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Abstract

Avrterial stiffness plays a causal role in development of systolic hypertension. 20-
hydroxyeicosatetraeonic acid (20-HETE), a cytochrome P450 (CYP450)-derived arachidonic acid
metabolite, is known to be elevated in resistance arteries in hypertensive animal models and
loosely associated with obesity in humans. However, the role of 20-HETE in the regulation of
large artery remodeling in metabolic syndrome has not been investigated. We hypothesized that
elevated 20-HETE in metabolic syndrome increases matrix metalloproteinase 12 (MMP12)
activation leading to increased degradation of elastin, increased large artery stiffness and increased
systolic blood pressure. 20-HETE production was increased ~7 fold in large, conduit arteries of
metabolic syndrome (JCR:LA-cp, JCR) vs. normal Sprague-Dawley (SD) rats. This correlated
with increased elastin degradation (~7 fold) and decreased arterial compliance (~75% JCR vs.
SD). 20-HETE antagonists blocked elastin degradation in JCR rats concomitant with blocking
MMP12 activation. 20-HETE antagonists normalized, and MMP12 inhibition (pharmacological
and MMP12-shRNA-Lnv) significantly improved (~50% vs. untreated JCR) large artery
compliance in JCR rats. 20-HETE antagonists also decreased systolic (182+3 mmHg JCR, 145+3
mmHg JCR+20-HETE antagonists) but not diastolic blood pressure in JCR rats. Whereas diastolic
pressure was fully angiotensin 11 (Ang I1)-dependent, systolic pressure was only partially Ang I1-
dependent, and large artery stiffness was Ang Il-independent. Thus, 20-HETE-dependent
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regulation of systolic blood pressure may be a unique feature of metabolic syndrome related to
high 20-HETE production in large, conduit arteries, which results in increased large artery
stiffness and systolic blood pressure. These findings may have implications for management of
systolic hypertension in patients with metabolic syndrome.
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INTRODUCTION

Large artery stiffness is a major risk factor for hypertension, stroke and myocardial
infarction [1]. Structural properties of large arteries, medial thickness and composition of the
extracellular matrix (ECM), are the main determinants of large artery stiffness [2].

Despite the significant contribution of the ECM to increased blood pressure development
and maintenance, no currently available anti-hypertensive therapy directly targets the ECM,
although some (e.g. angiotensin converting enzyme inhibitors (ACEIs) and angiotensin
receptor blockers (ARBS)) do affect it. Targeting elastin fiber integrity has been proposed as
an effective therapy to specifically target systolic hypertension. Studies in elastin knockout
mice have shown that its deficiency leads to a severe and fatal increase in systolic pressure,
which is preceded by arterial stiffening, suggesting a causative role for elastin in
maintenance of not only arterial compliance but also of normal systolic pressure [3].

Matrix metalloproteinase 12 (MMP12), one of the major elastin-degrading proteases, is
secreted primarily from monocytes and neutrophils [4], but can also be made by synthetic
vascular smooth muscle cells (VSMCs) [5]. Its upstream regulators are unknown. It has been
implicated in chronic obstructive pulmonary disease and emphysema, atherosclerosis in type
Il diabetes, aneurysms, cancer and stiffening of femoral arteries in response to injury [5-9].
Its role in arterial stiffness in metabolic syndrome or hypertensive animals or humans has
not been investigated. MMPs classically associated with the regulation of hypertension-
induced arterial stiffness are MMP2 and MMP9, but their activity does not fully account for
either large artery stiffness or systolic hypertension in animal models or humans [10].

20-hydroxyeicosatetraeonic acid (20-HETE) is synthesized from arachidonic acid by
cytochrome P450 (CYP) [11]. In rats, CYP4A (Al, A2, A3, A8) and CYP4F (F1, F4) are
the CYP isoforms which produce 20-HETE. 20-HETE is synthesized and released from
many cell types including VSMCs [12], endothelial cells, neutrophils [13] and bone marrow
cells [14].

The association with and causative role of 20-HETE in the development of hypertension is
now well established. In the SHR rat, depletion of CYP4A decreased 20-HETE and
significantly lowered mean arterial blood pressure [15]. Androgen-driven hypertension in
mice and rats, the Cyp4al4 (-/-) androgen-dependent 20-HETE-mediated hypertension
mouse model, the Cyp4al2 doxycycline inducible mouse model, and the Sprague-Dawley
(SD) rat overexpressing CYP4AZ2 in the vascular endothelium exhibit increased 20-HETE
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production and hypertension [16—19]. However, 20-HETE’s role in the regulation of
vascular structural remodeling is just emerging. Only recently, Schwartzman’s group
demonstrated that 20-HETE induced microvascular remodeling, which was only partially
Ang ll-dependent[20]. Furthermore, all previous studies evaluated the effect of 20-HETE
manipulation only on mean arterial blood pressure (MABP). Moreover, because in normal,
healthy animals 20-HETE is not produced in large arteries, all work focused on the role of
small, resistance arteries and the contribution of myogenic tone to the regulation of systemic
blood pressure. Therefore, nothing is known about the possible effect of 20-HETE in large
arteries or on extracellular matrix (ECM) remodeling.

In this study, we explore a novel idea that, in the metabolic syndrome, 20-HETE specifically
modulates systolic but not diastolic blood pressure, and that it does so by regulating large
artery compliance, as a critical determinant of arterial stiffness, through regulating elastin
degradation via MMP12 activation.

