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Abstract

Background: Hypertension is a highly prevalent disorder and a major risk factor for cardiovascular diseases. Hypertensive
vascular remodeling is the pathological mal-adaption of blood vessels to the hypertensive condition that contributes to
further development of high blood pressure and end-organ damage. Hypertensive remodeling involves, at least in part,
changes in protein turnover. The ubiquitin proteasome system (UPS) is a major protein quality and quantity control system.
This study tested the hypothesis that the proteasome inhibitor, bortezomib, would attenuate Angll-induced hypertension
and its sequelae such as aortic remodeling in rats.

Methodology/Principal Findings: Male Sprague Dawley rats were subjected to Angll infusion for two weeks in the absence
or presence of bortezomib. Mean arterial pressure was measured in conscious rats. Aortic tissue was collected for estimation
of wall area, collagen deposition and expression of tissue inhibitors of matrix metalloproteases (TIMP), Ki67 (a marker of
proliferation), reactive oxygen species (ROS) and VCAM-1 (a marker of inflammation). Angll infusion increased arterial
pressure significantly (1604 mmHg vs. vehicle treatment 1332 mmHg). This hypertensive response was attenuated by
bortezomib (1385 mmHg). Angll hypertension was associated with significant increases in aortic wall to lumen ratio
(~29%), collagen deposition (~14%) and expression of TIMP1 and TIMP2. Angll also increased MMP2 activity, proteasomal
chymotrypsin-like activity, Ki67 staining, ROS generation and VCAM-1 immunoreactivity. Co-treatment of Angll-infused rats
with bortezomib attenuated these Angll-induced responses.

Conclusions: Collectively, these data support the idea that proteasome activity contributes to Angll-induced hypertension
and hypertensive aortic vascular remodeling at least in part by modulating TIMP1/2 and MMP2 function. Preliminary
observations are consistent with a role for ROS, inflammatory and proliferative mechanisms in this effect. Further
understanding of the mechanisms by which the proteasome is involved in hypertension and vascular structural remodeling
may reveal novel targets for pharmacological treatment of hypertension, hypertensive remodeling or both.
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Introduction

Hypertension is a major health care issue affecting 30% of
adults in the United States [1]. Hypertension is also a major risk
factor for coronary artery disease, stroke, heart failure and renal
failure [1,2]. Under hypertensive conditions, structural remodeling
in blood vessels participates critically in the development and
maintenance of hypertension and end-organ damage [3-3].
Hypertension triggers various types of arterial structural remod-
eling including hypertrophic remodeling [3-6]. Remodeling
eventually leads to increased wall to lumen diameter ratio, which
is a major finding in established hypertension [7]. Increased wall to
lumen diameter ratio may contribute to both enhanced vascular
reactivity and vascular stiffness, two cardinal features of hyper-
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tension-associated vascular pathology that are thought to contrib-
ute to the progression of this disease [4,7]. These structural
adaptations may involve reorganization of both intracellular (e.g.
vascular smooth muscle cell hyperplasia/hypertrophy) [8,9] and
extracellular (e.g. changes in extracellular matrix) protein content
[10]. Accumulating evidence suggests that an imbalance in matrix
metalloproteases (MMPs) and their cognate inhibitors (tissue
inhibitors of matrix metalloproteases; TIMPs) contribute impor-
tantly to vascular sequelae of hypertension [11,12]. Indeed,
manipulation of TIMP function has been proposed as a
mechanism to attenuate hypertension induced vascular damage

[12].

October 2013 | Volume 8 | Issue 10 | e78564



Recent evidence suggests that protein quality and quantity
control systems play key roles in human health [13]. The ubiquitin
proteasome system (UPS) is a major protein quality and quantity
control system. The UPS has been implicated in cardiac
remodeling associated with heart failure [13-15] and vascular
remodeling associated with atherosclerosis [16] and potentially
other cardiovascular diseases [17]. Indeed, recently reviewed
evidence suggests that the vascular UPS system may play a
multifactorial and powerful role in vascular smooth muscle control
[18]. Hypertension-induced structural changes in blood vessels
involve reorganization of both cellular and extracellular proteins,
so it seems logical that the UPS should be involved with these
pathologic changes. Nevertheless, this idea has received only
limited research attention. Early work suggested that proteasome
inhibition attenuated hypertension development and aortic
remodeling in DOCA salt hypertension [19,20]. Similarly,
proteasome inhibition improved endothelial function and reduced
blood pressure in Angll-infused mice [21]. Treatment with
proteasome inhibitors was also reported to reduce vascular
superoxide generation and inflammation in Dahl salt sensitive
hypertension [22], but did not reduce blood pressure in this model.
Hypertension was not reduced by proteasome inhibition in
spontaneously hypertensive rats [23]. In humans, the use of
proteasome inhibitors for the treatment of cancer was associated
with either increases or decreases in systemic blood pressure [24].
Thus, proteasome function may be involved in blood pressure
control and, potentially blood pressure dysregulation. This study
tested the general hypothesis that the proteasome inhibitor,
bortezomib, would attenuate Angll-induced hypertension and its
sequelae such as aortic remodeling in rats.

