.
Endothelium-dependent and independent vasorelaxation were
measured in isolated aortic rings. Additionally, VSMCs from
the SHRs and Wistar-Kyoto (WKY) rats were cultured. The
production of ROS and activation of NADPH oxidase were
determined using fluorescence and chemiluminescence,
respectively, in vivo and in vitro. Angiotensin II (Ang II)
increased ROS production in the cultured VSMCs from the
WKY rats and SHRs, in a concentration-dependent manner.
The Ang II-induced responses were more marked in the SHR
VSMCs, compare with those in the WKY VSMCs, however,
the response decreased significantly following ibandronate
pretreatment. Treatment with ibandronate significantly
decreased the production of ROS, translocation of NADPH
oxidase subunit p47phox, and activities of NADPH oxidase
and Racl in the aorta and VSMCs, and improved the impaired
endothelium-dependent vasodilation in the SHRs. Adding
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geranylgeraniol, but not farnesol or mevalonate, reversed
the inhibitory effects of ibandronate. In addition, inhibiting
geranylgeranyl-transferase mimicked the effect of ibandro-
nate on the excess oxidative response. Ibandronate exerted
cellular antioxidant effects through the Racl/NADPH oxidase
pathway. These effects may have contributed to the vasopro-
tective effects on the impaired endothelium in SHRs.

Introduction

A common feature of endothelial dysfunction is the reduced
bioavailability of nitric oxide (NO) due to reduced endothelial
NO synthase (eNOS) activity and the rapid reaction between
NO with superoxide anions (O,-) produced in the vascula-
ture (1). The increased release and production of reactive
oxygen species (ROS) in hypertension is also considered to be
a key event in the pathogenesis of endothelial dysfunction (2,3).

ROS, including O,- and hydrogen peroxide, are produced
primarily by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, which resides in vascular smooth muscle
cells (VSMCs), endothelial cells and white blood cells (4-6).
This enzyme is composed of several subunits, including
membrane-bound flavo-cytochrome b558 (Nox1, Nox2
[formerly gp91phox], Nox3, Nox4, Nox5, dual oxidase 1
[Duox1], Duox2 and p22phox) and three cytoplasmic subunits
termed p47phox, p67phox and p40phox (6-8). The activation
of NADPH oxidase is initiated by the translocation of the cyto-
solic components, p47phox, p67phox and GTPase Ras-related
C3 botulinum toxin substrate 1 (Racl) to the membrane (9-11).

Bisphosphonates inhibit farnesyl pyrophosphate (FPP)
synthase, a key enzyme in the mevalonate (MEV) pathway (12),
by inhibiting isoprenylation, including farnesylation and
geranylgeranylation, and preventing the synthesis of various
isoprenoids, including FPP and geranylgeranyl pyrophosphate
(GGPP) (13,14). The latter is required for the protein isoprenyl-
ation of Racl for activation (15,16). In our previous studies, it
was found that the expression of FPP synthase is significantly
upregulated in spontaneously hypertensive rats (SHRs) (17).
Therefore, it was hypothesized that the increased synthesis of
FPP and GGPP contributes to the excess generation of ROS
observed in SHRs.

Inhibiting FPP synthase improves endothelial function
in SHRs, as well as upregulating the expression of eNOS
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by suppressing small GTPase Ras homolog (Rho)A activa-
tion, which also requires geranylgeranylation by GGPP (18).
However, the interaction between FPP synthase and endothe-
lial function through the regulation of ROS in SHRs remains
to be elucidated. As alterations in either the production or
elimination of ROS affect endothelial function, the present
study hypothesized that inhibiting FPP synthase with the
bisphosphonate inhibitor, ibandronate, may potentially lead
to an interaction with the gene products involved in these
processes. Therefore, the present study was designed to deter-
mine whether inhibiting FPP synthase improves endothelial
function in SHRs, at least in part, via the Racl/NADPH
oxidase pathway. In addition, the effect of ibandronate on
ROS production and the expression levels of NADPH oxidase
subunits were investigated in cultured VSMCs and aortas from
SHRs.

Materials and methods

Drugs. Ibandronate sodium (IBAN), MEV, apocynin, gera-
nylgeraniol (GGOH) and farnesol (FOH) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Clostridium botu-
linum C3 exoenzyme was obtained from Biomol Research
Laboratories, Inc. (Plymouth Meeting, PA, USA). Y-27632,
GGTI-286 and an InSolution Racl inhibitor were purchased
from Merck Millipore (Darmstadt, Germany). All other mate-
rials were commercial products of the highest grade available.