MATERIALS AND METHODS

Animals

10-12 week old, male JCR:LA-cp (JCR; S. Proctor, University of Alberta, Edmonton,
Canada) (650-700g), spontaneously hypertensive obese (SHROB, Charles Rivers,
Wilmington, MA) (650-700g) and Sprague-Dawley (SD; Charles Rivers) (300-350g) rats
were used in all experiments. The JCR rat is a cross between the lean LA/N Zucker and the
spontaneously hypertensive obese (SHROB) rat developed in the laboratory of Dr. Carl
Hansen at the National Institutes of Health and sent to Drs. James C. Russell and Spencer
Proctor (University of Alberta). By 8 weeks of age, the JCR rats develop obesity with fatty
liver, and secondary to obesity, additional characteristic of metabolic syndrome:
hypertension, insulin resistance with glucose intolerance, and complex dyslipidemia (low
HDL, high LDL and vLDL). Unique to rodent models of metabolic syndrome, by 10 weeks
of age, JCR rats develop severe vasculopathy characterized by decreased endothelium-
dependent and - independent vasorelaxation, increased stiffness of large, conduit arteries
[21], neointimal hyperplasia and intimal lesions morphologically identical to early
atherosclerotic lesions in humans, as well as left ventricular hypertrophy and myocardial and
cerebral (micro)infarctions. At 16+ weeks, the rats become prone to stroke and myocardial
infarction, and at 18+ weeks, they develop he art failure[22,23]. Like the development of the
metabolic syndrome and cardiovascular disease in humans, the apparent complexity of the
cardio-metabolic phenotype exhibited by the JCR rats is suspected to be multifactorial and
polygenetic in etiology, but the hypertensive component may significantly contribute to the
overt cardiovascular pathology observed in this model. The SHROB rats are a parent strain
to the JCR rats, and, at 10-12 weeks of age, are obese, hypertensive and insulin-resistant
with glucose intolerance and complex dyslipidemia.

All experiments involving animals were performed in accordance with the Animal Welfare
Act and are approved by the IACUC of New York Medical College.
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20-HETE antagonists, AT1R blockade and MMP12 inhibition

JCR rats were treated with 20-HETE antagonists, losartan (Ang Il type I receptor blocker
(ARB)), calcium channel blocker (CCB, diltiazem chloride) or MMP12 inhibitors for 14
days starting at 10-12 weeks of age.

20-HETE antagonists—20-SOLA, [2,5,8,11,14,17-hexaoxanonadecan-19-yl 20-
hydroxyicosa-6(z),15(z)-dienoate], was administered in drinking water at 10 mg/kg/day and
20-HEDGE, N-[20-hydroxyeicosa-6(2),15(2)-dienoyl] glycine, was administered via
intraperitoneal injection (i.p.) at 10 mg/kg/day[19,24].

Losartan—Losartan monopotassium salt (2-Butyl-4-chloro-1-{[2"-(1 H-tetrazol-5-yl)(1,1’-
biphenyl)-4-yl]methyl}-1A-imidazole-5-methanol monopotassium salt) (Sigma-Aldrich, St.
Louis, MO) was administered in drinking water at 3 mg/kg/day.

Diltiazem chloride—Diltiazem hydrochloride (Sigma-Aldrich) was administered in
drinking water at 100 mg/kg/day.

MMP12 inhibition—MMP408, (S)-2-(8-(Methoxycarbonylamino) dibenzo(b-d)furan-3-
sulfonamido)-3-methylbutanoic acid (Millipore, San Diego, CA), was administered i.p. at
3.5 mg/kg/day. We have previously shown that, at this dose used /n vivo, MMP408
specifically inhibits >90% of MMP12 activation without affecting activity of other
MMPs[25]. MMP12 shRNA lentiviral construct (MMP12-shRNA-Lnv) was from Thermo
Fisher Scientific, Lafayette, CO. A non-targeting shRNA in an identical Lnv construct was
used as control (control-Lnv). Lnvs were delivered at 10 pl of 1x108 transduction units/ml
(TU/mI) stock in isotonic saline (100pL) by direct injection into the left ventricular cavity as
described previously for lentiviral adenoviral vectors[26,27].

Liquid chromatography-tandem mass spectrometry (LC/MS/MS)

Avrterial tissue (carotid arteries and thoracic aorta) was isolated and incubated in oxygenated
Krebs bicarbonate buffer, pH 7.4, with 1 mM NADPH for 1 h at 37°C. The reaction was
stopped by addition of 100% methanol and stored in —80°C overnight. Samples were
vortexed and centrifuged for 5 min at 2000 rpm. The liquid phase was removed and tissue
dried and used for protein concentration measurements. The Department of Pharmacology
Mass Spectroscopy Core Facility performed 20-HETE and epoxyeicosatrienoic acids (EETS)
analysis using LC/MS/MS spectrometry as previously described[28,29].

Western blotting

Avrterial tissue (carotid arteries and thoracic aorta) was collected and snap-frozen in liquid
nitrogen before homogenization in modified RIPA lysis buffer containing 1% SDS and 1%
Triton. For collagen extraction, tissue was first subjected to acid hydrolysis with 6N HCI at
100°C for 72 hours, then homogenized in RIPA lysis buffer containing 1% SDS and 1%
Triton. Equal amounts of protein were separated by SDS-PAGE and transferred to Trans-
Blot® Turbo™ Mini-size PVDF membranes (Biorad, Hercules, CA). Primary anti-CYP4A1
(1:200, Santa Cruz, Dallas, TX), anti-MMP12 (1:250, Santa Cruz, Dallas, TX), anti-MMP2
and -MMP9 (1:1000, Millipore, Temecula, CA), anti-MMP3, -MMP7 and - MT1-MMP
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(1:1000, Abcam, Cambridge, MA), anti-TIMP1, -TIMP2, -TIMP3 and — TIMP4 (1:1000,
Abcam), anti-collagen I and — collagen I11 (1:1,000, Abcam), and anti-elastin (1:200, Santa
Cruz, sc-58756, recognizes intact elastin and degradation products) and secondary anti-
rabbit or anti-mouse antibodies (BioRad), as appropriate, were used for Western blotting.
Bands were visualized by the Odyssey Western blot detection system (Azure Biosystems,
Dublin, CA). Bands were quantified using Un-Scan-It Image software (Silk Scientific
Corporation, Orem, UT). Data are normalized to p-tubulin (loading control).