Materials and Methods

In Vivo Experiments

These studies used male Sprague Dawley rats. All procedures
involving these animals were reviewed and approved by the
institutional animal care and use committee of the University of
South Dakota (Protocol # 75-08-10-13D) and conform to the
Guide for the Care and Use of Laboratory Animals. At the age of
14 weeks, the male Sprague Dawley rats (Harlan) were anesthe-
tized with isoflurane (2-3% in oxygen) and osmotic pumps (Alzet,
Model 2MIL2were implanted subcutaneously. Angll in 0.9%
saline (Sigma-Aldrich, MO) or saline were administrated by
osmotic pumps for 14 days. Bortezomib (Bort) (LC Laboratories,
MA) was dissolved in 20% cyclodextrin (Sigma-Aldrich, MO) and
injected intraperitoneally (I.P.). The rats were divided into four
treatment groups (N =5 each). Group 1 was treated with vehicle
(Veh; 0.9% saline+20% cyclodextrin). Group 2 was treated with
Angll (AngII; Angll 200 ng/kg/min and 20% cyclodextrin).
Group 3 was treated with bortezomib (Bort; 200 ng/kg, 3 times
per week, I.P. and received 0.9% saline subcutaneously). Group 4
was treated with a combination of Angll infusion and LP.
bortezomib (AngII/Bort). Body weight was measured prior to
the start and at the end of treatments. At day 12 of treatment, rats
were anesthetized and carotid artery catheters were implanted.
Buprenorphine (0.03 mg/kg) was provided for postoperative
analgesia. After 24 hours of recovery, the arterial catheters were
connected to a data acquisition system (Biopac Systems, CA) and
blood pressures were recorded during daylight hours when the rats
were conscious and unrestrained. Average mean arterial blood
pressure (MAP) of 10 time points equally distributed over three
hours was used for statistical analysis. Rats were euthanized
(pentobarbital 150 mg/kg) at day 14. The last dose of bortezomib
was delivered on the morning of day 14, approximately 8 hours
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before tissue collection. The thoracic aorta (from aortic arch to
diaphragm) and tibialis anterior skeletal muscle samples were
collected, and snap frozen in dry ice or fixed in 4% paraformal-

dehyde.

Proteasome activity assay

Frozen tibialis anterior skeletal muscle was homogenized in
Hepes buffer (50 mmol/L). Following centrifugation, the super-
natant was collected and assayed for protein concentration. 30 ug
of sample protein was added with fluorogenic proteasome
substrate III (Suc-LLVY-AMC, chymotrypsin-like, 18 uM, Cal-
biochem, EMD biosciences, CA) with or without the proteasome
inhibitor MG132 as a total inhibition control (20 uM, Sigma-
Aldrich, MO) and incubated at 37°C for 30 minutes. The reaction
was then quenched by adding ice-cold ethanol followed by water.
The samples were read at excitation wavelength of 350 nm and
emission wavelength of 435 nm. The chymotrypsin-like protea-
some activity was calculated as the generated fluorescence strength
difference between samples with and without MG132.

Masson'’s trichrome staining

Paraformaldehyde fixed aorta samples were sectioned (10 um)
at minus 20°C with a cryostat (Leica, MN) and then mounted on
slides. Slides underwent a series of incubations in Masson’s
trichrome staining solutions using standard protocols (Sigma-
Aldrich, MO). The slides were then dehydrated with ethanol and
rinsed with Citrus Solvent. Pictures of stained aorta sample
sections were taken with light microscope (5X, 100X). At 5x
magnification, the medial cross sectional area and the lumen area
of the aorta were measured with Image] software. The medial
cross sectional area to lumen area ratio was used as an index of
vascular structural remodeling. At 100X magnification, using
specific Masson’s trichrome filter, the blue color density within
vascular smooth muscle wall area was quantified with Image]
software and used as an index of ECM deposition.