Animal preparations. Male SHRs and Wistar-Kyoto (WKY)
rats (10-week-old; Shanghai Laboratory Animal Center of the
Chinese Academy of Sciences, Shanghai, China) were housed
at 24+2°C with 60+20% relative humidity, on a 12:12-h
light:dark cycle. The animals were provided with a diet of stan-
dard chow and water ad libitum, and were treated with IBAN
(1 mg/kg) daily by oral gavage or a corresponding quantity of
vehicle (0.9% saline) (18). A total of 20 SHRs were randomly
divided into two groups, consisting of an SHR control group
and an SHR+IBAN treatment group, and 10 age-matched WKY
rats were also used as a control. Treatment was started when
the rats were 10 weeks of age and was continued for 30 days.
Tissues for subsequent assays and primary cell cultures were
isolated from the rats following sacrifice with an overdose of
anesthetic (isoflurane >20%; Sigma-Aldrich) and confirma-
tion by cervical dislocation. The present study was approved
by the Institutional Council for Animal Research of Zhejiang
University (Hangzhou, China) and the ethics committee of
The First Affiliated Hospital, College of Medicine, Zhejiang
University, and was performed according to the Guide for the
Care and Use of Laboratory Animals, as used and promul-
gated by the United States National Institutes of Health (19).

Tissue processing and vasomotor experiments. The descending
thoracic aorta was dissected from each mouse and placed
carefully in chilled Krebs-HEPES buffer (Sigma-Aldrich),
containing NaCl (118 mM), KC1 (4.75 mM), NaHCO; (25 mM),
MgSO, (1.2 mM), CaCl, (1.8 mM), KH,PO, (1.2 mM) and
glucose (11 mM). Following the removal of excess fat and
connective tissue, a 10-mm segment was immediately frozen
in liquid nitrogen and stored at -80°C until use in immunoblot
or biochemical analyses. Another 5-mm segment was placed

HAN et al: ANTIOXIDANT EFFECT OF IBANDRONATE IN SPONTANEOUSLY HYPERTENSIVE RATS

in Krebs-HEPES buffer aerated with 95% O, and 5% CO,,
and incubated at 37°C to measure the levels of ROS in the
intact vessel segments. A third segment was cut into 3-4 mm
rings and then mounted in an organ bath system (Med Lab
6.0 polygraph; Nanjing Medease Technology Co., Ltd.,
Nanjing, China) for vasomotor investigations. The aortic rings
were equilibrated for 90 min under a resting tension of 2 g
in Krebs-HEPES buffer aerated with 95% O, and 5% CO,.
The aortic rings were precontracted with phenylephrine (PE;
10°M). In certain experiments, the arteries were pre-incubated
with GGOH (3x10”° M), FOH (3x10° M) or MEV (10** M) for
2 h at 37°C prior to being contracted with PE. Subsequently,
endothelium-dependent vasorelaxation was measured in
response to cumulative logarithmically increasing concentra-
tions of acetylcholine (ACh; 10°-10° M), whereas endothelial
independent relaxation was investigated using sodium nitro-
prusside (SNP; 10°-105 M). This effect was compared with
those obtained in the presence of GGTI-286, an inhibitor of
geranylgeranyl transferase-1 (105 M) (20); C3 exoenzyme, Rho
inhibitor (30 ng/ml) (21); Y-27632,a RhoA downstream effector
Rho-associated kinase (ROCK) inhibitor (10° M) (22); Racl
inhibitor (10* M); or apocynin (Sigma-Aldrich), an NADPH
oxidase inhibitor (104 M) (23,24). ACh-induced relaxation was
also examined in the absence or presence of the NOS inhib-
itor, Nw-nitro-L-arginine methyl ester (L-NAME; 10 M;
Sigma-Aldrich) (25). The aortic rings were incubated with
L-NAME for 20 min following treatment with GGTI-286, C3
exoenzyme, Y-27632, Racl inhibitor or apocynin. The drugs
were removed by washing with Krebs-HEPES buffer prior to
addition of PE. All results are expressed as a percentage of
the maximal contraction tension induced by the preceding PE
application.

Smooth muscle cell culture. Primary VSMC cultures were
isolated from the thoracic aorta of 10-week-old WKY rats
and SHRs by elastase/collagenase digestion, according to the
procedure of Battle et al (26). Adventitiae was placed in a tube
containing 5 ml collagenase (0.2% from a crude powder of
624 U/mg; Eurobio Laboratories, Les Ulis, France) dissolved
in medium 199 (Boehringer Ingelheim Pharm GmbH & Co.,
Ingelheim, Germany), placed into a water bath and agitated
at 37°C for 1 h. The cell suspension was then filtered on a
sterile porous nylon membrane and washed with 20 ml warm
Hanks balanced salt solution to dislodge single cells from
fragments. The cell suspension was centrifuged (500 x g for
5 min) and the cell pellet resuspended in culture medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
The quiescent VSMCs were stimulated with angiotensin II
(Ang II; Sigma-Aldrich)) for 3 h at 37°C. In certain experi-
ments, the cells were pre-exposed for 24 h at 37°C to IBAN
(10° M), IBAN+GGOH (3x10° M), IBAN+FOH (3x10”° M),
IBAN+MEV (10 M), GGTI-286, the selective inhibitor of
GGTase I (10° M) or Racl inhibitor (10 M).