Immunohistochemistry (IHC)

Avrterial tissue (carotid arteries and thoracic aorta) mounted in Optimal Cutting Temperature
(OCT) blocks was cut into 10pum sections. Primary anti-elastin (1:200, Santa Cruz,
sc-166543, recognizes only intact elastin) and secondary AlexaFluor594-conjugated (Sigma-
Aldrich) antibodies were used. Verhoeff-Van Gieson stain (VVG) was also used to detect
elastin. Red (Alexa594) fluorescence or bright-field representative images were collected
using a Zeiss fluorescent microscope equipped with Zeiss software.

Pressure myography

Freshly isolated carotid arteries (~400uM internal diameter) and thoracic aorta (~1,000uM
internal diameter) were mounted on cannulas in a pressure myograph system (JP Trading,
Aarhus, Denmark) and equilibrated for 1 hour in Ca2*-free oxygenated Kreb’s Buffer at
37°C. A passive pressure-diameter curve was generated by increasing intraluminal pressure
stepwise from 4 to 140 mmHg, and wall thickness (WT) and internal diameters (Di) were
recorded at each pressure. Aortas were perfused with tetrazolium blue chloride (Sigma-
Aldrich) to allow for reliable demarcation of the arterial wall. This range of pressures
encompasses the physiological range of mean arterial pressure (MAP) in SD, JCR and
SHROB animals. Vessel diameters were plotted in response to increasing intravascular
pressure as an index of arterial stiffness. For measurements of axial stretch only, vessel
segments were attached to movable cannulas connected to a micrometer, and longitudinal
segment length was measured at 4 mmHg and MAP (95 mmHg for SD and 152 mmHg for
JCR). Axial stretch is reported as the ratio of length at MAP/length at 4 mmHg.

Blood pressure measurements

SD, JCR and SHROB rats were anesthetized with 2% Isoflurane and PE-50 catheter filled
with heparin (10 U/mL)-saline was inserted into the common carotid artery and advanced
into the ascending aorta, secured and externalized between the scapulae 3 days before onset
of treatment as described previously [30]. The catheter was connected to a micromanometer
(Millar Instruments, Houston, TX), and systolic and diastolic blood pressure measured at
time of surgery, at the beginning of treatment (day 3 post surgery = day 0 of treatment),
middle (day 7), and end of treatment (day 14) in rats lightly anesthetized with 2% Isoflurane.

Echocardiography

Echocardiography was performed as described previously [21,31]. All measurements were
performed under Isoflurane (1-2%) anesthesia with continuous monitoring of body
temperature, blood pressure and heart rate. Left ventricular end-diastolic diameter (L\VEDD)
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and end-systolic diameter (LVESD), septal wall diastolic thickness (IVSWT) and left
ventricular free (posterior) wall diastolic thickness (LVWT) were measured by 2D guided
M-mode echocardiography from the parasternal long-axis view by using a 12-38 MHz
vascular probe (Vevo 770, 1,000 fps, Visual Sonics, Toronto, Ontario, Canada). Left
ventricular end diastolic and systolic volumes (LVEDV and LVESV) and ejection fraction
(EF) were calculated using Vevo software (Visual Sonics).

Statistical analysis

All experiments were n=8 animals per treatment group. Results were analyzed by two-way
ANOVA followed by Bonferroni correction. p<0.05 determined statistical significance.

RESULTS

CYP4A, CYP4F and 20-HETE are elevated in metabolic syndrome

CYP4A (4A1, 2, 3 and 8) and CYP4F (4F1 and 4) are the CYP isoforms expressed in rat
which make 20-HETE; the rat expresses 4F5 and 6 but these two isoforms do not make 20-
HETE[32]. Our results indicate that CYP4A and CYP4F are expressed in carotid arteries
and aorta of JCR and SHROB but not of SD rats (~2 fold JCR vs. SD) (Figure 1A and
Figure VIII, Supplement). By RT-PCR analysis, we have identified the CYP4A isoforms
expressed in arteries of JCR and SD rats to be 4A2 and 4A3; whereas, 4A1 expression is
minimal and 4A8 expression undetectable (Figure IA, Supplement). Both the 4F1 and 4F4
isoforms are expressed in large arteries of SD and JCR rats (Figure 1B, Supplement).

Increased CYP4A/AF expression correlated with increased 20-HETE production in large
arteries of JCR vs. SD rats (~7 fold) (Figure 1B). Importantly, like all large, conduit arteries
examined in previous studies [33], carotid arteries and aorta in this study in normal animals
do not express significant amounts of CYP4A/4F, but the metabolic syndrome phenotype
induces their expression in these arteries (Figure 1). Notably CYP4F, which is expressed in
leukocytes in rats and humans [34,35], was expressed at a slightly lower level in the aorta vs.
carotid arteries; whereas, CYP4A, which is thought to be expressed in VSMCs [36], was
expressed equally in both vascular beds (Figure 1A). This resulted in ~25% lower 20-HETE
production in aorta vs. carotid arteries.

14,15-EETs and 11,12-EETs were significantly decreased in the aorta and carotid arteries of
JCR vs. SD rats, but 14,15-EETs, 11,12-EETs, 8,9-EETs or 5,6-EETs were not altered by
20-HETE antagonists in our studies (Table 1, Supplement). There was no significant
difference in EET levels between aorta and carotid arteries (Table 1, Supplement). Also, in
agreement with previous studies [37], production of these EETs was lower in large conduit
arteries, which are the focus of this study, vs. resistance arteries (small mesenteric or
coronary arteries) (Table 1, Supplement).

20-HETE induces MMP12 activation and elastin degradation in metabolic syndrome

Correlating with increased 20-HETE production, our results further demonstrate that
MMP12 activation is significantly increased in large systemic arteries of metabolic
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syndrome (JCR) animals (~2 fold vs. SD) (Figure 2A). There was no difference in the
absolute or relative magnitude of MMP12 activation between the two vascular beds.