Western blot analysis

Aorta samples were homogenized in RIPA buffer with protease
and phosphatase inhibitor cocktail (Thermo Scientific, IL) using
Bullet Blender homogenizer (Nextadvance, NY). After centrifuga-
tion, clear supernatant was collected. The protein concentration
was evaluated by BCA protein assay (Thermo Scientific, IL). 30 ug
of sample protein was mixed with 4 X Protein Loading Buffer (Li-
cor, NE) and subjected to SDS PAGE gel electrophoresis and
transferred to polyvinylidene difluoride (PVDF) membrane (Bio-
Rad, CA). The PVDF membranes were blocked in Aqua Block
blocking buffer (EastCoast Bio, ME) overnight. Primary antibodies
against proteins of interest were diluted in Aqua Block and
incubated with the membranes overnight at 4°C (TIMP1, 1:500,
AbD Serotec, UK; TIMP2, 1:500, Novus Biologicals, CO; beta-
Actin, 1:2000, Li-cor, NE). Fluorescent-labeled secondary anti-
bodies were incubated with the membranes for three hours at 4°C
(IRDye 680LT Conjugated Goat polyclonal Anti-Mouse IgG,
1:5000, IRDye 800LT Conjugated Goat polyclonal Anti-Rabbit
IgG, 1:5000, Li-cor, NE). The membranes were scanned with the
Odyssey Infrared Imager (LiCor Biosciences, NE). Densitometric
quantification of the bands was performed using Image Studio
software (LiCor Biosciences, NE). The relative amount of targeted
protein was calculated as a percentage of actin loading control.

Gelatin zymography

Aorta samples were homogenized in RIPA buffer without
protease and phosphatase inhibitors and handled as described
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Figure 1. Effect of Bortezomib on Angll-induced Hypertension.
This figure shows mean arterial pressure in conscious rats 13 days after
vehicle saline and vehicle cyclodextrin treatment (Veh), Angll contin-
uous infusion (Angll), bortezomib treatment (Bort) or combined Angll/
Bortezomib treatment (Angll/Bort). N=5 in each group. Overall ANOVA
p =0.0005. Post hoc analysis (Newman Keuls) for Veh versus Ang Il and
Angll versus Angli+Bort comparisons shown in the figure.
doi:10.1371/journal.pone.0078564.g001

above for Western blot. 30 ug of sample protein was mixed with
4x Protein Loading Buffer (Li-cor, NE) and loaded in each well of
the SDS page gel with gelatin (1.0 mg/ml) and subjected to
electrophoresis. MMP positive control (Sigma-Aldrich, MO) was
added. After electrophoresis, the gelatin gel was washed twice with
2.5% Triton X-100 in water for 30 minutes. Subsequently the gel
was incubated with zymography incubation solution (10 mM
CaCly, 50 mM Tris-Acetic Acid, pH 7.5) overnight at 37°C. The
gel was stained with 0.25% Comassie Blue R-250 for 1 hour and
de-stained with 10% Acetic Acid, 10% Methanol over 1 hour to
develop the bands. A VersaDoc gel image system (Bio-Rad, CA)
was used to capture the image. Brightness of the MMP2 bands was
evaluated with Image] software following a suggested protocol
from NIH  (http://rsh.info.nih.gov/1j/docs/menus/analyze.
html#gels).

Dihydroethidium (DHE) Staining

Reaction of DHE with superoxide generates ethidium that
fluoresces red. Red fluorescence was used to evaluate in situ
superoxide level. Fresh frozen descending thoracic aorta samples
were sectioned (30 um) at minus 20°C, mounted on slides and

Table 1. Body Weights

Body Weight Veh Ang Il Bort Anglli/Bort
Baseline (g) 414+11 403+10 399+9 384+20
Treatment (g) 416+7 404+15 405+8 37521
Treatment/ 1.01+£0.01 1.00£0.02 1.02+0.02 0.98+0.02

Baseline Ratio

This table shows the body weights at baseline before the start of treatments
and at the conclusion of the treatment period. Veh: vehicle, Ang II: angiotensin,
Bort: bortezomib, Angll/Bort: concurrent treatment with angiotensin and
bortezomib. There were no statistically significant differences amongst the
treatment groups.

doi:10.1371/journal.pone.0078564.t001
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treated with PBS at 37°C for 30 minutes. The sections were then
treated with DHE (8 uM) and transferred into a humidified dark
chamber for 30 minutes at 37°C. The slides were rinsed twice with
PBS (5 minutes each time) in a dark chamber. Pictures were taken
immediately under a fluorescent microscope. The vascular smooth
muscle wall area size and the red fluorescent intensity in this area
of the aorta were measured with Image] software (NIH). The red
fluorescence intensity level was normalized with the aortic vascular
smooth muscle cell wall area size to represent the in situ
superoxide level.

