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Abstract

Rupture of abdominal aortic aneurysm (AAA) is a lethal event. No oral medicine has been
available to prevent or treat AAA. We have recently identified a novel mechanism of eNOS
uncoupling by which AAA develops, in Angiotensin Il (Ang 1) infused hyperphenylalaninemia 1
(hph-1) mice. Using this unique model we investigated effects on AAA formation of the L-type
calcium channel blocker nifedipine, in view of the unclear relationship between hypertension and
AAA, and unclear mechanisms of aneurysm protective effects of some blood pressure lowering
drugs. Six-month old hph-1 mice were infused with Ang Il (0.7 mg/kg/day) for 2 weeks, and fed
nifedipine chow at two different doses (5 and 20 mg/kg/day). While the high dose of nifedipine
reduced blood pressure, the lower dose had no effect. Interestingly, the incidence rate of AAA
dropped from 71% to 7 and 12.5% for low and high dose nifedipine, respectively. Expansion of
abdominal aorta, determined by ultrasound imaging, was abolished by both doses of nifedipine,
which recoupled eNOS completely to improve NO bioavailability. Both also abrogated aortic
superoxide production. Of note, Ang Il activation of NADPH oxidase in vascular smooth muscle
cells and endothelial cells, known to uncouple eNOS, was also attenuated by nifedipine. Although
low dose was a sub-pressor while the high dose reduced blood pressure via inhibition of calcium
channels, both doses were highly effective in preventing AAA by preserving eNOS coupling
activity to eliminate sustained oxidative stress from uncoupled eNOS. These data demonstrate that
oral treatment of nifedipine is highly effective in preserving eNOS function to attenuate AAA
formation. Nifedipine may be used for AAA prevention either at low dose to AAA risk group, or
at high dose to patients with co-existing hypertension.
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INTRODUCTION

The rupture of the abdominal aortic aneurysm (AAA) is a lethal event, with a prevalence of
around 2 percent in the United States [1]. The incidence of AAA has increased during the
past 2 decades. There is currently no effective prophylaxis or oral medication for AAA, due
to the fact that molecular mechanisms of AAA development are not fully understood. Only
AAA of larger size is treated with surgical correction with considerable risk.

It has been reported that, in a well characterized murine model of AAA, namely angiotensin
I1 (Ang 1) infused apoE null mice, AAA formation is independent of blood pressure
elevation [2-4], and some potential treatments against AAA usually do not alter blood
pressure in animal models [5]. However, these data do not completely rule out a potential
link between blood pressure and AAA in general or in different animal models. Recent
studies have shown that, in humans with AAA, elevated aortic blood pressure is a
considerable risk factor for AAA progression [6]. Therefore, it remains a clinically relevant
question to examine the role blood pressure plays in AAA formation and progression. Of
note, some anti-hypertensive drugs have been shown to prevent AAA formation [7-9],
although this is far from being conclusive. We have recently observed that Ang Il infusion
into hyperphenylalaninemia (hph-1) mice results in rapid development of severe AAA. In
these animals 79% developed AAA in two weeks, with 14% died suddenly of rupturing
aneurysm. We have further showed that eNOS uncoupling, consequent to an endothelial
deficiency in eNOS cofactor salvage enzyme dihydrofolate reductase (DHFR), plays a
causal role in AAA formation in this model [10], and in the classic model of Ang Il infused
apoE null mice [11]. In this novel AAA model, blood pressure went up equally in Ang 1l
infused WT and hph-1 mice before AAA ruptured, and it declined when AAA started to
rupture in Ang Il infused hph-1 mice.

Calcium channel blockers (CCB) are a diverse class of drugs that are used extensively as
anti-hypertensives. CCBs can be broadly categorized into dihydropyridines and
nondihydropyridines. While different CCBs have different potencies and pharmacokinetics,
they all reduce blood pressure via vasodilation from the blockade of calcium channels in
vascular smooth muscle. Some previous studies have shown that CCBs may be effective in
the prevention of AAA [7, 8, 12], while others found the opposite [13-15]. Further, these
studies did not dissect out an anti-hypertensive effect of CCBs as a potential cause of AAA
protection. Hence, whether CCBs are effective against AAA, and the potential underlying
mechanism for this protection, remain to be elucidated.