Measurement of ROS production. The ROS levels were quan-
titatively measured using a Cell (GMS10016.2 v.A) or Tissue
ROS Assay kit (GMS10016.3 v.A) (Genmed Scientifics, Inc.,
Wilmington, DE, USA), as described previously (27). The
quiescent VSMCs were washed twice with incubation media,
which consisted of phenol red-free-Dulbecco's modified Eagle's
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medium and 0.1% bovine serum albumin (both purchased from
Sigma-Aldrich). ROS generation was measured in unstimulated
cells and in the cells from the WKY rats and SHRs, which were
exposed to increasing concentrations of Ang IT (10-*-10° M).
Additionally, VSMCs from the SHRs were preincubated with
vehicle, IBAN, IBAN+GGOH, IBAN+FOH, IBAN+MEYV,
GGTI-286 or Racl inhibitor, as described above. Following
the 24-h pre-incubation period, the VSMCs were washed twice
and stimulated with Ang II for 3 h, prior to being loaded with
2'7'-dichlorodihydrofluorescein diacetate (10 xM; Genmed
Scientific, Inc.). After 20 min, the cells were washed with
phosphate-buffered saline (PBS). Fluorescence was measured
on a Spectra-Max fluorometer (Thermo Fisher Scientific, Inc.)
using an excitation wavelength of 488 nm and an emission wave-
length of 525 nm. Images were captured from five randomly
selected fields under a fluorescence microscope (1X71; Olympus
Corporation, Tokyo, Japan).

The aortic tissues from each group were homogenized
using lysis buffer, and 200 ug of the homogenized solu-
tions were used to determine protein concentrations using
a Bicinchoninic Acid (BCA) Protein Assay kit (Beyotime
Institute of Biotechnology, Shanghai, China). The levels of
ROS were then quantitatively measured fluorometrically using
the Cell and Tissue ROS Assay kits, with excitation at 488 nm
and emission at 525 nm.

Measurement of NADPH oxidase activity. A proportion of the
supernatant from the homogenized solutions extracted from
cells and aortas were used to determine NADPH oxidase
activity. Protein content was determined using a BCA protein
assay kit (Beyotime Institute of Biotechnology). The activities
of NADPH oxidase were evaluated spectrophotometrically
or chemiluminogenically using an NADPH Oxidase Activity
Assay kit (GMS50095.2 v.A; Genmed Scientifics, Inc.), as
described previously (28).

Racl activation assay. Racl GTPase is considered to be
important for activating NADPH oxidase and for free radical
release, and Racl is post-translationally geranylated. Therefore,
the effects of Ang II and IBAN on the activity and expres-
sion of Racl were assessed. Racl activity was determined
using a pull-down assay, according to the manufacturer's
protocol, using a Racl Activation Assay Biochem kit (BK035;
Cytoskeleton, Inc., Denver, CO, USA). In brief, 107 cells were
grown in 10-cm dishes, washed in cold PBS and lysed. A protein
assay was performed prior to the pull-down assay to equalize
the total protein concentrations in each treatment group.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein
was used as an internal control. The cell lysates were incubated
for 60 min at 4°C with 10-u1 PAK-PBD-agarose to precipitate
the GTP-bound Racl. The precipitated complexes were washed
three times with wash buffer (25 mM Tris, pH 7.5, 30 mM
MgCl, and 40 mM NaCl reconstituted in 100 ml sterile distilled
water) and resuspended in 30 1 of 2X Laemmli buffer (125 mM
Tris, pH 6.8, 20% glycerol, 4% SDS, 0.005% bromophenol blue
and 5% beta-mercaptoethanol). Protein concentrations were
determined using a BCA Protein Assay kit. The total lysates
and precipitates (100 ng samples) were analyzed using 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis as
previously described (17). Protein was then transferred onto a
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polyvinylidene difluoride membrane (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) that was blocked with 5% non-fat
milk at room temperature for 1 h. The blots were then incu-
bated with anti-Racl (1:1,000 dilution; sc-95; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) anti-p47phox (1:1,000
dilution; sc-7660; Santa Cruz Biotechnology) and anti-GAPDH
(1:2,500; ab9485; Abcam, Cambridge, UK) primary antibodies
overnight at 4°C, followed by washing with Tris-buffered saline
with 0.1% Tween (Beijing Solarbio Science & Technology
Co. Ltd., Beijing, China) for 10 min 3 times. Then, the blots
were incubated with horseradish peroxidase-conjugated goat
anti-rabbit immunoglobulin G (IgG) (1:3,000 dilution; ab6721;
Abcam), rabbit anti-goat IgG peroxidase (1:8,000 dilution;
A5420; Sigma-Aldrich) and goat anti-mouse IgG (1:2,000
dilution; HA1006; Hangzhou HuaAn Biotechnology Co., Ltd.,
Huangzhou, China) secondary antibodies at room temperature
for 1 h. The densities of bands were quantified by densitometry
using Multi Gauge software (version 3.0.1.5; Fujifilm, Tokyo,
Japan). Western blot analysis of the total level of Racl in the
supernatant was performed for comparison with Racl activity,
the level of GTP-bound Racl, in the same samples.