Increased MMP12 activation, in turn, correlated with increased degradation of elastin as
shown by disappearance of the 68kDa band corresponding to intact elastin and appearance
of the 45 kDa band corresponding to an elastin degradation product generated by cleavage
by MMP12 on Western blot in JCR but not in SD rats (Figure 2B). This was further
confirmed by immunohistochemistry using anti-elastin antibodies or the elastin-specific
VVG stain which demonstrate decreased intensity of staining within the vascular wall
between the internal and external elastin lamina in carotid arteries and aorta (Figure 2C),
which appears to be a result of increased fragmentation of elastin fibers within the vascular
wall, between the laminae (Figure 2D and Figure I, Supplement).

Total elastin content increased with increasing size of the artery, while the amount of
degraded elastin and relative % of degraded elastin decreased (Figure 2B). Since MMP12
activation was the same in both vascular beds, these results are likely a consequence of
vessel morphology, i.e. increasing amounts of elastin with increasing vessel diameter and
wall thickness.

Upstream regulators of MMP12 activation in the cardiovascular system are unknown. Our
results demonstrate that 20-HETE induces MMP12 activation and elastin degradation in
large arteries in metabolic syndrome since the 20-HETE antagonist, 20-HEDGE,
administered at the dose of 10 mg/kg/day, which has been shown to lower blood pressure in
our previous studies [38,39], completely blocked MMP12 activation and elastin degradation
(Figure 2) in large arteries of JCR rats. This effect is Ang Il-independent; losartan had no
effect on elastin degradation (Figure 2C, 2D and Figure 2, Supplement) or on MMP12
activation (Figure 2A).

Similarly, the Ca2* channel inhibitor (CCB), diltiazem chloride, which reduced systolic
blood pressure in JCR rats to levels comparable to those achieved with 20-HETE antagonists
(Figure HIA, Supplement), had no effect on MMP12 activation or elastin degradation
(Figure 11C, Supplement).

MMP2 expression was higher in SD vs. JCR rats and was increased by 20-HETE
antagonists; however, its activation was not different between SD and JCR rats and was not
affected by the 20-HETE antagonist in the aorta (Figure I'\VA, Supplement). Neither
expression nor activation of MMP9 was different between SD vs. JCR rats or in response to
the 20-HETE antagonist in any of the large arteries examined. MMP7 was not expressed,
and MMP3 was not active is the aorta of either rat phenotype (Figure IVA, Supplement).
Identical results were obtained from carotid arteries.

Tissue inhibitors of matrix metalloproteinases (TIMPs) did not contribute to the 20-HETE-
dependent regulation of MMP12 activity. TIMP2 expression was decreased in metabolic
syndrome animals, but this decrease was not effected by 20-HETE antagonists or losartan
(Figure 1VVB, Supplement). Interestingly, a higher molecular weight (~160 kDa) band which
stained positively for TIMP2, was regulated by 20-HETE but not by Ang I, similarly to
arterial stiffness. This large molecular weight band was identified as a complex between
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TIMP2, inactive MMP2 and inactive MT1-MMP (also known as MMP14), which is known
to form in VSMCs [40]. MT1-MMP is a collagenase, and thus, cannot directly regulate
elastin degradation. However, since collagen was regulated in a 20-HETE-dependent manner
(Figure V, Supplement), we investigated whether MT1-MMP activation was regulated by
20-HETE. Like MMP?2, its expression was lower in JCR vs. SD rats and restored by 20-
HETE antagonists, but it was not activated in either SD or JCR rats or in response to 20-
HETE antagonism or AT1R inhibition (Figure 1\VVB, Supplement). TIMP1 was detected only
in a higher molecular weight (~110 kDa) complex with MMP9 [41], with a similar pattern of
regulation as the TIMP2-MMP2-MMP14 complex (Figure IVC, Supplement). MMP9 is not
differentially activated in normal vs. metabolic syndrome rats, nor is it regulated by 20-
HETE (Figure IVA, Supplement); therefore, we conclude that the expression pattern of this
complex band reflects expression of TIMP1 itself. In support of these results, treatment with
candesartan did not alter TIMP1 expression in hypertensive patients [42].

MMP12 was not a part of either complex, as neither the TIMP2-nor the TIMP-1-containing
high molecular weight band stained positively for MMP12 nor did either of the TIMPs co-
immunoprecipitate with MMP12 (data not shown). Thus, neither of the TIMPs, which have
been shown to be expressed in the cardiovascular system and putatively regulate MMP12,
regulate its activity in our experiments.

TIMP3 expression was decreased in JCR vs. SD rats (expression in aorta was greater than in
carotids) in accordance with previously published results [43], but was not regulated by
either 20-HETE antagonists or AT1R blockers, and TIMP4 was not expressed in any of the
blood vessels examined (Figure 1VD, Supplement).

20-HETE regulates type | and type Il collagen content in metabolic syndrome

Type | (70-80%) and type 111 collagen (~10%) comprise 80-90% of collagen in the vascular
wall of normal vessels, the rest being type IV and V collagen, and their ratio is responsible
for determining arterial stiffness [44]. Not surprisingly, type I11 collagen was significantly
increased (~4 fold) and type I collagen significantly decreased (~50%) in JCR animals
(Figure V, Supplement), correlating with increased stiffness. Losartan decreased type I11
collagen content, but did not affect collagen | expression or degradation. 20-HETE inhibition
decreased collagen 111 content and increased collagen I content, but it also increased
collagen | degradation.

This effect was not MMP12-dependent. As expected, MMP12 inhibition had no effect on
collagen expression or degradation (Figure V, Supplement), since neither collagen | nor Ill
are its substrates.