In view of the unclear relationships among hypertension, anti-hypertensives and AAA,
clarification of which would define efficacy of anti-hypertensives for the treatment of AAA,
we fed Ang Il infused hph-1 mice with two different doses of nifedipine, a commonly used
CCB for the treatment of hypertension, to delineate the related or unrelated effects of the
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drug on AAA prevention and blood pressure control. The results suggest that nifedipine
prevents development of AAA independent of its effect on blood pressure, by recoupling of
eNOS to attenuate oxidative stress and improve NO bioavailability. The overall mechanisms
are summarized in Figure 6. These data suggest that nifedipine can serve as a therapeutic
agent for AAA development, either given at lose dose to AAA risk group, or given at high
dose to patients also having elevated blood pressure.

Animals, Ang Il Infusion, and Blood Pressure Measurements

Hph-1 male mice at 6 months of age were infused with Ang Il (0.7 mg/kg per day) using
subcutaneously implanted osmotic pumps (Alzet, 2002)[10]. Incidence of AAA was
determined by the increase in the maximal diameter of the abdominal aorta, as measured via
ultrasound or histology of the aorta after euthanasia. During the 14-day infusion, blood
pressure was monitored by an intracarotid telemetry method. Wireless blood pressure probes
were implanted into the animals 10 days before the implantation of the osmotic pumps. The
catheter of the blood pressure probe was inserted into the left carotid artery, whereas the
body of the probe was inserted into the right flank. Animals were given 1 week to recover
from the surgery. After this period, blood pressure was measured for 3 days to obtain a
baseline. The osmotic pumps were then implanted on day 10 after surgery. Measurements
were made daily from 10:00 AM to 4:00 PM at a 250-Hz sampling rate. Average blood
pressure was calculated daily as the average of the entire recording period. The use of
animals and experimental procedures were approved by the institutional animal care and
usage committee at the University of California Los Angeles.

Oral Administration of nifedipine

The hph-1 mice were started on two doses of continuous oral administration of nifedipine (5
[16] and 20 [17, 18] mg/kg/day) 2 days prior to Ang 1 infusion, with the dosage determined
based on previous studies as cited, and our own preliminary data. The mice were monitored
twice per day during the infusion period of 2 weeks, and aortas were harvested for
assessment of AAA formation, vascular superoxide production and eNOS uncoupling
activity by day 14. The abdominal aorta size was also monitored using ultrasound on day 0
and 14.

Ultrasound Determination of Abdominal Aorta Size

Animals were anesthetized with isoflurane and placed on a temperature-controlled table.
Hair was removed from the abdomen using a hair removal cream, and preheated ultrasound
transmission gel was applied onto the abdomen area. An ultrasound probe (Velvo 2100,
echocardiograph, MS-400) was placed on the gel to visualize aorta transversely. The aorta
was identified using Doppler measurement for the presence of pulsatile flow. Consistent
localization of image acquisition was insured by visualizing the aorta immediately superior
to the branch of the left renal artery in all of the animals. Images were recorded and saved
onto a PC computer for offline area analysis.
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Tissue Collection

Animals were euthanized with CO, 2 weeks after the osmotic pump surgery. The aorta was
rapidly removed from the body, rinsed with ice cold PBS, and cleaned of connective tissue
and fat, prior to ESR analyses of NO and superoxide production.

For histology, small sections (~2 mm) of abdominal aorta was removed and fixed in 10%
formalin overnight, incubated in 30% sucrose for 24 hr, and embedded in paraffin. Sections
were sliced at 5 pm.