Statistical analysis. All values are expressed as the mean + stan-
dard error of the mean. The concentration-response curves
resulting from the vasomotor experiments were analyzed by
nonlinear regression (curve fit). Statistical significance was
determined using one-way analysis of variance, followed
by the least significant difference post-hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Ex vivo vasomotor experiments. Endothelium-dependent
vasorelaxation with increasing concentrations of ACh,
and endothelium-independent relaxation exerted by SNP
are shown in Fig. 1. ACh-induced relaxation in the arteries
was significantly more marked in the WKY rats, compared
with the SHRs (Fig. 1A). The arteries of the SHRs exhib-
ited noticeable endothelial dysfunction, and only marginal
vasodilation, even at higher ACh concentrations. At 10° M
ACh, the control arteries of the WKY rats were relaxed to
91.1£3.5% and arteries of SHRs were relaxed to 37.8+2.9%.
No significant effect was observed among the groups induced
by SNP (Fig. 1B). In addition, treatment with IBAN did not
alter endothelium-independent vasorelaxation, but it markedly
increased ACh-induced maximal vasodilatation to 60.7%
(P<0.05, vs. SHR group), suggesting a marked improvement of
endothelial dysfunction in the SHRs. Following pre-incubation
with GGOH (3x10° M), ACh-induced maximal relaxation
in the SHR-IBAN group decreased to 45.1% (P<0.05, vs.
absence of GGOH; Fig. 1C). However, neither pretreatment
with MEV nor FOH at 3x10° M and 10 M, respectively,
improved ACh-induced relaxation in the SHR-IBAN group
(Fig. 1D and E). Pretreatment with GGTI-286, C3 exoenzyme,
Y-27632, Racl inhibitor or apocynin (10 M, 30 ng/ml, 10° M,
10* M and 10* M, respectively), mimicked the improved effect
of IBAN on ACh-induced relaxation, but did not significantly
change the inhibition caused by L-NAME (10 M; Fig. 2).
Treatment with L-NAME eliminated ACh-induced relaxation
in the aortic rings from the SHR groups (Figs. 1A and 2).
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Figure 1. Effect of IBAN treatment on endothelium-dependent and -independent vasorelaxation. (A) Endothelium-dependent relaxations induced by Ach.
(B) Endothelium-independent relaxation induced by sodium nitroprusside. (C) Effects of GGOH (3x10° M), (D) FOH (3x10° M) or (E) MEV (10*M) on
endothelium-dependent relaxation were assessed in isolated aortic rings from IBAN-treated SHRs. Values are presented as the mean + standard error of the
mean from five rats. “P<0.01, vs. WKY group; “P<0.05 vs. SHR group; "P<0.01 vs. SHR-IBAN group; "P<0.05 vs. SHR-IBAN group. SHRs, spontaneously
hypertensive rats; WKY rats, Wistar-Kyoto rats; IBAN, ibandronate; Ach, acetylcholine; GGOH, geranylgeraniol; FOH, farnesol; MEV, mevalonate.
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Figure 2. Effect of (A) GGTI-286 (10° M), (B) C3 exoenzyme (30 ng/ml), (C) Y-27632 (10° M), (D) Racl inhibitor (10 M) and (E) apocynin (10* M) on
the endothelium-dependent contractile effects of Ach in the absence and presence of L-NAME-treated arteries from SHRs. Values are presented as the
mean + standard error of the mean from five rats.”P<0.01, vs. SHR group; “P<0.05, vs. SHR group; "P<0.01. vs. SHRs treated with GGTI-286, C3 exoenzyme,
Y-27632, Racl inhibitor or apocynin; 'P<0.05, vs. SHR treated with GGTI-286, C3 exoenzyme, Y-27632, Racl inhibitor or apocynin. SHRs, spontaneously
hypertensive rats; WKY rats, Wistar-Kyoto rats; L-NAME, Nw-nitro-L-arginine methyl ester; Ach, acetylcholine.