20-HETE is a major regulator to decreased arterial compliance in metabolic syndrome

Because elastin content and integrity are major determinants of arterial elasticity/stiffness,
we next evaluated parameters of arterial compliance in the aorta and carotid arteries in JCR
and SD rats (Figure 3). Arterial compliance was significantly decreased in JCR vs. SD rats
as evident by a decrease in change in arterial diameter in response to increasing pressure
(Figure 3A). Also, axial stretch was decreased for these arteries (1.67+£0.02 JCR vs.
1.82+0.02 SD for aorta, 1.36+0.02 JCR vs. 1.44+0.02 SD for carotid arteries).
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20-HEDGE as well as the water-soluble 20-HETE antagonist, 20-SOLA, restored the
arterial compliance of carotid arteries and aorta in metabolic syndrome animals to that seen
in normal (SD) animals (Figure 3A); thus, implicating 20-HETE as a major regulator of
arterial stiffness in metabolic syndrome. Nearly identical results were obtained in SHROB
rats (Figure VIII, Supplement). Axial stretch was similarly affected (1.91+0.01 JCR+20-
HEDGE, 1.92+0.01 JCR+20-SOLA for aorta, 1.68+0.01 JCR+20-HEDGE, 1.69+0.03 JCR
+20-SOLA for carotid arteries). In contrast, an angiotensin type | receptor blocker (ARB),
losartan, did not significantly increase luminal diameter or wall thickness in response to
increasing pressure (Figure 3A). Thus, AT1 receptor blockade did not significantly affect the
overall stiffness/elasticity profile or axial stretch (1.76+0.01 JCR for aorta, 1.59+0.02 JCR
for carotid arteries) in JCR rats. These results indicate that arterial stiffness in the JCR rats is
20-HETE-but not Ang Il-dependent. 20-HETE antagonists impacted (increased) internal
diameter (Figure 3A) but did not significantly alter wall thickness (Figure 3B). In contrast to
ARBs, which have been shown to attenuate medial thickening (VSMC hypertrophy) in
hypertensive animal models but did not have marked effects on arterial compliance [45-47],
our results indicate that 20-HETE antagonists specifically target arterial compliance, which
largely depends on structural elastic properties of vessels.

Diltiazem chloride, a CCB, did not affect arterial stiffness, either lumen diameter or wall
thickness in the aorta (Figure 111D, Supplement), indicating that the effect of 20-HETE
antagonists on arterial compliance is blood pressure-independent. Axial stretch was similarly
unaffected.

MMP12 is an important but not the sole regulator of elastin degradation in metabolic

syndrome

Since 20-HETE antagonists completely blocked MMP12 activation and elastin degradation
in the JCR rat model of metabolic syndrome, we next wanted to determine whether MMP12
was a major protease responsible for increased elastin degradation in metabolic syndrome.

Results in Figure 4 demonstrate that elastin degradation in metabolic syndrome is primarily,
but not solely, MMP12-dependent since MMP12 inhibition by a specific pharmacological
inhibitor (MMP408, administered at the dose of 3.5 mg/kg/day, which has been shown to
inhibit ~90% of MMP12 activation without affecting activation of other MMPs in our
previous study [48], and by an MMP-12 shRNA (MMP12-shRNA-Lnv) resulted in ~50%
decrease in elastin degradation (vs. JCR). The incomplete inhibition of elastin degradation
was not due to partial inhibition of MMP12 activity by MMP408 or MMP12-shRNA-Lnv,
which resulted in ~90% and ~100% inhibition of the increase in MMP12 activation,
respectively (Figure VIA, Supplement).

MMP12 is partially responsible for reduction in arterial compliance in metabolic syndrome

Similarly, both the specific MMP12 pharmacological inhibitor (MMP408) and the MMP12-
shRNA-Lnv partially restored elasticity of the large arteries in JCR rats (Figure 5) and axial
stretch (1.86+0.01 JCR+MMP408, 1.86+0.02 JCR+MMP12-shRNA-Lnv for aorta,
1.61+0.02 JCR+MMP408, 1.60+0.03 JCR+MMP12-shRNA-Lnv for carotid arteries), not
surprisingly indicating that, as with degradation of elastin which was also incompletely
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inhibited by MMP12 inhibition (Figure 4), additional pathways regulate arterial elasticity/
stiffness. MMP12 inhibitors significantly affected luminal diameter (Figure 5A), but not
wall thickness (Figure 5B) indicating that, like 20-HETE antagonists, they act primarily on
structural properties of the vessel which exclude wall thickness, such as the elastic properties
of the arteries.

Neither MMP408 nor MMP12-shRNA-Lnv decreased 20-HETE levels (Figure VIB,
Supplement), confirming that MMP12 activation is indeed downstream of 20-HETE.

20-HETE regulates systolic but not diastolic blood pressure in metabolic syndrome

JCR rats are hypertensive with elevated systolic (182+3 mmHg JCR vs. 110+6 mmHg SD)
(Figure 6A) and diastolic (1234 mmHg JCR vs. 80+6 mmHg SD) (Figure 6B) blood
pressure. Both 20-SOLA and 20-HEDGE significantly decreased systolic blood pressure in
JCR rats, to 145+3 mmHg and 149+2 mmHg, respectively, but did not affect diastolic blood
pressure (120+3 mmHg JCR+20-SOLA and 124+2 mmHg JCR+20-HEDGE). Similar
results were seen in SHROB rats (Figure VIII, Supplement).

Heart rate (HR) is not different between SD and JCR rats. Cardiac output (CO) is decreased
in JCR rats (as a function of hypertrophic ventricular remodeling), but it is not affected by
20-HEDGE or 20-SOLA (Table 2, Supplement); thus, the observed effect of 20-HETE
antagonists on systolic blood pressure solely reflects a difference in total peripheral
resistance.

Losartan decreased both systolic (168+3 mmHg JCR+losartan vs. 182+3 mmHg JCR) and
diastolic (78+4 mmHg JCR+losartan vs. 123+4 mmHg JCR) blood pressure (Figure 6). Of
note, the effect of the ARB on systolic blood pressure was lesser than that of 20-HETE
antagonists. These results indicate that a component of systolic hypertension in the JCR rat
is 20-HETE-dependent but Ang ll-independent and are consistent with results in Figure 3
which demonstrate that arterial stiffness, a major determinant of systolic hypertension, is
also 20-HETE-dependent but Ang I1-independent.

MMP12 inhibition, in accordance with partial reversal of elastin degradation and partial
restoration of large artery compliance, resulted in significant but smaller improvement in
systolic blood pressure in JCR rats (Figure VII, Supplement).