Electron Spin Resonance Determination of eNOS Uncoupling State

To examine potential effects of oral Nifidipine treatment on eNOS uncoupling state in Ang
Il infused hph-1 mice, freshly isolated aortas were homogenized in lysis buffer (0.2 mol/L
Tris, 1.5 mol/L NaCl, 10 mmol/L EDTA, 10 mmol/L EGTA, 25 mmol/L sodium
pyrophosphate, 10 mmol/L B-glycerophosphate, 10mmol/L NagVO,, 1 mmol/L PMSF, 2
pumol/L leupeptin and 10% Triton, pH7.4), centrifuged at 12,000 g for 15 min, and protein
supernatant was collected. After determination of protein concentration using a protein assay
kit (Bio-Rad, #500-0113), 5 pg of protein was loaded into ice-cold and nitrogen bubbled
modified Krebs/HEPES buffer (KHB, in mmol/L: NaCl 99; KCI 4.7; MgS041.2; KH,PO4
1.0; CaCl, 1.9; NaHCOg3 25; glucose 11.1, NaHEPES 20) containing diethyldithiocarbamic
acid (5 umol/L), deferoxamine (25 pmol/L), and the superoxide specific spin trap
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH, 500 umol/L, Alexis) in the presence
or absence of 1 mmol/L L-NAME. The solution was loaded into a glass capillary (Kimble,
71900-50) for analysis using the electron spin resonance (ESR) spectrometer (eScan,
Bruker) at 37°C. To remove background noise, measurements were subtracted from
measurements made with the addition of SOD (100 U/mL). The eNOS uncoupling activity
was represented by L-NAME sensitive superoxide production, which is the difference
between the measurement taken with and without L-NAME. When eNOS is coupled and
producing NO, its inhibition with L-NAME will result in higher measured superoxide
production, resulting in a negative difference in L-NAME sensitive superoxide production.
However, if eNOS is uncoupled and producing superoxide, its inhibition with L-NAME will
result in lower measured superoxide production, resulting in a positive difference in L-
NAME sensitive superoxide production.

Electron Spin Resonance Determination of Aortic Nitric Oxide Bioavailability

Freshly isolated aortic rings were incubated with freshly prepared NO specific spin trap
FeZ*(DETC), (0.5 mmol/L) in modified Krebs/HEPES buffer at 37°C for 60 min, in the
presence of calcium ionophore A23187 (10 pmol/L). After the incubation, the aorta in
Krebs/HEPES buffer was snap frozen in liquid nitrogen and loaded into a finger Dewar for
analysis with ESR spectrophotometer (eScan, Bruker). The instrument settings were as the
followings: bio-field 3,280, field sweep 77.54 G (1 G = 0.1 mT), microwave frequency 9.78
GHz, microwave power 4 dB (40 mW), modulation amplitude 10 G, 4,096 points of
resolution, and receiver gain 900.
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Dihydroethidium Detection of Vascular Superoxide Production

The fluorescent dye dihydroethidium (DHE) was used to detect total superoxide production
in the vessels in situ. DHE is a cell permeable dye that is oxidized by superoxide to ethidium
bromide, which subsequently intercalates with DNA and is trapped within the nuclei of
cells. Ethidium bromide is excited at 488 nm and emits light at 610 nm. Aortas were
harvested from Ang Il infused hph-1 mice with or without nifedipine diet at day 14, and
rings of arteries were embedded in OCT compound at —80°C. Seven um thick-frozen
sections were cut on a cryostat and mounted on glass slides. Slides were then rinsed briefly
in KHB to remove OCT compound. Tissue sections were covered in DHE (2 pmol/L),
cover-slipped, and incubated in a lightproof humidified container at 37°C for 30 min. Slides
were washed with KHB 3 times, mounted by ProLong Gold antifade reagent (Invitrogen)
and then viewed with a Nikon TE2000-U fluorescent microscope.

Measurement of NADPH Oxidase Activity

Rat aortic smooth muscle cells (Lonza, R-ASM-580) between passage 4 and 10 were
cultured in DMEM containing 10% fetal bovine serum (FBS) until confluence, and then
starved with media containing 5% FBS overnight. The cells were pretreated with either 25
or 100 nmol/L nifedipine for 30 min prior to exposure to Ang Il (100 nmol/L) for 30 min.
The cells were harvested and suspended in homogenization buffer (Tris 50 mmol/L, EDTA
0.1 mol/L, EGTA 0.1 mmol/L, protease inhibitor cocktail, pH 7.4), sonicated 5 sec for 10
times on ice. Then the cell lysate was centrifuged at 3,000 rpm for 5 min at 4°C. The
supernatant was again centrifuged at 50,000 rpm for 90 min at 4°C. The pellet was collected
and resuspended in lysis buffer. Superoxide production was measured from this membrane
fraction in the presence or absence of freshly prepared 100 mmol/L NADPH, using ESR.
NADPH oxidase activity was calculated as the difference between the two measurements.