Immunohistochemistry staining

Paraformaldehyde fixed descending thoracic aorta samples were
sectioned (5 um) at minus 20°C, mounted on slides and incubated
with antigen retrieval solution (10 mM citrate, 0.05% Tween 20)
in a steamer for 20 minutes. After rinsing with PBS, the sections
were incubated with 0.075% hydrogen peroxide for 5 minutes.
After 2 more rinses with PBS, the slides were incubated in 0.25%
Triton X-100 in PBS at 4°C in humidified chamber for 48 hours,
with or without primary anti Ki67 (Millipore, CA) or vascular cell
adhesion molecule 1 (VCAM-1) (AbD serotec, NC) antibodies at
1:1000 dilution. After rinsing in PBS the sections were incubated
with biotinylated secondary antibodies (Vector, CA) at 1:1000 at
4°C for 4 hours. Following PBS rinses, the sections were incubated
with ABC reagent (Vector, CA) for 1 hour at room temperature,
then the sections were stained with 3.3'-diaminobenzidine
containing 0.01% hydrogen peroxide for 20 minutes. Pictures
were taken under light microscope and the brown reaction
product analyzed with Image] software (NIH).
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Figure 2. Chymotrypsin-like proteasome activity in rat tibialis
anterior skeletal muscle. Rats were sacrificed and tibialis anterior
skeletal muscle samples were collected 14 days after vehicle saline and
vehicle cyclodextrin treatment (Veh), Angll continuous infusion (Angll),
bortezomib treatment (Bort) or combined Angll/Bortezomib treatment
(Angll/Bort). N=5. Overall ANOVA p =0.015. Post hoc analysis (Newman
Keuls) for Veh versus Ang Il and Angll versus Angll+Bort comparisons
shown in the figure

doi:10.1371/journal.pone.0078564.g002
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Figure 3. Effect of Bortezomib on Angll-induced aortic remodeling. Figure 3A shows photos of Masson'’s trichrome staining of aortas (5 x
magnification). Figure 3B shows the medial cross sectional area. Figure 3C shows the aorta inner lumen area. Figure 3D shows the aorta medial cross
sectional area to inner lumen area ratio. Vehicle saline and vehicle cyclodextrin treatment (Veh), Angll continuous infusion (Angll), bortezomib
treatment (Bort) or combined Angll and bortezomib treatment (Angll/Bort). N=5. Overall ANOVA Fig. 3B p=0.01, Fig. 3C p=0.66, Fig. 3D p =0.0003.
Post hoc analysis (Newman Keuls) for Veh versus Ang Il and Angll versus Angll+Bort comparisons shown in each figure

doi:10.1371/journal.pone.0078564.9003

Statistics

Statistical data analysis was performed with Graph Pad Prism 4.
Analysis of variance (ANOVA) was followed by Student Newman-
Keuls post hoc test when appropriate. Statistical significance was
identified at p<0.05. Data are expressed as the mean* SEM.

Results

Bortezomib treatment attenuated Angll-induced

hypertension

Angll treated rats showed significantly greater MAP
(1604 mmHg) compared to Veh treated rats (133+2 mmHg).
Bortezomib treatment alone did not change MAP compared to
vehicle (134%5 mmHg). In contrast, co-treatment of the Angll-
infused rats with the proteasome inhibitor resulted in a MAP
(138+5 mmHg) that was lower than that observed in the Angll
treated rats, but not significantly different from that in the Veh or
Bort treatment groups (Figure 1). Thus, bortezomib treatment
attenuated Angll-induced hypertension in SD rats. Body weight
was not significantly affected by the treatments in any of the four
groups (Table 1).

The effectiveness of bortezomib treatment on proteasome
function was assessed by measuring skeletal muscle chymotryp-
sin-like activity. Angll treatment activated chymotrypsin-like UPS
activity in tibialis anterior skeletal muscle compared to Veh treated
rats. Treatment with bortezomib alone did not elicit a major
change in proteasome activity, suggesting that basal proteasome
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function was not impaired. However, co-treatment of the AnglI-
infused rats with bortezomib significantly attenuated AnglI-
induced activation of chymotrypsin-like proteasome activity
(Figure 2).

Bortezomib treatment attenuated Angll-induced aorta
vascular remodeling

The wall-to-lumen ratio was used as an index of aortic vascular
remodeling (Figure 3). Ang II-induced aortic remodeling appeared
to involve increased aorta medial cross sectional area (Figure 3B).
There was no significant change in inner lumen area (Figure 3C)
amongst the four treatment groups. However, Angll treatment
significantly increased (~20%) aorta wall-to-lumen ratio, com-
pared to Veh treated rats (Figure 3 D). Treatment with
bortezomib alone did not change the wall-to-lumen ratio.
Conversely, wall to lumen ratio was decreased significantly in
the Angll/Bort treated rats compared to the Angll treated rats.
Thus, bortezomib treatment attenuated Angll-induced aortic
vascular remodeling.

Effect of bortezomib on extracellular matrix in aorta
Masson’s trichrome staining was used to estimate overall
collagen deposition as indicated by the density of blue staining
(Figure 4A). Staining density was increased in Angll treated rat
aorta compared to aorta obtained from Veh treated rats
(Figure 4B), consistent with increased aortic collagen deposition
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Figure 4. Effect of Bortezomib on Collagen Deposition in Angll
hypertension. Figure 4A shows photos of Masson’s trichrome staining
of aortas (100X). Figure 4B represents the density of collagen staining in
aortic smooth muscle wall. Vehicle saline and vehicle cyclodextrin
treatment (Veh), Angll continuous infusion (Angll), bortezomib treat-
ment (Bort) or combined Angll and bortezomib treatment (Angll/Bort).
N =4. Overall ANOVA p=0.003. Post hoc analysis (Newman Keuls) for
Veh versus Ang Il and Angll versus Angll+Bort comparisons shown in
the figure.

doi:10.1371/journal.pone.0078564.g004

in Angll treated rats. Aorta harvested from rats treated with
bortezomib alone showed staining density comparable to vehicle
treated rats. Staining density in aorta from AnglI/Bort treated rats
was markedly reduced compared to that observed in the Angll
treated rats (Figure 4B). Thus, these data suggest that bortezomib
treatment attenuated Angll-induced collagen deposition.