DISCUSSION

The most important findings in this study are: 1) that 20-HETE is highly elevated in large,
conduit arteries of metabolic syndrome animals which correlates with increased elastin
degradation, decreased large artery compliance and increased blood pressure in these
animals, and 2) that 20-HETE antagonism reverses elastin degradation, restores large artery
compliance and normalizes systolic but not diastolic blood pressure in the metabolic
syndrome animals, and 3) that this effect is in part Ang Il-independent since an ARB,
losartan, had no effect on arterial compliance and its effect on systolic blood pressure was
lesser than that of 20-HETE antagonists. Thus, our results indicate that 20-HETE is an Ang
I1-independent regulator of large artery elasticity and, in part, of systolic but not diastolic
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blood pressure in metabolic syndrome. Furthermore, the effect of 20-HETE antagonists on
arterial stiffness is blood pressure-independent since equivalent reduction in systolic blood
pressure using a CCB had no effect on arterial elasticity.

Large artery stiffness is likely the single most important determinant of isolated systolic
hypertension. It has been shown that systolic blood pressure is independently associated
with pulse-wave velocity (PWV), which is a direct measure of large artery stiffness.
Furthermore, PWYV is increased even at the very early stages of hypertension, suggesting that
it may be a causal factor. In turn, passive stiffening of large arteries is controlled
predominantly by the extracellular matrix (ECM) components in the arterial wall,
specifically by the balance between collagen and elastin synthesis and degradation as well as
by collagen cross-linking. Elastin degradation was associated with progressive aortic
stiffening in humans [49], and increased elastin degradation has been reported to lead to
stiffer vessels, decreased compliance and increased arterial stiffness [3]. Elastin’s particular
contribution to regulation of arterial stiffness and blood pressure can be inferred from elastin
knockout (£/r-/-) mice, which die within a few days of birth. At E18, left ventricular (LV)
systolic blood pressures between E/r—/- and wild-type mice are similar. However, even at
this early stage, incremental arterial stiffness is significantly elevated in £/n-/- mice. By
post-natal day one, aortic stiffness is markedly increased and LV pressure in £/n-/- mice is
double that of wild-type. Hence, increases in arterial stiffness precede changes in blood
pressure, and elastin plays a crucial role in determining both [3].

Thus, maintaining total elastin content and its integrity is of paramount importance to
maintaining vascular elasticity and normal blood pressure. In our study, 20-HETE
antagonism but not blockade of Ang Il signaling (ARB) reversed arterial stiffening in JCR
rats. Losartan likewise failed to block elastin degradation in JCR rats. These results may
seem somewhat surprising. ARBs and ACEls have been show to decrease elastin
degradation in aortic aneurysms [50]. However, their effect on ECM remodeling, especially
with respect to elastin degradation, appears to be far lesser within the context of arterial
stiffness. Telmisartan only partially reduced elastin degradation in a rat model of STZ-
induce diabetes [51]. In SHR rats, Ibesartan somewhat improved the collagen/elastin ratio,
but mostly through decreasing collagen synthesis [52]. In another study, treatment with
ACEIs reversed medial thickness without changing the absolute amount of elastin [53].
Moreover, chronic ACEI treatment only slightly increased basal carotid compliance and did
not change carotid compliance when VSMC contraction was inhibited, indicating that
ACEIs have no effect on the ECM-dependent component of compliance/stiffness [51].
Another study showed that in SHR rats only early treatment with an ACEI, before any
significant increase in arterial stiffness or blood pressure (6—10 weeks of age), effectively,
although still only partially, modifies the ECM of the arterial wall and reduces loss of
arterial compliance, whereas late treatment (20-24 weeks) is ineffective [55]. Thus, overall,
ACEIs and ARBs are largely ineffective at reversing elastin degradation and established
arterial stiffness, which is in agreement with results in our present study.

This highlights the significance of 20-HETE antagonists’ ability to completely reverse
elastin degradation and restore arterial compliance in the metabolic syndrome animals to
that seen in normal, healthy animals. The mechanism for the differential effect of ACEIs/
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ARBs and 20-HETE antagonists is unknown. Our study demonstrates that part of the reason
may lie in their differential effect on MMP12-induced elastin degradation. A study has
shown that MMP12 activation induced by vascular injury resulted in increased arterial
stiffness, which was not mediated by vascular smooth muscle remodeling or reactivity, but
by the microenvironment [5].

In addition, 20-HETE antagonists were able to completely revert the pattern of collagen
expression in metabolic syndrome animals to that seen in normal animals, while ARBs
decreased type 111 collagen, but failed to increase intact type | collagen or decrease its
degradation. Since increased collagen Il and decreased collagen | content have been
correlated with increased stiffness [56-58], the observed restoration of arterial compliance
by 20-HETE antagonists may also be in part mediated by their effect on collagen turnover.
Collagen crosslinking by advanced glycation end products (AGES) is another important
predictor of stiffness [59]. AGE formation is increased by hyperglycemia, oxidative stress
and Ang Il [59], which are elevated in JCR rats and human metabolic syndrome patients.
Thus, it is likely that AGE-mediated collagen crosslinking also significantly contributes to
large artery stiffness in JCR rats. This and additional extracellular matrix alterations which
might contribute to stiffness and systolic hypertension will be evaluated in future studies.

Furthermore, while ARBs and ACEIs decreased both systolic and diastolic blood pressure,
20-HETE antagonists specifically lowered only systolic blood pressure. Isolated systolic
hypertension is particularly difficult to manage due to currently available antihypertensive
drugs’ equal effect on both systolic and diastolic blood pressure, and consequential lowering
of diastolic blood pressure to excessively low levels resulting in symptomatic organ
hypoperfusion, or inadequate lowering of systolic blood pressure. Elevated systolic blood
pressure is a major determinant of end organ damage. Thus, identifying a mechanism that
can be manipulated by pharmacological therapy, so that it specifically targets systolic but not
diastolic blood pressure, would be highly beneficial.