Statistical Analysis

All statistical analysis was performed on the Prism graphical software package. After testing
for normality and equal variance, one way ANOVA test was used to compare between
multiple groups, followed by the Newman-Keuls posthoc post-hoc test. For the comparison
of incidence, 2 by 2 contingency table with the Fisher exact probability test was used. For
the analysis of blood pressure data, two-way ANOVA was used, followed by the Bonferroni
post hoc test. Statistical threshold was set to be p<0.05.

RESULTS

Nifedipine’s effect on blood pressure in Ang Il infused hph-1 mice

In a pervious study, we observed equal increase in blood pressure in WT and hph-1 mice
before AAA rupture [10]. In the present study, to inhibit Ang Il induced hypertension, hph-1
mice were started on a high dose of oral nifedipine (20 mg/kg/day) 2 days before Ang Il
infusion (0.7 mg/kg per day), and treated throughout the study period of 14 days. The mean
blood pressure (MBP) was measured continuously throughout the study period using
telemetry. As showed in Figure 1, this high dose of nifedipine was effective in preventing
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Ang Il induction of hypertension from the very beginning, and MBP remained stable
throughout 2 weeks of Ang Il infusion.

In a separate group of animals, we fed animals a low dose (5 mg/kg/day) of nifedipine,
which did not significantly reduced blood pressure prior to AAA development (Figure 1,
green). Interestingly, these animals did not experience the decrease in blood pressure after
day 6, as compared to untreated animals, and instead, remained elevated up to day 14 post-
infusion. These data seem to indicate prevention of AAA formation, as it prevented AAA
rupture associated blood pressure decline. This AAA preventive and blood pressure
stabilization effects share similarity with our previous observations with oral administration
of folic acid, which completely prevented AAA formation and blood pressure decline in
Ang Il infused hph-1 mice [10].

Nifedipine prevents AAA formation in Ang Il infused hph-1 mice

The previous blood pressure data suggest that nifedipine treated animals did not develop
AAA. Here, we examined the incidence of AAA in both low and high dose nifedipine
treated animals to see the effect of nifedipine on AAA development. Incidence of AAA,
summarized in Figure 2, was determined using either ultrasound measurement of aortic
diameter or visual inspection of the aortic ring after tissue harvest. Interestingly, this oral
treatment of nifedipine was highly effective in reducing incidence rate of AAA from 71% to
7% and 12.5% for low and high dose treated animals, respectively. Statistical analysis using
a 2 x 2 contingency table shows that this reduction in AAA development was significant
(p<0.01), demonstrating that nifedipine is effective in the prevention of AAA formation in
Ang Il infused hph-1 mice, regardless of its effect on blood pressure.

Nifedipine reduces enlargement of abdominal aorta and prevents vascular remodeling in
Ang Il Infused hph-1 mice

Expansion of abdominal aorta is one of the major characteristics of AAA development. On
days 0 and 14, sizes of abdominal aortas were monitored using ultrasound. Ang Il infusion
induced a marked expansion of abdominal aorta in hph-1 mice (0.47+0.05 to 1.45+0.14
mm?2), which was substantially reduced by both doses of nifedipine treatment (0.60+0.03 to
0.68+0.05 and 0.51+0.04 to 0.68+0.05 mm? for low and high dose, respectively, Figure
3A&B)

Formation of AAA is known to be associated with extensive vascular remodeling. Freshly
isolated aortas were sectioned and examined by hematoxylin-eosin (H&E) staining. As
showed in Figure 3C, oral administration of either dose of nifedipine abrogated medial
degradation characterized by elastin breakdown and flattening (left arrows), and adventitial
hypertrophy (right arrows) in Ang Il-infused hph-1 mice.