Ang Il induces an increase in the generation of ROS in
VSMCs. The generation of ROS was measured in the unstim-
ulated cells. Ang II induced a concentration-dependent
increase in fluorescence, and the maximal responses were
observed at 107 M in the VSMCs from the SHRs and WKY
rats (Fig. 3A). In addition, the responses to Ang II were

significantly higher in the SHRs, compared with those in the
WKY rats.

IBAN reduces the production of ROS in SHR VSMCs and
aortas. To evaluate the effect of IBAN on the intracellular
production of ROS, the SHR VSMCs were pre-incubated for
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Figure 3. Effects of IBAN on production of ROS in Ang II-induced VSMCs and aortas. (A) Treatment with Ang II induced a concentration-dependent increase
in relative fluorescence in the VSMCs from the SHRs and WKY rats. (B) VSMCs from the SHRs were pre-incubated with IBAN (10-8-10° M) for 24 h and
then incubated with or without Ang IT (107 ML) for 3 h. (C) ROS levels were assessed in isolated aortic segments of the WKY rats and IBAN-treated SHRs.
(D and E) Effects of IBAN (10° M), GGTI-286 (10 M), Rac1 inhibitor (10 M), IBAN+GGOH (3x10° M), IBAN+FOH (3x10° M) or IBAN+MEV (10* M)
on Ang Il-induced intracellular oxidation in VSMCs from SHRs. Data are presented as the mean + standard error of the mean (n=5). A and C: "P<0.05, vs.
WKY group; “P<0.01, vs. WKY group; “P<0.05, vs. SHR control group; “P<0.01, vs. SHR control or SHR group, 'P<0.05, vs. WKY control group; "P<0.01,
vs. WKY control group; B and E: “P<0.01, vs. control; "P<0.01, vs. Ang II, "'P<0.01, vs. Ang II+IBAN group. SHRs, spontaneously hypertensive rats; WKY
rats, Wistar-Kyoto rats; VSMCs, vascular smooth muscle cells; ROS, reactive oxygen species; IBAN, ibandronate; Ang II, angiotensin II; GGOH, geranylgera-

niol; FOH, farnesol; MEV, mevalonate.

24 h with vehicle or with 10-%-10° M IBAN, followed by 3 h
incubation with 107 M Ang II. Incubation of the VSMCs with
IBAN alone had no significant effect on basal ROS produc-
tion, whereas pretreatment with IBAN significantly reduced
Ang II-induced ROS production in a concentration-dependent
manner (Fig. 3B).

To investigate whether decreased ROS was observed
in vivo, 10-week-old SHRs were provided with either stan-
dard chow or standard chow supplemented with IBAN for
30 days. Subsequently, the vascular production of ROS was

assessed in isolated aortic segments. The production of
O, in the aortic segments from the SHRs was significantly
higher, compared with that of the age-matched WKY rats
(Fig. 3C). Pretreatment of the vessels with IBAN decreased
O, production in the segments from the hypertensive animals
(265.0+21.0, vs. 129.7+£20.5%), confirming the involvement of
FPP synthase on ROS production in this strain.

Regulation of oxidative stress by IBAN. To determine whether
the reversal of excess oxidative stress in SHR VSMCs by IBAN
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Figure 4. Effects of IBAN on NADPH oxidase activity in homogenates from
VSMCs and aortic rings from SHRs and WKY rats. (A) VSMCs from SHRs
were preincubated for 24 h with vehicle, IBAN (10°M), GGTI-286 (10° M),
IBAN+GGOH (3x10° M), IBAN+FOH (3x10° M) or IBAN+MEV (10* M),
followed by 3 h co-incubation with or without 107 M Ang II. VSMCs from
WKY rats were used as controls. (B) Vascular NADPH oxidase activity was
assessed in isolated aortic segments of control and IBAN-treated SHRs. Data
are presented as the mean + standard error of the mean (n=5). A: "P<0.05,
vs. WKY group; #P<0.01, vs. SHR group; 'P<0.05, vs. SHR-Ang II group;
**P<0.01, vs. SHR-Ang II+IBAN group; B: "P<0.05, vs. WKY group;
"P<0.05, vs. SHR group. SHRs, spontaneously hypertensive rats; WKY
rats, Wistar-Kyoto rats; VSMCs, vascular smooth muscle cells; IBAN,
ibandronate; Ang II, angiotensin II; GGOH, geranylgeraniol; FOH, farnesol;
MEV, mevalonate; NADPH, nicotinamide adenine dinucleotide phosphate.