Matrix metalloproteases (MMPs) along with their cognate tissue
inhibitors of matrix metalloproteases (TTMP) play an important
role in the control of extracellular matrix collagen turnover.
AnglI-treatment was associated with an increase in protein
expression of both TIMP1 (Figure 5A) and TIMP2 (Figure 5B)
compared to the Veh treatment group. Bortezomib alone did not
change TIMPl or TIMP2 protein amounts, but combined
treatment with bortezomib and Angll resulted in aortic TIMPI
and TIMP?2 protein levels that were markedly reduced compared
to the Angll treated rats. We used zymography to assess potential
changes in MMP activity. Somewhat unexpectedly we observed
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that Angll treatment increased MMP2 activity (Figure 6).
Treatment with bortezomib alone did not affect MMP2 activity
compared to vehicle treated rats. However, the MMP2 activation
observed in aorta from Angll-treated rats was reversed when rats
were co-treated with Angll and bortezomib. MMP2 protein level
as assessed by western blot was not significantly affected in any of
the treatment groups (data not shown).

Effect of bortezomib on an index of cellular proliferation
in aorta

Ki67 immunoreactivity was used as an index of cellular
proliferation (Figure 7A). Ki67 immunoreactivity was increased
approximately 2 fold in aorta harvested from Angll hypertensive
rats compared to those obtained from vehicle treated rats. In rats
treated with both Angll and bortezomib, Ki67 immunoreactivity
averaged approximately 45% of that observed in the AnglI treated
rats and was slightly but not significantly reduced (~12%)
compared to vehicle treated rats (Figure 7B).

Effect of bortezomib on aortic ROS and VCAM expression

Aortic ROS generation was estimated by dihydroethidium
staining. DHE staining was increased approximately 1.7 fold in
aortac harvested from Angll hypertensive rats compared to
vehicle treated rats (Figure 8A). Bortezomib treatment alone did
not alter DHE staining intensity. On the other hand, DHE
staining was markedly attenuated in aortae harvested from rats
treated concurrently with AnglI and bortezomib compared to the
Angll treated rats. VCAM-1 staining was used as an index of
inflammation (Figure 8B). VCAM-1 immunoreactivity was negli-
gible in vehicle treated rats. Angll treatment increased VCAM
staining significantly (~65%). This effect was largely abrogated by
concurrent treatment with bortezomib.

Discussion

This study tested the general hypothesis that the proteasome
inhibitor, bortezomib, would attenuate Angll-induced hyperten-
sion and its sequelae such as aortic remodeling in rats. The data
showed that co-treatment with bortezomib attenuated AnglI-
induced hypertension and aortic vascular remodeling. Bortezomib
also prevented the increase in aortic collagen deposition associated
with Angll hypertension. Angll infusion increased TIMP1 and
TIMP2 protein levels in aorta concurrent with activation of
MMP2. Angll treatment also increased indices of aortic cell
prolilferation, superoxide generation and inflammation. These
responses were all attenuated when bortezomib was co-adminis-
tered with AnglII. Collectively these data suggest that, bortezomib
treatment attenuated many of the events downstream of Angll
stimulation that are associated with hypertension and hypertensive
aortic remodeling.

We used an induced model of hypertension, the Angll infusion
model that exhibits a gradual increase in MAP that stabilizes at
hypertensive levels in about 72 hours [25,26]. At day 12 of Angll
infusion we observed an increase in MAP of approximately
30 mmHg. This value compares favorably with previous work
using a similar approach [25]. We found that hypertension did not
develop in Angll infused rats co-treated with the proteasome
mnhibitor, bortezomib. Previous work examining the effects of
proteasome inhibitors on hypertension is limited. Takaoka used a
DOCA salt model that exhibited an increase in systolic arterial
pressure of approximately 50 mmHg. Treatment with the
proteasome inhibitor, PSI (A-benzyloxycarbonyl-Ile-Glu (O--Bu)-
Ala-leucinal), markedly attenuated hypertension in DOCA salt
treated rats [19,20]. Similarly, in mice AnglI infusion for 14 days