Nifedipine recouples eNOS and improves NO bioavailability in Ang Il infused hph-1 mice

We have recently shown that uncoupled eNOS plays a causal role in AAA development in
Ang Il infused hph-1 mice, and that folic acid diet prevents AAA formation via recoupling
of eNOS [10]. Therefore, eNOS function was examined here to determine whether eNOS
recoupling is involved in nifedipine induced inhibition of AAA formation. Aortas were
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harvested and subjected to ESR detection of superoxide in the presence or absence of L-
NAME, an inhibitor of NOS. If eNOS is functional and coupled, its inhibition by L-NAME
will increase the measured superoxide. However, if eNOS is dysfunctional and uncoupled, it
is producing superoxide and therefore, inhibition with L-NAME will reduce measured
superoxide. Hence, the difference between the superoxide values measured with and without
L-NAME reflects the state of eNOS coupling, with positive values indicating uncoupled
eNOS. As is obvious in Figure 4A, L-NAME-sensitive superoxide production, reflective of
eNOS uncoupling activity, was completely attenuated by both doses of nifedipine. Since
nifedipine restored eNOS function, we next measured NO levels in isolated aortas from
treated hph-1 mice. The results, shown in Figure 4B, demonstrate that both doses nifedipine
markedly improved NO bioavailability in Ang Il infused hph-1 mice.

Nifedipine restores DHFR protein levels in endothelial cells

In a previous studies in mice, we observed that folic acid restoration of eNOS activity was
accompanied by a restoration of DHFR[10, 11]. Here, we examine whether nifedipine
restoration of eNOS activity uses a similar pathway. As shown in Figure 4C, Ang 1l
significantly suppressed the protein level of DHFR in endothelial cells. However, when the
cells were co-treated with different doses of nifedipine, the protein level of DHFR was
restored.

Nifedipine reduces vascular ROS production and attenuates Ang Il induced NADPH
oxidase activity in vascular smooth muscle cells and endothelial cells

Recent studies have suggested that some CCB (i.e. amlodipine) have additional vascular
protective effect through stimulation of NO release and inhibition of ROS production that is
independent of its effect on calcium channels [19-22]. Here, DHE staining was used to
investigate the efficacy of nifedipine on overall vascular ROS production in situ. As shown
in Figure 5A, in Ang Il infused hph-1 mice with nifedipine diet, aortic production of total
ROS was significantly attenuated compared with mice treated with normal diet. It is known
that NADPH-driven generation of ROS plays a critical role in Ang Il-induced hypertension
[23], which could also lead to uncoupling of eNOS [24, 25]. Therefore, we then investigated
the effect of nifedipine on NADPH oxidase (NOX) activation by Ang Il in cultured vascular
smooth muscle cells (VSMC, n=5-7) and endothelial cells (EC, n=5). Different doses of
nifedipine were used to show that any effect on NOX activity was independent of its effects
on calcium channels. As shown in Figure 5B, Ang Il induced NOX activity was attenuated
by all doses of nifedipine treatment in both cell types.

DISCUSSION

The most significant finding of the present study is that oral administration with L-type CCB
nifedipine effectively prevents AAA formation given at low dose that does not lower blood
pressure, or given at high dose that reduces blood pressure. Expansion of abdominal aorta
and vascular remodeling were both abolished by nifedipine treatment. Moreover, nifedipine
completely recoupled eNOS in Ang Il infused hph-1 mice to markedly improve NO
bioavailability, while it also attenuated total vascular superoxide production, and inhibited
Ang Il induced NADPH oxidase activity in vascular smooth muscle. These data reveal a
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novel mechanism by which nifedipine prevents AAA formation, namely via recoupling of
eNOS. This response seem to be independent of blood pressure regulation. Low dose of
nifedipine, although not sufficient to prevent blood pressure increase in response to Ang Il
due to lack of sufficient inhibition of calcium, it remains effective in preventing AAA via
preservation of eNOS function. These pathways have been summarized in Figure 6. These
findings are clinically relevant to indicate that nifedipine can be used as a valuable
protective agent against AAA formation, given at lower dose to AAA risk group, or at
higher dose to patients with co-existing hypertension.