is associated with the MEV pathway in the present study, the
VSMCs were treated with with IBAN and GGOH, FOH or
MEV (10° M, 3x10° M, 3x10° M and 10** M, respectively).
A representative microscopic scan is shown in Fig. 3D, and
the data analysis for five separate experiments is shown in
Fig. 3E. The results showed that neither FOH nor MEV altered
the effect of IBAN on Ang II-induced (107 M) ROS produc-
tion (101.6+1.6 and 114.6+6.8, respectively, vs. 98.9+4.4%;
P>0.05), however, GGOH partly reversed the effect of ROS
production (197.1+8.3, vs. 98.9+4.4%; P<0.01). It was found
that GGTI-286, which regulates Rho geranylgeranylation,
mimicked the inhibitory effect of IBAN on Ang II-induced
ROS in the SHR VSMCs. Furthermore, the Racl inhibitor also
significantly inhibited the increased production of ROS in the
group treated with Ang IT (Fig. 3D and E).

NADPH oxidase activity is increased in VSMCs and aortic
rings from SHRs. The basal NADPH oxidize activity was
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significantly higher in the VSMCs from the 10-week-old
SHRs, compared with the age-matched WKY rats (Fig. 4A).
NADPH-stimulated production of O, in the SHR VSMCs was
significantly enhanced (2-fold) when the cells were stimulated
with Ang IT (107 M). Pretreatment with IBAN (10~ M) signifi-
cantly reduced the Ang II-mediated activation of NADPH
oxidase, and GGTI-286 (10° M) mimicked the inhibitory
effect. Accordingly, neither FOH nor MEV (3x10° M
and 10* M, respectively) affected the effect of IBAN on
Ang Il-induced enzyme activity, however, GGOH (3x10° M)
completely reversed this effect. The NADPH-stimulated O,
production in the endothelium-intact aortic rings was also
significantly enhanced in the SHRs, compared with that in the
WKY rats (Fig. 4B). Enzyme activity was significantly inhib-
ited by 10°M IBAN (by 40.3%) in the aortic rings.

IBAN inhibits Racl activation. Treatment with Ang IT (107 M)
increased Racl GTP-binding activity 2.3-fold (Fig. 5A).
Pre-incubation of the VSMCs with IBAN (10 M) completely
prevented the Ang II-mediated increase of Racl activity
(105.0£13.2, vs. 225.0+14.4%; P<0.01). Similarly, GGTI-286
(105 M) inhibited the Ang II-induced activation of Racl.
However, in the presence of GGOH (3x10”° M), but not FOH
(3x10° M) or MEV (10* M), the inhibitory effect of IBAN
against the activation of Racl by Ang II was markedly reversed
to 210.7+11.0%. Similarly, the levels of activated Racl were
also significantly higher in the SHR aortas, compared to those
in the WKY rats (2.60-fold; P<0.01; Fig. 5B). Treatment with
IBAN (1 mg/kg/day) decreased the levels of GTP-Racl. The
total expression levels of Racl were examined using immu-
noblotting. No significant differences in the total expression
levels of Racl were observed among the VSMCs and aortas in
the above groups.

IBAN inhibits the expression of p47phox. The in vitro data
showed that the expression of p47phox did not change in
response to Ang II (data not shown). However, the results of
the immunoblotting showed that Ang IT (107 M) induced the
translocation of subunits, which was indicated by increases
in the relative level of membrane-bound p47phox in the
SHR VSMCs, and this effect was inhibited by IBAN and
GGTI-286 (10° M). As Ang II was incubated for 3 h, the
expression of p47phox may also have been affected. Similar
to Racl activity, the inhibitory effect of IBAN against the
increased membrane-bound expression of p47phox subunits
by Ang II was markedly reversed in the presence of GGOH
(3x107° M), but not FOH (3x10° M) or MEV (10 M), respec-
tively (Fig. 6A). Similarly, the protein levels of p47phox in the
cytoplasmic and membrane fractions were higher in the SHR
aortas, compared with those in the WKY rats. Treatment with
IBAN (1 mg/kg/day) also decreased the levels of this protein
in the SHR aortas (Fig. 6B).