20-HETE and Ang Il interaction has been linked to hypertension. 20-HETE activates the
Ras/MAPK pathway [60] to mediate Ang II-dependent vasoconstriction and mitogenic
effects associated with hypertrophy and hypertension [60-64]. In human and rat
microvascular endothelial cells, 20-HETE potently induces transcriptional activators of
endothelial ACE, thus increasing conversion of angiotensin | to Ang Il for potentiation of
Ang Il actions [28,65]. Vice versa, Ang Il has been shown to stimulate 20-HETE synthesis
and release in rat preglomerular microvessels further contributing to Ang I1-mediated
pressor effects [66—68]. Further studies demonstrated that upon 20-HETE inhibition, the
Ang Il renal pressor response leading to Ang ll-dependent hypertension was attenuated
[66,69]. Therefore, in the aggregate, with respect to blood pressure regulation, 20-HETE and
Ang |1 appear to jointly regulate myogenic tone, the component of blood pressure regulation
provided by the small, resistance arteries. However, there is no evidence that 20-HETE and
Ang Il interact in the regulation of large artery diameter. Thus, control of large artery
diameter via compliance/stiffness may be mainly 20-HETE-dependent, at least in metabolic
syndrome.
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20-HETE has been associated with hypertension via regulation of increased peripheral
resistance. However, these studies were not conducted in obese or metabolic syndrome
animals [11,70,71]. The CYP isoforms which produce 20-HETE are not expressed in large
arteries in normal animals (in agreement with results with our study), but only in the smaller
resistance arteries [33], which likely accounts for the effect of 20-HETE on systemic blood
pressure which is mediated through increase in peripheral resistance, i.e. vasoconstriction of
small arteries, in these animal models. In contrast, our study demonstrates that in the
metabolic syndrome animals, large arteries, including the aorta and carotid, express high
levels of these enzymes and exhibit high 20-HETE production. It is possible that 20-HETE-
dependent regulation of systolic blood pressure is a unique feature of metabolic syndrome
(and perhaps obesity and/or obesity-induced type Il diabetes) related to high CYP4A and
CYPA4F expression and resultant high 20-HETE production in large arteries of these animals;
ultimately, resulting in increased large artery stiffness -a primary determinant of systolic
blood pressure.

On the other hand, highly elevated systemic 20-HETE levels have been demonstrated in
fructose-fed, obese and insulin-resistant rats [72], as well as in human metabolic syndrome
patients [73]. Although, regulation of the CYP enzyme isoforms, which produce 20-HETE,
by Ang Il has not been extensively studied in tissues other than the vasculature, one study
showed that Enalapril reversed induction of the 20-HETE CYP synthase in the kidney of
high-fat-fed mice [74]. A single study also reported that Ang Il induced 20-HETE release
from renal microvessels ex-vivo via AT2 receptors and phospholipase C [75].

In this study, we also did not investigate additional upstream regulators of 20-HETE
production in metabolic syndrome, including the possible contribution of cellular
metabolism and its by-products on 20-HETE-mediated modulation of arterial stiffness or
blood pressure. Elevated superoxide (O, ™) levels and resultant decrease in nitric oxide
(NO™) bioavailability, which are a known feature of the vasculature in metabolic syndrome,
including in the JCR rats [21,76], have been associated with elevated 20-HETE levels
[21,77,78]. We hypothesize that CYP4F expression may be increased in large part due to
increased adhesion and prolonged survival of neutrophils, which we observed in coronary
arteries of JCR rats [35], a consequence of endothelial dysfunction [35], and the synthetic
VSMC phenotype [79,80].

Lipoprotein-associated PLA; is also elevated in patients with metabolic syndrome and
predicts cardiovascular disease [81,82]. Thus, it seems reasonable to hypothesize that PLA,
is likewise elevated in JCR rats resulting in freer arachidonic acid (AA). Another factor
determining the amount of free AA available for conversion to 20-HETE by CYP4A/4F is
how much of it is used by COX and LOX enzymes. We do not know the level of expression
or activity of COX and LOX enzymes in JCR rats, but studies in Zucker rats suggest that
COX is either increased [83] or unchanged [84], while LOX is decreased [85],
hypothetically resulting in no major net change in AA consumption. Moreover, our results in
this study indicate that the increase in 20-HETE production is proportional to the increase in
CYP4A and CYP4F expression. Taking this information together, we hypothesize that both
AA production and CYP4A/4F expression/activity are increased in JCR rats, but that the
actual amount of 20-HETE produced is regulated by CYP4A/4F expression levels.
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20-HETE enhanced COX-derived vasoconstrictors were found in obese Zucker rats [86],
and COX 1 but not COX 2 expression was increased, with accompanying increased
vasoconstriction in aortic rings from rats fed a high fat diet [83]. In contrast, 73% reduction
in PGI2 synthase but no change in COX was seen in coronary arteries of Zucker diabetic
fatty (ZDF) vs. normal rats [84]. A study showed that arachidonic acid-mediated relaxation
of small mesenteric arteries in ZDF rats was impaired due to reduced 12-lipoxygenase
expression and activity [85]. In agreement with these studies, 14,15-EETs and 11,12-EETs
were significantly decreased in our metabolic syndrome rats, but none of the EETs (14,15-
EETs, 11,12-EETs, 8,9-EETSs or 5,6-EETSs) were altered by 20-HETE antagonists further
supporting the conclusion that 20-HETE is a major regulator of large artery compliance and
systolic blood pressure in metabolic syndrome animals.

JCR rats, like other hypertensive models, exhibit VSM hypertrophy in large arteries.
However, we have also previously shown that VSMCs in JCR rats, as in other metabolic
syndrome and obese rat models, tend towards a more synthetic (vs. contractile)
phenotype[87]. Thus, whether Ca2*-dependent VSMC contraction is increased in JCR rats,
as shown for other hypertensive rat models, is unknown. Since arterial stiffness and
peripheral resistance, and therefore blood pressure, depend on these components, their
respective 20-HETE and/or Ang ll-sensitivity in metabolic syndrome is a subject of future
studies and may further elucidate the systolic blood pressure-specific effect of the 20-HETE
antagonists.