The risk factors of AAA are somewhat different from other aortic aneurysm diseases, such
as thoracic aortic aneurysm, where past studies have consistently shown family history and
certain genetic markers to be critical determinants [26, 27]. In contrast, family history is a
relatively weak predictor for AAA[28], and the only consistently observed genetic link with
AAA is the male gender [29]. Although, recent studies indicate family history maybe
indicative of growth speed of smaller AAAs [30]. Instead, studies have shown that
environmental factors are more associated with the development of AAA, such as diet and
life style [31]. The major risk factor that is consistently observed across studies is smoking
[32], where in one study almost all of the patients with AAA were smokers [33]. Ina
previous study in animals, it was shown that infusion of nicotine and Ang Il promoted AAA
formation through the activation of AMPKa2 by ROS, ultimately leading to increased MMP
activation [34]. In the current work, treatment with both doses of nifedipine reduced ROS
production from NOXs. Taken together, this suggests that nifedipine exerts its AAA
protective effect via the inhibition of downstream effectors of ROS/uncoupled eNOS, such
as MMP activation.

It is interesting to note that in the Ang Il-infused hph-1 model of AAA, blood pressure
initially rises after Ang Il infusion, but then declines after ~5-6 days, which was seen both
in this study (Fig. 1) as well as in our previous study [10]. This effect is attributed to the
development of AAA in these animals, as prevention of AAA with folic acid completely
attenuated the blood pressure decline [10]. A high dose of nifedipine largely eliminated the
rise in blood pressure from Ang Il infusion. Interestingly, low dose of the drug, which did
not prevent the initial blood pressure increase, also prevented the decline in blood pressure
after 5-6 days. Both doses of nifedipine were effective in the prevention of the development
of AAA. Taken together, these data show that nifedipine’s action on AAA development is
independent of its effects on blood pressure, rather, dependent on its ability to recouple
eNOSs.

In this study, we have shown that both high and low dose of nifedipine prevented the
expansion of the abdominal aorta as measured by ultrasound (Fig. 3A&B), as well as
remodeling of the aorta typically occurring in AAA (Fig. 3C). This was accompanied by
improved NO bioavailability and the coupled activity of eNOS (Fig. 4). These results are
comparable to our previous findings in this model, where folic acid diet prevented AAA
formation [10]. While the treatment with folic acid in the previous more directly targets the
coupling state of eNOS, the use of nifedipine in this study targets a seemingly unrelated
pathway of calcium handling in the cell. The fact that these unrelated treatments both lead to
the recoupling of eNOS and the prevention of AAA suggests that the coupling state of eNOS
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is a critical factor in the development of AAA. Of note, nifedipine recouples eNOS via its
additional effect on VSMC, namely inhibition of NOX activity. Further, we showed that
nifedipine improves the protein level of dihydrofolate reductase (DHFR, Figure 4C), which
can salvage the critical eNOS cofactor tetrahydrobiopterin to recouple eNOS. This is in
agreement with a previous study which showed nifedipine improving the expression of
DHFR [18]. This mechanism is similar to the improvement in DHFR that was observed in
the prevention of AAA by folic acid [10, 11].

Calcium channel antagonists have been shown in the past to have anti-inflammatory
effects[35, 36] and hence, seem to be an attractive candidate for AAA treatment. However,
there are conflicting results on the efficacy of these CCBs on preventing AAA. It was shown
that Verapamil was not able to block elastase release from neutrophils in aneurysm patients
[14]. Amlodipine was ineffective in preventing AAA in a rat model [13], and was further
found to enhance elastin degradation in a pig model [15]. However, in other studies
Amlodipine [7], or in combination with Atorvastatin [37], was found effective in preventing
AAA in experimental mice. Several other CCBs, such as Diltiazem [8] and Azelnidipine [9],
were also found to prevent AAA in mice. Nifedipine has been shown to inhibit AAA
formation in a rat model through a NF-xB and MMP-9 dependent manner [12]. However, in
that study blood pressure was not controlled, and hence could not be excluded as a possible
cause for the prevention. In our present study, the effect of blood pressure was delineated
from nifedipine’s AAA protective effect by the use of two different doses of the drug, which
had differential effects on blood pressure while both retaining its protection against AAA.
Further, our data show that the enhanced superoxide production and uncoupling of eNOS in
the AAAs were prevented in nifedipine treated animals. The reduction in oxidative stress
has been shown in the past to be upstream of NF-xB and MMP-9 activity. Taken together,
this would suggest improvement in eNOS coupling activity and reduction of superoxide
production observed in this study lead to changes in NF-xB and MMP-9 activities to
mediate nifedipine’s AAA protective effect.