October 2013 | Volume 8 | Issue 10 | e78564



Veh Ang Il Bort  Ang Il/Bort Veh

Ang Il

Proteasome Involvement in Hypertensive Remodeling

Bort Ang ll/Bort

TIMP1 > TIMP2_s bt i

ATl - - - - - — - - - - - Actin —>

oL

150, 0.150-
0150 p<001  p<0.01
e 0.1251 e 01257 T 1
S 04100 S 01001
<o p<005  p<0.05 <o
2% 0075 | ' , 2 % 0,075
- - N =
S 0.050 S 0.050]
= =
0.025- 0.0251
0.000- 0.000— .
& 3 & & & \
¥ @ g\\\0° AR R
& &
A B

Figure 5. Effect of Bortezomib on Angll-induced Hypertensive Changes in TIMP Expression. For figure 5A, the upper panel is the western
blot result of TIMP1 in aorta and the lower panel is a summary of densitometric values. For figure 5B, the upper panel is the western blot result of
TIMP2 in aorta with the lower panel as the densitometry. Vehicle saline and vehicle cyclodextrin treatment (Veh), Angll continuous infusion (Angll),
bortezomib treatment (Bort), Angll and bortezomib treatment (Angll/Bort). N= 3. Overall ANOVA Fig. 5A p=0.02, Fig. 5B p=0.003. Post hoc analysis
(Newman Keuls) for Veh versus Ang Il and Angll versus Angll+Bort comparisons shown in each figure.

doi:10.1371/journal.pone.0078564.g005

increased MAP by approximately 30 mmHg. Two days of
concurrent proteasome inhibitor (MG132) treatment produced a
significant attenuation of hypertension [21]. In contrast, a study in
Dahl rats reported that bortezomib produced a modest but non-
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Figure 6. Effect of Bortezomib on Angll-induced Hypertensive
Changes in MMP2 Activity. The image of MMP2 zymography gel is
shown in the upper panel. The lower panel shows summary data for the
brightness of the bands representing the activated forms of MMP2.
Vehicle saline and vehicle cyclodextrin treatment (Veh), Angll contin-
uous infusion (Angll), bortezomib treatment (Bort), Angll and bortezo-
mib treatment (Angll/Bort). N=3. Overall ANOVA p=0.02. Post hoc
analysis (Newman Keuls) for Veh versus Ang Il and Angll versus
Angll+Bort comparisons shown in the figure.
doi:10.1371/journal.pone.0078564.g006
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significant decrease in salt dependent hypertension [27]. Similarly,
treatment of spontaneously hypertensive rats with another
proteasome inhibitor, MG132 (100 pug/kg) also failed to reduce
blood pressure [23]. The precise reasons for these discrepant
findings are not immediately clear but may involve methodological
differences. The dose of bortezomib used in the present study
(200 pg/kg), a dose in the clinical range [28], was substantially
higher than the doses of proteasome inhibitors used in Dahl rats or
spontanecously hypertensive rats. While we cannot rule out a
potential toxic effect of bortezomib at the dose we used, consistent
with previous work using 200 ug/kg [28], we did not observe any
overt signs of toxicity, such as weight loss. Although peripheral
neuropathy was reported at this dose [28], we did not observe any
overt signs consistent with this possibility. Alternatively, the
different outcomes may represent differences in the fundamental
mechanisms involved in these different models of hypertension. In
any case the evidence currently supports the possibility that
proteasome inhibition has an antihypertensive effect, at least in
some forms of hypertension. Interestingly, these findings were
obtained with three different inhibitors suggesting a general effect
of proteasome inhibition per se and not the specific effects of
individual drugs.

Since Angll-induced activation of chymotrypsin-like activity in
skeletal muscle was previously reported (e.g. [29]), we used this as a
marker of effectiveness of the bortezomib treatment. As expected
we found that Angll infusion was associated with an increase in
chymotrypsin-like activity [21]. This effect was largely attenuated
by concurrent treatment with bortezomib. We had predicted that
the bortezomib treatment alone would reduce chymotrypsin-like
activity. Unexpectedly, we observed that bortezomib treatment
alone did not affect basal chymotrypsin-like activity. One potential
explanation for this observation is found in the work of Meiners,
who reported that chronic inhibition of proteasome function
triggers a compensatory upregulation of proteasome subunit
expression [30]. Alternatively, subtypes of proteasomes are known
to exist. These subtypes have differential sensitivities to protea-
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Figure 7. Effect of bortezomib on an index of cellular proliferation in aorta. Images of Ki67 staining in the aorta from each group are
illustrated on the left. The right side shows summary data for each group. Vehicle saline and vehicle cyclodextrin treatment (Veh), Angll continuous
infusion (Angll), bortezomib treatment (Bort), Angll and bortezomib treatment (Angll/Bort). N=3. Overall ANOVA p=0.005. Post hoc analysis
(Newman Keuls) for Veh versus Ang Il and Angll versus Angll+Bort comparisons shown in the figure.

doi:10.1371/journal.pone.0078564.g007

some inhibitors such as bortezomib [31]. Thus, Ang II may
selectively activate a proteasome subtype that is preferentially
sensitive to bortezomib. In any case, our data show that the dosing
schedule used provided effective inhibition of proteasome function
under AnglI-stimulated conditions.