Discussion

Excess O, generation is involved in the inactivation of NO
associated with endothelial dysfunction in clinical and
experimental hypertension (1-3). The activation of the angio-
tensin AT1 receptor by Ang II in vascular cells is one of the
most notable mechanisms of ROS production in vitro and



SPANDIDOS

PUBLICATIONS 3793

MOLECULAR MEDICINE REPORTS 13: 3787-3796, 2016

A B
GTP-Ract B SIS Sh Ss BN B )|

Total-Rac] | cssss S-— S— am— G S e—
GAPDH s s S s S w— —|

Total-Rac1

(- — -
GAPDH S - |

250+ fudad 300+ e
2004
] 2% 200 s
= -
_3*5‘150- ZE M
® 8 &8 T
T % 1001 3%
100+
S e
504 e
e
0 0 L= -
3 ¥
& < &
¢

Figure 5. Effects of IBAN treatment on the activation and expression of Racl. Racl activity was examined using a pull-down assay (upper panel). Western
blot analysis was used to determine the total level of Racl (middle panel) in the same lysates. GAPDH protein was used as the endogenous control for each
sample (lower panel). (A) Vascular smooth muscle cells from SHRs were preincubated for 24 h with vehicle, IBAN (10° M), GGTI-286 (10° M), IBAN+GGOH
(3x10° M), IBAN+FOH (3x10° M) or IBAN+MEV (10** M), followed by a 3 h co-incubation with or without 107 M Ang II. (B) Activity and expression
of Racl in aortas were examined. Values are presented as the mean =+ standard error of the mean, and are representative of four independent experiments.
A: "P<0.01, vs. control; #P<0.01, vs. Ang II; "'P<0.01, vs. Ang II+IBAN group; B: “P<0.01, vs. WKY group; “P<0.05, vs. SHR group. SHRs, spontaneously
hypertensive rats; WKY rats, Wistar-Kyoto rats; IBAN, ibandronate; Ang II, angiotensin II; GGOH, geranylgeraniol; FOH, farnesol; MEV, mevalonate;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 6. Effect of IBAN on the p47phox protein in cytosolic and membrane fractions from cultured VSMCs and aortic rings from SHRs and WKY rats.
(A) VSMCs from SHRs were preincubated for 24 h with vehicle, IBAN (10°M), GGTI-286 (10° M), IBAN+GGOH (3x10° M), IBAN+FOH (3x10° M) or
IBAN+ MEV (104 M), followed by 3h co-incubation with or without 107 M Ang II. (B) Protein leveles of p47phox in aortas were determined. Values are
presented as the mean + standard error of the mean, and are representative of four independent experiments. A: “P<0.01, vs. control; “P<0.01, vs. Ang II;
P<0.05, vs. Ang ITI+IBAN group. B: “P<0.01, vs. WKY group; “P<0.05, vs. SHR group. SHRs, spontaneously hypertensive rats; WKY rats, Wistar-Kyoto rats;
VSMCs, vascular smooth muscle cells; IBAN, ibandronate; Ang II, angiotensin II; GGOH, geranylgeraniol; FOH, farnesol; MEV, mevalonate; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

predominantly to the smooth muscle layer in SHRs, compared
with those in WKY rats (28). In the present study, the FPP

invivo (4,5). The abnormal elevation in Ang IT occurs in SHRs,
and they exhibit an exaggerated increase in circulating Ang IT

in response to stimuli (29). The present study found that the
production of ROS, activity of NADPH oxidase and expres-
sion of the p47phox subunit were enhanced in the SHR aortas,
as well as in the Ang II-stimulated VSMCs from the SHRs.
In addition, a previous study confirmed that higher expres-
sion of p47phox and increased O, production are localized

synthase inhibitor, IBAN, exerted antioxidant effects in the
SHR group in vivo and in vitro. These results indicated that
these effects may be an important mechanism contributing to
the prevention of endothelial dysfunction by IBAN.

ACh is used as a standard drug to estimate vascular
endothelial function. It acts on muscarinic receptors and
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induces the synthesis and release of several vasoactive factors,
including NO and cyclooxygenase-derived vasodilators and
vasoconstrictors, in endothelial cells. It is established that
NO is the most important vasodilator released from the endo-
thelium, and endothelium-dependent vasodilation is almost
completely dependent on NO (30,31). In the present study,
the endothelium-independent relaxation induced by SNP was
similar in the SHRs and WKY rats, and was unaffected by
IBAN, indicating that the improved relaxation response by
IBAN was due to changes in endothelium-derived NO bioavail-
ability. In addition, L-NAME eradicated the differences in
endothelium-dependent relaxation between the IBAN-treated
and -untreated SHRs, suggesting that increased NO bioactivity
was the cause of the amelioration of endothelial function.
Furthermore, our previous report demonstrated that endothe-
lial improvement by treatment with another bisphosphonate
(FPP synthase inhibitor, alendronate) in SHRs had minimal
involvement with the COX pathway (18).