It is interesting to note that while both doses of nifedipine improved aortic NO production to
comparable levels (Fig. 4B), they had very different blood pressure responses to Ang Il (Fig.
1). Given that NO is a potent vasodilator, one would expect that the improvement in NO
with the low dose of nifedipine would also suppress the increase in blood pressure due to
Ang Il. The likely explanation for this would be that while NO is improved with both doses
of nifedipine treatment, its absolute levels are still too low to affect the change in blood
pressure. The difference in blood pressure between the two doses is more related to
nifedipine’s inhibition of calcium channels and subsequent inhibition of vasoconstriction,
where the low dose was a sub-pressor dosage. Hence, in the case of the high dose of
nifedipine, the inhibition of calcium channels, combined with the increase in NO, results in
reduction of blood pressure. In the case of the low dose of nifedipine, calcium channels are
insufficiently inhibited and hence, the increase in NO alone was not sufficient to change
blood pressure. These pathways are summarized in Figure 6. This would also suggest that
this increase in NO production and eNOS coupling was enough to prevent the development
of AAA, once again showing the importance of the coupling state of eNOS in the
development of the disease. Rescuing eNOS from its uncoupled state that produces ROS to
deteriorate oxidative stress proves to be a central protective strategy.
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In humans, nifedipine is commonly given as immediate release (10 mg, 3 times daily) or
extended release systems (30-60 mg, once daily) for the treatment of hypertension. While
the comparison between the doses used in humans with those of mice in this study are
difficult, the data in this study shows that even a sub-pressor dose of nifedipine can prevent
the development of AAA. Therefore further studies into the anti-AAA effect of nifedipine in
humans are warranted.

In conclusion, this study shows that oral treatment with nifedipine is highly effective in
reducing the incidence of AAA in Ang Il infused hph-1 mice, which is independent of its
effects on blood pressure. This AAA protective effect can be at least partially attributed to
an inhibition of Ang Il driven NOX activation in vascular smooth muscle, which in turn
prevents eNOS uncoupling. These confirm that eNOS uncoupling is an important mediator
of AAA formation, and that nifedipine can serve as a powerful protective agent against
development of AAA, given at low dose to AAA risk group, or at higher dose to patients
with co-existing hypertension. These findings are highly translational to support guided
usage of nifedipine as an effective therapeutic for AAA, based on well defined molecular
mechanisms.
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Figure 1. Changes in mean blood pressure (MBP) in Ang Il-infused hph-1 mice with or without

Nifedipine treatment

The hph-1 mice were pretreated with two doses of Nifedipine (5 or 20 mg/kg/day) for 2 days
prior to being infused with Ang Il (0.7 mg/kg per day) for 2 weeks, during which blood
pressure was monitored by an intracarotid telemetry method (Data Sciences International)
continuously. #p<0.05 vs. all others *p<0.05 vs. hph-1+high nif and hph-1; **p<0.05 vs.

hph-1; n=3-5.
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Figure 2. Nifedipine greatly reduces incidence of AAA in Ang Il infused hph-1 mice
The hph-1 mice were pretreated with two doses of Nifedipine (5 or 20 mg/kg/day) for 2 days

prior to being infused with Ang Il (0.7 mg/kg per day) for 2 weeks. Top panel shows the
percent of animals that developed AAA, while the bottom panel shows the actual number of
animals. Both doses of Nifedipine significantly reduced the incidence of AAA when
compared to non-treated animals (71% to 7 and 12.5%) (p<0.01, 2 x 2 contingency table).
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Figure 3. Nifedipine treatment reduces enlargement of abdominal aorta and prevents vascular
remodeling in Ang I1-Infused hph-1 mice