In the aorta, vascular remodeling impacts pulse pressure and
end-organ damage [32,33], an important consequence of hyper-
tension. Vascular remodeling requires reorganization of extracel-
lular and intracellular protein. Thus, ubiquitin-proteasome ma-
chinery involvement in hypertensive vascular remodeling is
possible. However, few studies have examined this intriguing
possibility. Hypertrophic remodeling involving an increase in
vascular smooth muscle cross sectional area was reported in
genetic [34] and induced hypertensive animal models [9,35] and
in human hypertensives [36]. We observed that chronic Angll
infusion was associated with a significant increase in medial cross
sectional area (~29%) and wall to lumen ratio (~19%). This
finding is similar to an approximate 20% increase in medial cross
sectional area after two weeks of AnglI infusion at 250 ng/kg/min
[37]. We also found that bortezomib co-treatment markedly
attenuated the Angll-induced aortic hypertrophy compared to the
AnglI-treatment group. This outcome is consistent with previous
work. In DOCA salt hypertensive rats that exhibited a 25%
increase in aortic wall-to-lumen ratio, treatment with a protea-
some inhibitor suppressed aortic hypertrophy to only 5% above
that of vehicle treated rats [19]. Thus, the limited data available to
date suggest that proteasome inhibition attenuates hypertensive
aortic remodeling.

The ECM plays an important role in hypertensive vascular
remodeling [38]. Accordingly we used Masson’s trichrome
staining to estimate collagen content as an index of ECM
accumulation. We observed an increase in collagen staining in
AnglI-infused rats that was consistent with previous work showing
that AngllI infusion increased ECM deposition [26,39] and caused
significant increases in aortic collagen content in mice [40]. Thus,
the current evidence is compatible with the view that Angll
infusions increase collagen accumulation in the aorta. Our data
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implicate the proteasome in this phenomenon since bortezomib
treatment effectively attenuated Angll-induced aortic collagen
accumulation.

ECM turnover is governed by a dynamic balance amongst
multiple factors, including MMP and their cognate inhibitors,
TIMPs. We observed Angll-induced increases in TIMP1 and
TIMP2 protein expression of 4 fold and 1.7 fold after chronic
AngllI-treatment, values that were consistent with previous reports
[11,41]. Interestingly, we found that bortezomib co-treatment
suppressed Angll-induced expression of TIMPl and TIMP2.
These data support previous work showing that TIMP expression
was reduced by proteasome inhibitors in other cell types such as
cardiac fibroblasts in culture or in hearts of spontaneously
hypertensive rats [23]. Given the increased TIMP expression in
aortic tissue collected from Angll-infused rats, we predicted that
reduced MMP activity might be a mechanism underlying the
increased aortic collagen deposition observed in the hypertensive
rats. Contrary to our prediction, we observed that MMP2 activity
was increased in the aorta harvested from rats with AnglI-induced
hypertension. However, this finding is not without precedent. In
rats, Angll-treatment increased aortic MMP2 activity [42].
Similarly, Angll infusions increased carotid artery MMP2
gelatinase activity in mice[43]. Indeed Watts reported increases
in both MMP2 activity and TIMP2 protein level in DOCA salt
hypertensive rats [44]. Moreover, in hypertensive patients, plasma
MMP2 activity and TIMP1 protein level showed concurrent
increases [45]. Thus, the precise interaction of TIMPs and MMP
is complex. In any case, we observed that co-treatment with
bortezomib largely abrogated the Angll-induced increase in MMP
activity. These data provide support for the view that proteasome
mnhibition affects the changes in aortic MMP activity associated
with hypertension. Our findings are consistent with work in
carotid artery atherosclerosis that reported that increased protea-
some activity correlated with increased MMP expression [46].
Collectively, these data support the idea that the proteasome is
critically involved in controlling the balance of TIMP1/TIMP2
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Figure 8. Effect of bortezomib on aortic ROS and VCAM staining. The top panel A shows images of dihydroethidium (DHE) staining (red) in
aorta on the left and summary data for each group on the right. The lower panel side B show individual images for VCAM-1 staining (brown reaction
product) in aorta on the left and summary data for VCAM-1 staining on the right. Vehicle saline and vehicle cyclodextrin treatment (Veh), Angll
continuous infusion (Angll), bortezomib treatment (Bort), Angll and bortezomib treatment (Angll/Bort). N = 3. Overall ANOVA Fig. 8A p=0.02, Fig. 8B
p<<0.0001. Post hoc analysis (Newman Keuls) for Veh versus Ang Il and Angll versus Angll+Bort comparisons shown in each figure.

doi:10.1371/journal.pone.0078564.9008

expression and MMP2 activity which in turn modulates aortic
extracellular matrix turnover in hypertension.