Cells metabolize GGOH to GGPP, and FOH is metabolized
to FPP (32). Incubation with GGOH, but not with FOH or MEYV,
partially reversed the improvement in the IBAN-induced endo-
thelial relaxation response in isolated aortic rings in the SHRs,
suggesting that the protective effect of inhibiting FPP synthase
on endothelial function was associated, at least in part, with
inhibition of the MEV pathway, particularly by suppressing
small GTP-binding protein geranylgeranylation (Fig. 7). The

small GTP-binding protein, Racl, is important in the activation
and assembly of NADPH oxidase (10,11). The primary mecha-
nism of action of the FPP synthase inhibitor is the depletion
of isoprenoid intermediates, including GGPP (12-14), which
is of importance for the post-translational geranylgeranylation
of small Rho GTPase signaling proteins, including Racl and
RhoA (15,16).

Notably, the present study found a higher level of
GTP-bound active Racl, but a similar level of total Racl, in
the aortas from the SHRs, compared with those from the
WKY rats. Furthermore, bisphosphonate treatment of the
SHRs decreased the level of active Racl, but had no effect
on the total expression of Racl, demonstrating that the FPP
synthase inhibitor only affected the activated process of Racl
and RhoA in vivo (18), possibly by inhibiting their isoprenyl-
ation. Pretreatment with GGTI-286, C3 exoenzyme, Y-27632,
Racl inhibitor or apocynin mimicked the improved effect of
IBAN on vascular relaxation, suggesting that the improved
endothelial effect of bisphosphonates may be mediated by the
RhoA/eNOS and Racl/NADPH oxidase pathways.

Similarly, incubation with GGOH, but not FOH or MEV
partially reversed the IBAN-induced inhibition of excess
ROS generation induced by Ang II in vitro, suggesting that
the antioxidative effect of IBAN on Ang II stimulation may
be mediated, at least in part, by the suppression of GGPP.
Of note, consistent with previous reports, the present study



found a higher level of GTP-bound active Racl, which was
comparable to the level of total Racl in VSMCs in response
to Ang II (33). Consistent with the in vivo experiments, IBAN
treatment led to a similar impairment of active Racl, however,
there were no effects on total protein levels. Consistently,
the present data showed that the IBAN-induced decrease
in the activated form of Racl was reversed by GGOH, but
not by FOH or MEV, as was the excess oxidative response
phenotype, suggesting that inhibiting FPP synthase affected
only the activated form of Racl in the VSMCs by inhibiting
GGPP and consequently suppressing the geranylgeranyl-
ation-dependent translocation of Racl from the cytosol to
the cell membrane.

Notably, GGTI-286, a specific inhibitor of geranyl-
geranyl-transferase (GGTase) I for geranylgeranylation, which
reduces Ang II-induced Racl activity, inhibited the excess
oxidative response evoked by Ang II. This result was supported
by a previous report of Zuckerbraun et al, in that inhibiting
GGTase I prevents the excess oxidative phenotype induced by
Ang II (34). Furthermore, the Racl inhibitor attenuated the
production of ROS induced by Ang II. Taken together, these
results further supported the hypothesis that preventing Racl
activation and geranylgeranylation is essential for protection
against Ang Il-induced oxidative response in VSMCs by
IBAN.

Hypertension increases mechanical strain in the vessel
wall. Mechanical stretch leads to ERK activation via
Rho/ROCK (35). The Rho/ROCK pathway is substantially
involved in the pathogenesis of hypertension and hyper-
tensive vascular disease (36). In our previous studies, it
was found that the administration of a high-dose of FPP
synthase inhibitor (alendronate; 10 mg/kg/day) upstream
of the signaling target of Rho/ROCK reduced the SBP and
MAP in SHRs (18). The lowering of blood pressure with
nonhypotensive doses of fasudil also significantly suppressed
vascular lesion formation, in addition to normalization of the
endothelial production of superoxide anions and resultant
improvement in endothelial vasodilator function (37). In the
present study, it was found that 1 mg/kg/day IBAN had no
effect on blood pressure regulation, thus the beneficial effect
on endothelial dysfunction was independent of blood pres-
sure.

In general, the dose used in the rat experiments were
50-100 times higher than those used in studies involving
human (38). Although the dose of IBAN used in the present
study (1 mg/kg/day) was high, compared with the quoted oral
does in humans of 150-600 mg/month, it remained with the
range of 50-100 times higher than the human dose. Of note,
the present study was heavily based on pharmacological tools,
and the use of genetic-knockout mice would further improve
the quality of results in the future.

In conclusion, FPP synthase-catalyzed isoprenoid inter-
mediates are necessary for the appropriate functioning
of RhoA and Racl; the former negatively regulated eNOS
expression and activity, and the latter positively regulated the
expression and activity of NADPH oxidase. Therefore, inhib-
iting FPP synthase improved endothelial dysfunction in the
SHRs, which was, at least in part, associated with reduced
GTP-bound active Racl and subsequent reduced NADPH
oxidase activity.
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