A) Ultrasound determination of AAA development in Nifedipine treated, Ang Il infused
hph-1 mice. Representative images of ultrasound taken from Ang Il infused (0.7 mg/kg per
day, 2 weeks) hph-1 animals without (top row), and with low dose (5 mg/kg/day, middle
row) or high dose (20 mg/kg/day, bottom row) of Nifedipine treatment. B) Summarized data
from ultrasound measurements of abdominal aorta sizes. Nifedipine significantly prevented
expansion of abdominal aorta at 2 weeks. **p<0.05, n=5-10. C) Nifedipine prevents
vascular remodeling in Ang Il infused hph-1 mice. Ang Il infused hph-1 mice were treated
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with Nifedipine (5 or 20 mg/kg/day) 2 days before Ang Il infusion and throughout the study
period of 14 days, after which aortas were harvested for hematoxylin-eosin (H&E) staining.
Left arrow on the left panel shows the flattening of the elastin fibers, while the right arrow
on the left panel show the enlargement of the adventitial layer, both of these features were
completely attenuated in the Nifedipine treated animals as in the middle (low dose) and right
panels (high dose).
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Figure 4. Nifedipine recouples eNOS and restores NO bioavailability in Ang Il infused hph-1
mice, and restored DHFR protein level in endothelial cells

The hph-1 mice were pretreated with 2 different doses of Nifedipine for 2 days (5 or 20
mg/kg/day) prior to being infused with Ang 11 (0.7 mg/kg per day) for 2 weeks, after which
aortas were harvested for electron spin resonance (ESR) determination of superoxide and
NO production. A) Aortic eNOS uncoupling activity, indicated by NG-nitro-L-arginine
methylester (L-NAME)-sensitive superoxide production. Results shown as the difference
between measurements of superoxide production made with and without the addition of L-
NAME, where positive values indicate that eNOS is uncoupled **<0.01, n=5-6; B) Aortic
NO production determined by ESR. **p<0.01, n=5-8; C) DHFR protein level in endothelial
cells as measured with Western blotting. *<0.001 vs all others, n=5 each.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miao et al.

hph-1/Ang I 0.30 -
0.25 -
0.20
0.15 A
0.10

0.05 A

hph-1/Ang Il/Low Nif

Page 19

0.00

NADPH-driven Superoxide Production
in SMCs (uM/min/mg protein)

0.40 -
0.35 A
0.30 -
0.25 -
0.20 -
0.15 -
0.10 -
0.05 -

hph-1/Ang ll/High Nif

pnd

moa

c®- N\g‘ AW W e

\\*\N\g \\‘\-‘7—5‘; 00 e©
A

0.00

NADPH-driven Superoxide Production
in ECs (MM/min/mg protein)

pno wt p.(\g

R N\Q“ “mo W o\“\‘ o\“\‘

250 400"
Xy} noV

Figure 5. Nifedipine reduces vascular ROS production and attenuates Ang Il activation of

NADPH oxidase activity in VSMCs and ECs

A) Vascular superoxide production was determined by DHE staining in Ang Il infused
hph-1 mice with or without low (5 mg/kg/day) or high (20 mg/kg/day) Nifedipine treatment;
B) Membrane fractions of VSMC (top panel, n=4-9) or EC (lower panel, n=5) exposed to
Ang Il in the presence or absence of different doses of Nifedipine (10, 25 and 100 pM) were
subjected to ESR determination of NADPH-driven superoxide production. *p<0.001 vs all,

#p<0.01 vs CTRL
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Figure 6. Mechanisms of action for AAA preventive effects of Nifedipine at both low and high

doses

Whereas high dose of Nifedipine blocks vascular smooth muscle calcium channel to reduce
vasoconstriction to lead to reduced blood pressure, low dose of Nifedipine is ineffective on
this pathway. Nonetheless, both doses of the drug are able to inhibit NOX activity to
recouple eNOS, resulting improved NO bioavailability, diminished superoxide production,
and consequent prevent of AAA development.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 October 01.