The mechanisms by which proteasome inhibition mediates
these effects remain to be determined. The ubiquitin proteasome
system 1is a pleiotropic cellular mechanism that has influences on
cell cycle regulation, apoptosis, transcription, protein turnover and
cell signaling (e.g. reactive oxygen species, NFkB) [14,18].
Similarly, Angll is known to elicit its effects via multiple signaling
pathways [47]. Thus, there are numerous potential interactions
between proteasome inhibition and Angll signaling that could
account for the current observations. While beyond the scope of
the present study, each of these possibilities represents viable
avenues for future follow up. Attractive possibilities include
oxidative, inflammatory and proliferative mechanisms. It is known
that ROS play a role in mediating the vascular actions of Angll
[47]. Previous work by Stangl showed that the proteasome was
involved in modulating ROS accumulation in vascular smooth
muscle [22]. This group reported that bortezomib treatment
lowered superoxide levels in the aorta of Dahl salt sensitive
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hypertensive rats. In the present study we observed that AnglI-
induced hypertension was associated with an increase in aortic ROS
that was also abrogated by treatment with bortezomib. Previous
work has suggested several possibilities for this effect. Proteasome
mhibition has been shown to increase antioxidative capacity by
upregulating antioxidant proteins such as SODI1 and catalase
[48,49]. Alternatively, proteasome inhibition may upregulate nitric
oxide synthase expression and activity as well as nitric oxide
production [50,51] which may effectively scavenge ROS. Lastly,
proteasome inhibition may transcriptionally suppress NADPH
oxidase expression [52]. Irrespective of the precise mechanism by
which proteasome inhibition suppresses ROS, this effect may
contribute to the antihypertensive effects of proteasome inhibition
since ROS are a key signaling mechanism downstream of AngIl.
ROS are linked with inflammatory responses. Increasing
evidence suggests that T cell mediated inflammatory mechanisms
contribute to hypertension and hypertensive remodeling [53,54].
T helper cells appear to promote inflammation and hypertension
[54] while regulatory T cells are proposed to act as a “brake” on
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hypertensive processes by suppressing vascular inflammation. [53].
In the present study we observed that Angll hypertension-induced
increases in aortic VCAM-1 immunoreactivity (a marker of
inflammation) were abolished by treatment with bortezomib.
These data are consistent with those of Ludwig [22] who showed
previously that bortezomib treatment of Dahl salt sensitive
hypertensive rats reduced both ROS and VCAM-1 expression
in the aorta. Thus, proteasome inhibition appears to effectively
inhibit hypertension associated aortic ROS and inflammation in a
model independent manner. Whether this effect is mediated
through actions on T cells remains an open question. However, at
present, it is not clear if the ability of proteasome inhibition to
reduce inflammation underlies the anti-hypertensive action of
bortezomib. Ludwig [22] did not observe a significant reduction in
blood pressure despite a marked anti-inflammatory action of
bortezomib. This aspect of the action of proteasome inhibition on
vascular inflammation and its link to hypertension warrants
further in depth study.

Lastly, vascular hypertrophy may arise in part via increases in
VSMC proliferation. Angll was shown to increase the number of
proliferating VSMC in the aorta [8]. Similarly, we observed that
Angll hypertension was associated with an increase in aortic
immunoreactive Ki67, a marker of proliferating cells. The Angll
hypertension-associated increase in Ki67 was attenuated by
concurrent treatment with bortezomib. Thus, interruption of
Angll induced VSMC proliferation may be one mechanism by
which bortezomib prevented the aortic hypertrophic remodeling
observed in the present study. Alternatively, proteasome inhibition
was reported to induce apoptosis in aortic vascular smooth muscle
cells in culture [55]. It is conceivable therefore that proteasome
mhibitor-induced apoptosis counterbalanced the increase in
proliferation observed in the Angll treated aorta to prevent the
increase in wall to lumen ratio recorded in this treatment group.
Since we did not measure apoptosis in the present study we cannot
rule out this possibility. However, it should be noted that
proteasome-induced aortic vascular smooth muscle apoptosis
was noted at high concentrations (500 uM) [55]. It has been
proposed that the effect of proteasome inhibition on vascular
smooth muscle cell apoptosis is concentration dependent, with
lower concentrations actually inducing a protective effect [18,56].
While we did not measure plasma concentrations of bortezomib in
the present study, our observation that bortezomib treatment
alone did not reduce wall to lumen ratio suggests that the dose of
bortezomib used was not overtly toxic to vascular smooth muscle
cells. Irrespective of the precise mechanism, the data obtained in
the present work is consistent with the view that proteasome
inhibition can, under certain conditions, reduce hypertensive
hypertrophic remodeling of the aorta.
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