Our results further demonstrate that activation of MMP12 is markedly increased in the large
arteries of metabolic syndrome vs. normal animals. MMP12, along with MMP2, MMP3,
MMP7 and MMP9, is one of the MMPs capable of degrading elastin. In fact, elastin is the
main substrate for MMP12 [88]. Unlike 20-HETE antagonists, which completely inhibited
elastin degradation in JCR rats, inhibition of MMP12 resulted in significant but incomplete
inhibition of elastin degradation indicating that MMP12 is not the only protease responsible
for elastin degradation in metabolic syndrome. Similarly, MMP12 inhibition resulted in
significant but incomplete reversal of arterial stiffness and systolic blood pressure in JCR
rats. Similar results were seen in MMP12 —/- mice with respect to arterial stiffening in
response to vascular (wire) injury [5].

Other MMPs, namely MMP2 and MMP9 have been implicated in the regulation of arterial
stiffness. Increased serum MMP9 levels were correlated with increased arterial stiffness and
isolated systolic hypertension in humans [89]. Inhibition of MMP2 and MMP9 activity in
normal, healthy mice decreased arterial stiffness [10]. In our study, MMP2, MMP9, MMP3
or MMP7 are not involved in 20-HETE-dependent regulation of elastin degradation or
regulation of arterial stiffness. This is consistent with our previous observations that
activation of these MMPs is decreased in arteries from metabolic syndrome animals [90,48].
However, other elastases, for example cathepsin G from neutrophils, may play a role in
elastin degradation.

Alternatively, elevated 20-HETE may block activation of signaling pathways needed to
synthesize elastin. Our results demonstrate that in addition to increased degradation of
elastin, total elastin content is decreased in metabolic syndrome suggesting a decrease in
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elastin synthesis. In contrast, in addition to inhibiting its degradation, 20-HETE antagonists
appear to promote elastin synthesis. In this study, we did not identify which cells might
contribute to this new elastin synthesis, but hypothesize that they might be VSMCs. As
mentioned above, VSMCs in JCR rats, as in other metabolic syndrome and obese rat
models, tend towards a more synthetic (vs. contractile) phenotype [87], which correlates
with a shift in extracellular matrix production from elastin and laminin towards type 111
collagen, as shown in this study, and osteopontin as demonstrated previously [79]. Our
preliminary observations suggest that 20-HETE antagonists may restore the contractile
VSMC phenotype (Rocic and Schawartzman, unpublished data, 2017).

Upstream regulators of MMP12 remain largely unknown. TIMPs do not appear to regulate
20-HETE-dependent MMP12 activation. It is possible that 20-HETE antagonists inhibit
activation of upstream regulators of MMP12 activation. p38 and JNK MAP kinases and P13-
kinase have been shown to be involved in MMP12 activation in airway smooth muscle [91].
These signaling intermediates are also known to be activated by 20-HETE in various cell
types [92-94].

Thus, we believe that MMP12 activity is regulated by neither its expression levels, which are
stable between phenotypes and in response to 20-HETE antagonists, nor by TIMPS, but by
an upstream protease(s), which cleaves the pro-form into the active form. The identity of this
upstream regulator is the subject of ongoing studies.

Another limitation of the present study is that we did not identify the cellular source of
MMP12. However, macrophages and neutrophils have been identified as its major sources
across several tissues and pathologies [95]. On the other hand, a single study reported
MMP12 production from synthetic VSMCs [5]. The arterial vasculature of metabolic
syndrome animal models and humans has been described to contain pre-atherosclerotic
lesions containing macrophages in humans and neutrophils in rats [22,23]. Specifically,
existence of neointimal lesions at 10+ weeks of age has been described in JCR rats [22,23].
We have recently reported a significant increase in neutrophils in JCR rats [80]. Whether or
not neutrophils (or possibly macrophages) are indeed the source of MMP12 and how
neutrophils and other inflammatory cells interplay with 20-HETE signaling to regulate
arterial stiffness and systolic blood pressure will be the subject of our future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. 20-HETE regulates large artery remodeling (arterial stiffness) via MMP12
activation and elastin degradation

. 20-HETE antagonists reverse arterial stiffness and normalize systolic blood
pressure in metabolic syndrome

. Effects of 20-HETE antagonists on arterial stiffness are angiotensin 11 (Ang
I1)-independent and their effects on systolic blood pressure are only partially
Ang ll-dependent

. 20-HETE antagonists may provide viable therapy for treatment of isolated
systolic hypertension
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JCR rats were treated with 20-HEDGE, 20-SOLA or losartan for 14 days where indicated.
SD and JCR rats were sacrificed and carotid arteries and aorta collected. Lumen diameter
(A) and wall thickness (B) were measured on a pressure myograph at increasing pressures
4-140 mmHg. n=8, *, Tt p<0.05 as indicated.
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FIGURE 4.
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Western blots (bottom) and cumulative data (top) showing total and degraded (cumulative
data) elastin in carotid artery and aorta tissue homogenates are shown. n=8, *, t p<0.05 as
indicated.
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JCR rats were treated with the MMP12-shRNA-Lnv or the pharmacological MMP12
inhibitor for 14 days where indicated. SD and JCR rats were sacrificed and carotid arteries
and aorta collected. Lumen diameter (A) and wall thickness (B) were measured on a
pressure myograph at increasing pressures 4-140 mmHg. n=8, *, 1 p<0.05 as indicated.
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FIGURE 6.
JCR rats were treated with 20-HEDGE, 20-SOLA or losartan for 14 days where indicated.

Systolic (A) and diastolic (B) blood pressure was measured in SD and JCR rats using an
aortic catheter connected to a pressure transducer (Millar) on day 0, 7 and 14 of treatment.
n=8, *, 1, # p<0.05 as indicated.
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